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Abstract: Deep eutectic solvents (DESs) have been considered as novel and economic alternatives to traditional 

lubricants because of their similar physicochemical performance. In this study, choline chloride (ChCl) DESs 

were successfully synthesized via hydrogen-bonding networks of urea and thiourea as the hydrogen bond 

donors (HBDs). The as-synthesized ChCl–urea and ChCl–thiourea DESs had excellent thermal stability and 

displayed good lubrication between steel/steel tribo-pairs. The friction coefficient and wear rate of ChCl– 

thiourea DES were 50.1% and 80.6%, respectively, lower than those of ChCl–urea DES for GCr15/45 steel 

tribo-pairs. However, for GCr15/Q45 steel, ChCl–urea DES decreased the wear rate by 85.0% in comparison to 

ChCl–thiourea DES. Under ChCl–thiourea DES lubrication, the tribo-chemical reaction film composed of FeS 

formed at the interfaces and contributed to low friction and wear. However, under high von Mises stress, the 

film could not be stably retained and serious wear was obtained through direct contact of friction pairs. This 

illustrated that the evolution of the tribo-chemical reaction film was responsible for the anti-friction and 

anti-wear properties of the DESs. 
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1  Introduction 

Lubricants can control friction, minimize the wear of 

mating surfaces, cool the contact surfaces, and prevent 

corrosion via the sealing effect, thus prolonging the 

service life of machines and conserving resources [1–3]. 

However, the disadvantages of lubricants, such as 

high cost, complicated synthesis, and environmental 

pollution, have gained attention in the lubrication 

industry amid growing environmental awareness  

[3, 4]. Therefore, there is an urgent requirement and 

challenge to develop high-performance and low-cost 

lubricants using a facile synthetic procedure. 

Deep eutectic solvents (DESs) are an innovative 

type of green solvents that possess lower melting 

points than their constituent components [5, 6]. DESs 

are usually composed of hydrogen bond acceptors 

(HBAs) and hydrogen bond donors (HBDs) connected 

through hydrogen-bonding networks [7]. DESs share 

physicochemical properties with ionic liquids (ILs), 

such as non-flammability, low volatility, high electrical 

conductivity, and high thermal stability as well as 

customizability for desired applications [7–11]. The 

ease of synthesis, low cost, good biocompatibility, 

and non-toxicity are unique characteristics of DESs  

[7, 12, 13]. Therefore, they are being widely used in 

various applications including making CO2 dissolution 

easily [14], dissolution of metal oxides [15], drug 

solubilization [16], purification of biodiesel [17], catalytic 

reactions [18], and lubrication [19]. The application 

of choline chloride (ChCl)-based DESs for lubrication 

was initiated by Abbott et al. [1, 19] in 2010s. They  
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found that ChCl–ethylene glycol and ChCl–urea DESs 

provided lower friction coefficients than SAE 5W30 

engine oil for steel/steel tribo-pairs [19]. Under high- 

speed/low-load conditions, the lubrication properties 

of the DESs were retained by increasing the surface 

roughness. They also studied the corrosion and wear 

resistances of water-miscible DESs, including ChCl– 

urea DES, ChCl–ethylene glycol DES, ChCl–glycerol 

DES, and ChCl–oxalic acid DES [1]. Surprisingly, some 

aqueous DESs showed low corrosion rates on steel, 

nickel, and aluminum, indicating their potential as 

marine lubricants [1]. The tribological performance of 

carbon fiber (CF)-filled polytetrafluoroethylene (PTFE) 

composites under ChCl-based DESs was much better 

than that under water and hydraulic oil [20]. The 

friction coefficient and wear rate of CF/PTFE composites 

lubricated by ChCl-based DESs were reduced by 

60% and 50%, respectively, when compared with 

those obtained under the dry friction condition. The 

tribological properties of silicon surfaces lubricated 

by DESs formed by ionic liquids containing sulfonate 

anions and polyethylene glycol were studied using  

a nanotribometer [21]. The DESs exhibited good 

lubrication performance on the silicon surface. The 

lubrication properties of nanofilms of ChCl–ethylene 

glycol DESs between two mica surfaces were 

investigated by Hallet et al. [22]. DESs without and 

with a small amount of water exhibited low friction 

coefficient values at low loads, but increased to 0.12 

at high loads. In summary, ChCl-based DESs show 

good tribological properties, which may be due to 

the formation of a friction film on the worn surface. 

However, systematic research on the tribological 

mechanism of DESs as lubricants is still lacking.  

In this study, urea and thiourea with similar chemical 

structures were selected as HBDs to synthesize DESs. 

To reveal the tribological behaviors of ChCl-based 

DESs, we comprehensively probed the tribological 

responses of ChCl–urea and ChCl–thiourea DESs   

to substrates with different mechanical properties. 

The tribological mechanism was analyzed by energy- 

dispersive X-ray spectroscopy (EDS), X-ray photo-

electron spectroscopy (XPS), and the finite element 

methods. This study aims to design DESs as high- 

performance but low-cost lubricants and to explore 

the tribological mechanism. It also lays the foundation 

and advances the broad applications for DESs serving 

as lubricants. 

2 Experimental details 

2.1 Synthesis of DESs 

Choline chloride (ChCl, 98% purity), urea (99% purity), 

and thiourea (99% purity) were purchased from 

Chengdu Kelong Chemical Co., Ltd., China. All the 

reagents were used as-received without further 

purification. ChCl was dried under vacuum at 50 °C 

for 2 h prior to use. ChCl–urea DES was prepared 

by mixing ChCl with urea at a molar ratio of 1:2, 

followed by constant stirring for 1 h at 80 °C, forming 

a homogenous and colorless liquid. Similarly, ChCl and 

thiourea were mixed in a molar ratio of 1:2, followed 

by stirring at 120 °C for 0.5 h, to obtain a colorless 

transparent liquid of ChCl–thiourea DES.  

2.2 Characterization of DESs  

The chemical structures of the two DESs and their 

pure constituents were confirmed by the Fourier- 

transform infrared (FTIR) spectroscopy (Nicolet 6700, 

USA) of liquid film and KBr pellets in the wavenumber 

range of 400–4,000 cm−1. The thermal stabilities of the 

DESs were evaluated by the thermogravimetric analysis 

meter (TGA; NETZSCH STA449F3, Germany) under 

nitrogen atmosphere from 20 to 500 °C at a heating 

rate of 20 °C/min. Differential scanning calorimetry 

(DSC; Waters Corporation 2500, USA) of ChCl–urea 

and ChCl–thiourea DESs were performed in nitrogen 

atmosphere at a heating rate of 10 °C/min from −80 to 

50 °C and 20 to 100 °C, respectively. The viscosity of 

the DESs was measured using a kinematic viscometer 

(SYD-265, Dalian Wuzhou Petroleum Equipment Co., 

Ltd., China). To evaluate the wettability of ChCl–urea 

and ChCl–thiourea DESs, the contact angles were 

measured at 80 °C using an optical contact angle meter 

(OCA15EC, DataPhysics Co., Ltd., Germany).  

2.3 Friction and wear tests 

The tribological properties of ChCl–urea and ChCl– 

thiourea DESs were assessed at 80 °C using a 

reciprocating ball-on-disc tribometer. On account of 

the different hydrogen bond interactions between 
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HBDs and HBAs [2], ChCl–urea DES is a liquid, while 

ChCl–thiourea DES is a solid at 20 ± 2 °C. Therefore, 

the specimen stage was maintained at 80 °C during the 

friction tests. The substrates used in the experiments 

were 45 steel, and 45 steel quenched at 900 °C (Q45 

steel). The average roughness values of 45 steel and 

Q45 steel are 23.6 and 28.1 nm, respectively. The 

tribo-pairs and chemical structures of the synthetic 

DESs are shown in Fig. 1 and listed in Table 1.  

ChCl–urea DES (I) and ChCl–thiourea DES (II) 

correspond to the experiments conducted with a 

GCr15 steel ball sliding against 45 steel lubricated 

with ChCl–urea and ChCl–thiourea DESs, respectively. 

Meanwhile, ChCl–urea DES (III) and ChCl–thiourea 

DES (IV) correspond to the use of ChCl–urea DES 

and ChCl–thiourea DESs as lubricants for GCr15 

steel/Q45 steel pairs, respectively.  

The mechanical properties of the substrates were 

measured by the nanoindentation (MTS Nano Indenter 

G200, USA). GCr15 bearing steel balls (diameter =  

10 mm; hardness = 8.2 GPa) were used as the upper 

balls sliding against 45 steel and Q45 steel substrates.    

 
Fig. 1 Framework illustration of the tribological experiments 

Table 1 Used substrates, HBA, HBD, and corresponding naming 
of two DESs in this work. 

No. HBA HBD Substrate

ChCl–urea DES  
(I) 

Choline chloride  
(ChCl) 

Urea 45 steel

ChCl–thiourea 
DES (II) 

Choline chloride 
(ChCl) 

Thiourea 45 steel

ChCl–urea  
DES (III) 

Choline chloride 
(ChCl) 

Urea Q45 steel

ChCl–thiourea 
DES (IV) 

Choline chloride 
(ChCl) 

Thiourea Q45 steel

The test conditions were as follows: normal load = 

50 N; oscillation frequency = 5 Hz; amplitude =    

500 μm; number of cycles = 10,000; relative humidity = 

50%–60%; and ambient temperature. At least three 

repetitions were performed. Following the wear 

experiments, an optical microscope (Motic microscope 

BA310, China) was used to examine the morphology 

and dimension of the wear scars. The three- 

dimensional (3D) profiles and wear volumes of    

the wear surfaces were analyzed using a 3D optical 

microscope (Bruker Contour GT-K, Germany). 

2.4 Analysis of worn surfaces 

The friction mechanism was studied by characterizing 

the morphology and elemental distribution of the 

wear tracks using a scanning electron microscope 

(SEM; FEI Nova 400 FEG-SEM, USA) equipped with 

an energy-dispersive spectrometer (EDS). The chemical 

states of the elements within the transfer film on the 

wear tracks were determined by the X-ray photoelectron 

spectroscope (XPS; Thermo Scientific ESCALAB 250 

Xi, USA). To further elucidate the evolution of the 

lubrication mechanism of DESs for different tribo- 

pairs, the distribution of von Mises stress between 

them was determined by the finite element analysis 

using ABAQUS software.  

3 Results  

3.1 Structure of DESs 

FTIR spectra of ChCl–urea and ChCl–thiourea DESs 

with the characteristic bands, along with their 

vibrational assignments, are shown in Fig. 2 and the 

results are summarized in Table 2 and Table 3.  

Figures 2(a1)–2(c1) show the FTIR spectra of ChCl, 

urea, and ChCl–urea DES, respectively. The vibrational 

bands at 3,443, 3,360, and 3,210 cm−1 correspond to 

νasNH2, νsNH2, and δsNH2 in urea, respectively. 

However, these bands shifted to 3,430, 3,337, and 

3,202 cm−1, respectively, for ChCl–urea DES, indicating 

hydrogen bonding between urea and choline [23, 24]. 

Due to the formation of intermolecular hydrogen 

bonds between urea and ChCl, the δsNH2 at 1,670 cm−1 

and δasNH2 at 1,624 cm−1 in the FTIR spectra of urea 

shifted to 1,663 and 1,623 cm−1, respectively, in the 

FTIR spectra of ChCl–urea DES [23, 24]. The band at 
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Table 2 Characteristic band assignments of the FTIR for urea 
and ChCl–urea DES. 

Urea ChCl–urea DES Assignments1 

3,443 3,430 asNH2 

3,360 3,337 sNH2 

3,210 3,202 δsNH2 

1,670 1,663 δsNH2 

1,624 1,623 δasNH2 

— 1,473 ρCH3 

— 1,161 asCN 

— 1,081 ρCH2 

1,455 — ρsNH2 

— 955 asCCO 

786 786 wC=O 

587 589 δCH 

— 524 δCH 

1 w = weak; ν = stretching; δ = bending; ρ = rocking; as = 
asymmetric vibration; s = symmetric vibration. 

 

1,473 cm−1 of the ChCl–urea DES that corresponded 

to CH3 was associated with ChCl [25]. The existence 

of CCO at 955 cm−1 in Fig. 2(a1) indicates that the 

structure of Ch+ was retained without being destroyed 

in ChCl–urea DES [23]. In addition, the band located 

at 589 cm−1 was ascribed to δCH in the ChCl–urea 

DES [23]. Based on the above results, NH···NH, 

NH···OH, HO···HO, and OH···NH hydrogen bonds 

were deemed to be formed in ChCl–urea DES. 

Table 3 Characteristic band assignments of the FTIR for thiourea 
and ChCl–thiourea DES. 

Thiourea ChCl–thiourea DES Assignments1 

3,373 3,303  sNH2 

3,263 — asNH2 

3,169 — sNH2 

1,633 — asNH2 

— 1,614 sC=S 

1,591 — as CN and sNH2

— 1,475 sC–N 

1,470 — sN–C–N 

1,434 — asC=S 

1,095 — sC–N 

738 733 C=S 

411 — sS–C–N 

1 ν = stretching; as = asymmetric vibration; s = symmetric 
vibration. 

 

Similarly, the bands of thiourea located at 3,373, 3,263, 

and 3,169 cm−1 became broader and were assigned 

to sNH2, asNH2, and sNH2, respectively [26–28]. The 

ChCl–thiourea DES spectrum (Fig. 2(a2)) shows bands 

at 1,614 and 1,475 cm−1, which were attributed to sC=S 

and sC–N [28]. The peak at 738 cm−1 was assigned 

to νC=S of thiourea, shifted to low wavenumber  

(733 cm−1) [27]. The band shift of thiourea indicated 

the formation of hydrogen bonds between thiourea 

 

Fig. 2 FTIR spectra of (a1) ChCl–urea DES, (b1) urea, and (c1) ChCl; (a2) ChCl–thiourea DES, (b2) thiourea, and (c2) ChCl. 
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and ChCl. Based on the FTIR spectra, it was concluded 

that both ChCl–urea and ChCl–thiourea DESs were 

successfully synthesized.  

3.2 Thermal stability, viscosity, and wettability of 

DESs 

Melting point is one of the most representative 

properties of DESs, with their melting point being 

lower than those of their individual components [15]. 

Indeed, the melting points of ChCl–urea and ChCl– 

thiourea DESs are 11.6 and 51.2 °C, respectively, and 

are far lower than those of their pure components 

(choline chloride = 302 °C; urea = 133 °C; and thiourea = 

176 °C) [14, 26]. In addition to the melting point, the 

decomposition temperature, kinematic viscosity, and 

contact angle of the as-synthesized DESs were also 

measured as key performance metrics, and the results 

are summarized in Fig. 3 and Table 4. Figure 3(b) 

show the thermogravimetric (TG) and the differential 

thermal gravimetric (DTG) curves of the as synthesized 

DESs. According to the TGA results, ChCl–urea DES  

began to decompose at approximately 237.7 °C, while 

the initial decomposition temperature of ChCl–thiourea 

DES was approximately 223.8 °C. The results indicated 

that both the synthesized DESs possessed good thermal 

stability. Viscosity reflects the internal resistance of 

molecules during fluid flow and affects the ability to 

form a lubricating film, which is the most significant 

performance indicator for lubricants [29]. The kinematic 

viscosity of ChCl–thiourea DES was higher than that 

of ChCl–urea DES at 80 °C. The affinity of lubricants 

to the sample surface is assessed by the wettability 

of the surfaces, which also affects their lubrication 

performance [19, 30]. Hence, the contact angles were 

measured to investigate the wettability of the two 

DESs on 45 steel and Q45 steel at 80 °C, as depicted 

in Fig. 3. The wetting angle of ChCl–urea DES was 

lower than that of ChCl–thiourea DES on 45 steel, 

indicating superior wettability of ChCl–urea DES on 

45 steel. However, on Q45 steel, the wettability of 

ChCl–thiourea DES was better than that of ChCl–urea 

DES. 

 

Fig. 3 (a) DSC, (b) TG and DTG curves, (d) kinematic viscosities of ChCl–urea DES and ChCl–thiourea DES, and (c) the photographs 
and contact angle values of ChCl–urea DES (I), ChCl–thiourea DES (II), ChCl–urea DES (III), and ChCl–thiourea DES (IV). 

Table 4 Decomposition temperature, melting point, contact angles on 45 steel and Q45 steel, and the kinematic viscosities of two DESs.

 Toneset ( )℃  Tendset ( )℃  Melting point 
( )℃  

Contact angle on 
45 steel (°) 

Contact angle on 
Q45 steel (°) 

Kinematic 
viscosity (mm2/s)

ChCl–urea DES 237.7 275.4 11.6 69 ± 0.25 83 ± 0.16 23.3 ± 0.64 

ChCl–thiourea DES 223.8 275.6 51.2 80 ± 0.04 69 ± 0.13 47.9 ± 0.66 
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3.3 Friction and wear tests 

3.3.1 Effects of DESs on the friction coefficient of 

GCr15/45 steel and GCr15/Q45 steel pairs  

The effects of HBDs on the lubrication effectiveness 

of DESs were evaluated in comparison with the 

tribological properties of ChCl–urea and ChCl–thiourea 

DESs. Figure 4 shows the friction curves of GCr15/45 

steel and GCr15/Q45 steel tribo-pairs under ChCl– 

urea and ChCl–thiourea DESs at 80 °C, labelled as 

ChCl–urea DES (I), ChCl–thiourea DES (II), ChCl–urea 

DES (III), and ChCl–thiourea DES (IV). 

As shown in Figs. 4(a) and (b), the average friction 

coefficient of ChCl–thiourea DES (II) was much lower 

than that of ChCl–urea DES (I) throughout the 

experiment, indicating that ChCl–thiourea DES has a 

more positive contribution to the anti-friction effect 

than ChCl–urea DES for GCr15/45 steel tribo-pairs. 

The average friction coefficient for ChCl–thiourea 

DES (II) started at approximately 0.12, but decreased 

to 0.08 after 2,000 cycles and then stabilized. However, 

the average friction coefficient for ChCl–urea DES (I) 

fluctuated around 0.17 for the entire test period.  

For the GCr15/Q45 steel tribo-pairs, the average 

friction coefficients of both DESs fluctuated between 

 

Fig. 4 Friction curves of ChCl–urea DES (I), ChCl–thiourea 
DES (II), ChCl–urea DES (III), and ChCl–thiourea DES (IV). 

0.08 and 0.12, as shown in Fig. 4. These results imply 

a similar anti-friction performance of ChCl–urea DES 

(III) and ChCl–thiourea DES (IV). The average friction 

coefficient for ChCl–thiourea DES (IV) was higher than 

that of ChCl–urea DES (III) in the early stages. Then 

it decreased to 0.08 after approximately 7,000 cycles 

and remained at 0.08 for the rest of the test. 

In summary, the average friction coefficient of the 

DESs varied with the HBDs. 

3.3.2 Effects of substrates on the friction coefficient of 

tribo-pairs under DESs 

The influence of the mechanical properties of the 

substrates on the tribological performance of the DESs 

was also investigated. Prior to the friction experiments, 

the hardness and elastic modulus of the substrates 

were measured using nanoindentation tests, as 

shown in Fig. 5. After quenching, the nano-hardness 

of 45 steel increased from 2.0 to 15.4 GPa, while the 

elastic modulus decreased from 331.7 to 212.7 GPa. 

Thus, Q45 steel possesses better wear resistance owing 

to the higher nano-hardness to elastic modulus (H/E) 

ratio [31].  

The average friction coefficient curves for ChCl– 

urea DES (III) and ChCl–urea DES (I) are shown in 

Fig. 4. ChCl–urea DES (III) exhibited a lower friction 

coefficient than ChCl–urea DES (I), implying excellent 

anti-friction performance of ChCl–urea DES for the 

GCr15/Q45 steel friction pairs. However, the evolution 

of the friction coefficient for both ChCl–thiourea 

DES (II) and ChCl–thiourea DES (IV) was similar. The 

average friction coefficient values were 0.12 during 

the initial stage and then gradually decreased to 

0.08 and eventually stabilized there. The running-in 

 

Fig. 5 Nano indentation test results of 45 steel and Q45 steel. 
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period of ChCl–thiourea DES (II) was shorter than 

that of ChCl–thiourea DES (IV). The above results 

demonstrated that the tribological behavior of the 

GCr15/45 steel tribo-pairs under the DESs was 

significantly affected by the mechanical properties of 

the 45 steel. 

3.3.3 Effects of DESs on the wear rate of GCr15/45 steel 

and GCr15/Q45 steel pairs 

The cross-sectional profiles, wear volume, and wear 

rate for ChCl–urea DES (I), ChCl–thiourea DES (II), 

ChCl–urea DES (III), and ChCl–thiourea DES (IV) are 

shown in Fig. 6. The cross-section profile of the wear 

track for ChCl–urea DES (I) was wider and deeper 

than that of ChCl–thiourea DES (II). The wear rate for 

ChCl–urea DES (I) was 0.0289 μm3/(N·μm), which 

was approximately an order of magnitude higher than 

that of ChCl–thiourea DES (II) (0.0056 μm3/(N·μm)), 

as shown in Fig. 6(b). Figure 7 shows the 3D surface 

morphologies of the tribo-pairs after the frictional 

experiments. Figures 7(a) and 7(b) show that the wear 

damage of the counterpart ball for ChCl–urea DES (I) 

was more severe than that of ChCl–thiourea DES (II). 

Figure 7(e) shows the wear of the counterpart ball under  

 

 

Fig. 6 (a) Cross section profiles and (b) wear volume and wear 
rate of ChCl–urea DES lubrication (I), ChCl–thiourea DES (II), 
ChCl–urea DES (III), and ChCl–thiourea DES (IV). 

 

Fig. 7 3D morphologies of friction pairs lubricated by two DESs 
on 45 steel and Q45 steel.  

the ChCl–thiourea DES (II) mainly occurred before 

2,000 cycles. Figure 8 shows the optical micrographs 

of wear scars under ChCl–urea DES (I), ChCl–thiourea 

DES (II), ChCl–urea DES (III), and ChCl–thiourea 

DES (IV). The wear scar diameter of the steel ball 

under ChCl–thiourea DES (II) was relatively smaller 

than that under ChCl–urea DES (I), as shown in  

Figs. 8(a) and 8(b). This result was consistent with the 

findings from the 3D profiles of the balls.  
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Fig. 8 Optical micrographs of wear scars under (a) ChCl–urea 
DES lubrication (I), (b) ChCl–thiourea DES (II), (c) ChCl–urea 
DES (III), and (d) ChCl–thiourea DES (IV). 

The wear rate for ChCl–urea DES (III) (0.0003 μm3/  

(N·μm)) was lower than that of ChCl–thiourea DES 

(IV) (0.002 μm3/(N·μm)). Furthermore, Figs. 7(c) and 

7(d) show that the counterpart balls suffered similar 

wear damage under ChCl–urea DES (III) and ChCl– 

thiourea DES (IV). The counterpart ball under ChCl– 

thiourea DES (IV) before 7,000 cycles was severely 

worn, as shown in Fig. 7(f). As can be seen from  

Figs. 8(c) and 8(d), the wear scar diameters of ChCl–urea 

DES (III) and ChCl–thiourea DES (IV) were similar. 

Along the sliding direction, the wear scar possessed 

deep grooves under ChCl–urea DES (III) and shallow 

grooves under ChCl–thiourea DES (IV) due to the 

abrasive wear. 

3.3.4 Effects of the substrates on the wear of the tribo– 

pairs under DESs 

This study not only analyzes the impacts of HBDs on 

the tribological properties of DESs, but also probes 

the wear damages of 45 steel and Q45 steel lubricated 

by DESs. The wear rate for ChCl–urea DES (I) was 

approximately two orders of magnitude higher than 

that of ChCl–urea DES (III) because of the superior 

anti-wear properties of Q45 steel. The wear scar for 

ChCl–urea DES (I) lubrication displayed a larger 

diameter than that for ChCl–urea DES (III) (Figs. 8(a) 

and 8(c), respectively). This can be attributed to the 

fact that the wear resistance of Q45 steel is higher 

than that of 45 steel. 

In contrast, the wear rate of ChCl–thiourea DES (II) 

after 10,000 cycles (0.0056 μm3/(N·μm)) was higher  

than that of ChCl–thiourea DES (IV) (0.002 μm3/ 

(N·μm)). Figures 8(b) and 8(d) show that the wear 

scar diameter for ChCl–thiourea DES (II) after 10,000 

cycles was larger than that of ChCl–thiourea DES (IV). 

The wear volume losses for ChCl–thiourea DES (II) 

and ChCl–thiourea DES (IV) during the running-in 

period were also analyzed. The wear volume of 

ChCl–thiourea DES (II) before 2,000 cycles accounted 

for approximately 35.5% of the total wear volume 

(10,000 cycles), and the wear volume of ChCl–thiourea 

DES (IV) before 7,000 cycles was approximately  

0.002 μm3, accounting for 97.1% of the total wear 

volume (10,000 cycles). These results indicated  

that the wear losses of ChCl–thiourea DES (II) and 

ChCl–thiourea DES (IV) occurred mainly during 

the running-in period. 

3.3.5 Composition of the wear tracks and wear scars 

EDS elemental mapping was used to analyze the wear 

tracks lubricated by ChCl–urea and ChCl–thiourea 

DESs to elucidate the anti-friction and anti-wear 

mechanisms on the two steels. As shown in Figs. 9(a) 

and 9(b), no obvious tribo-chemical reaction was 

observed in the corresponding EDS mappings of the 

wear surfaces for ChCl–urea DES (I) and ChCl–urea 

DES (III). However, ChCl–thiourea DES reacted with 

the steel substrates to form a tribo-chemical film 

irrespective of the type of steel substrate, as shown 

in Figs. 9(c) and 9(d). 

To verify the EDS mapping results and further 

confirm the chemical states of the elements on the 

wear tracks, XPS was performed, and the results are 

shown in Figs. 10–13. The XPS spectra of the wear 

surface under ChCl–urea DES (I) are shown in Fig. 10. 

The binding energy (BE), full width at half maximum 

(FWHM), and corresponding peak assignments of 

the Fe 2p and O 1s peaks are listed in Table 5. Based 

on fitting peaks of Fe 2p and O 1s, it was determined 

that FeO, Fe2O3, Fe3O4, FeOOH, and FeCl3 existed in 

the wear tracks [32–40]. Figure 11 shows the XPS 

spectra of the wear tracks under the ChCl–urea DES 

lubrication with Q45 steel as the substrate. The Fe 2p 

spectra on the wear tracks were fitted into four peaks 

at 706.0, 707.0, 709.6, and 711.8 eV (Table 6). According 

to the XPS peaks of O 1s (at approximately 528.1, 529.7,  
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Table 5 Peak position, FWHM and corresponding peaks assign-
ments for Fe 2p and O 1s spectra under ChCl–urea DES (I). 

Region BE 
(eV) 

FWHM 
(eV) Assigned to Ref. 

705.2 1.3 Fe [53] 

708.3 2.6 Fe3O4 [33] 

709.8 2.6 FeO or Fe3O4 [33] 
Fe 2p 

711.8 2.0 Fe2O3 or FeCl3 or FeOOH [33–35]

 528.1 1.3 O2 [45] 

O 1s 529.6 1.4 Fe2O3 or FeO or FeOOH [34, 36–
38, 40]

 530.7 2.4 Fe3O4 [39] 

Table 6 Peak position, FWHM, and corresponding peaks assign-
ments for Fe 2p and S 2p spectra under ChCl–urea DES (III). 

Region BE  
(eV) 

FWHM 
(eV) Assigned to  Ref. 

706.0 1.0 Fe [49] 

707.0 2.1 Fe [33] 

709.6 2.3 FeO [33] Fe 2p 

711.8 2.7 FeCl3 or Fe2O3 or 
FeOOH FeOOH [33–35] 

 528.1 1.2 O2  [45] 

O 1s 529.7 1.8 Fe2O3 or FeO or FeOOH [34, 36–40]

 530.9 2.6 Fe3O4 [39] 

 
Fig. 10 XPS spectra of (a) Fe 2p and (b) O 1s on the wear 
surface under ChCl–urea DES (I). 

 

Fig. 11 XPS spectra of (a) Fe 2p and (b) O 1s on the wear surface 
under ChCl–urea DES (III). 

 

Fig. 12 XPS spectra of (a) Fe 2p, (b) O 1s, and (c) S 2p on the 
wear surface under ChCl–thiourea DES (II). 

and 530.9 eV), this may be attributed to FeO, FeCl3, 

Fe2O3, FeOOH, and Fe3O4 [34–44]. The EDS mapping 

and XPS results of the wear tracks showed that there 

was no tribo-chemical reaction between ChCl–urea 

DES and 45 steel or Q45 steel. 

The EDS mappings of wear tracks under ChCl– 

thiourea DES lubrication showed that ChCl–thiourea  

 

Fig. 9 SEM micrographs and EDS mappings of wear tracks lubricated by (a) ChCl–urea DES (I), (b) ChCl–urea DES (III), 
(c) ChCl–thiourea DES (II), and (d) ChCl–thiourea DES (IV). 
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Fig. 13 XPS spectra of (a) Fe 2p, (b) O 1s, and (c) S 2p on the 
wear surface under ChCl–thiourea DES (IV). 

DES reacted with steel substrates during the friction 

process. The XPS spectra of Fe 2p, O 1s, and S 2p on 

the wear tracks of ChCl–thiourea DES (II) are shown 

in Fig. 12 and the results are listed in Table 7. The 

binding energy signal of the Fe 2p spectrum around 

708.4 eV is attributed to Fe3O4 in Fig. 12(a) [32]. 

Specifically, the appearance of the Fe 2p signal     

(at 710.1 eV) and the corresponding S 2p signal    

(at 161.6 eV) showed the formation of a tribo-chemical 

film composed of FeS or FeS2 [41–45]. These results 

are consistent with those of EDS mapping analysis. 

Furthermore, the S 2p observed at 160.3 eV is ascribed 

to S2−. With Q45 steel as the substrate, the S 2p signals 

at 159.7 eV and 161.3 eV are assigned to the S2− and 

FeS, as shown in Fig. 13 and Table 8 [45, 46]. The 

peaks of O 1s at 528.2 and 530.0 eV are attributed    

Table 7 Peak position, FWHM, and corresponding peaks assign-
ments for Fe 2p and S 2p spectra under ChCl–thiourea DES (II). 

Region 
BE  

(eV) 
FWHM 

(eV) 
Assigned to  Ref. 

708.4 2.2 Fe3O4 [32] 
Fe 2p 

710.1 2.9 FeS [41] 

528.0 1.2 O2  [47] 

529.5 1.7 
Fe2O3 or FeO or 

FeOOH 
[33, 35–39] O 1s 

531.3 1.8 Fe2O3 [50] 

160.3 3.4 FeS or S2– [46, 51]
S 2p 

161.6 3.4 FeS2 or FeS [42, 45] 

Table 8 Peak position, FWHM, and corresponding peaks 
assignments for Fe 2p and S 2p spectra under ChCl–thiourea 
DES (IV). 

Region BE  
(eV) 

FWHM 
(eV) 

Assigned to  Ref. 

705.5 1.5 Fe [39] 

708.7 2.6 FeS2 or Fe [43, 49] 

710.6 1.9 FeO or Fe3O4 [33] 
Fe 2p 

712.5 3.4 FeS [52] 

528.2 1.0 O2  [47] 
O 1s 

530.0 2.6 Fe3O4 or FeO  [35, 36, 48]

159.7 1.3 S2– [46] 
S 2p 

161.3 1.1 FeS [35] 
 

 

to O2 and Fe3O4 or FeO, respectively [37, 47, 48]. 

Combined with the S 2p peak at 161.3 eV and Fe 2p 

peak at 712.5 eV on the wear tracks of Q45 steel, the 

formation of FeS at the friction interfaces can be 

confirmed. The Fe 2p spectra are fitted with four 

signals at 705.5, 708.7, 710.6, and 712.5 eV, corresponding 

to Fe, FeS2 or Fe, FeO or Fe3O4, and FeS, respectively 

[33, 43, 49]. Based on the XPS results of ChCl–thiourea 

DES (II) and ChCl–thiourea DES (IV), the product of 

the tribo-chemical reactions between ChCl–thiourea 

DES and substrates was determined to be FeS. 

4 Discussion 

4.1 Influence of HBDs in DESs on the tribological 

behavior of the GCr15/45 steel tribo-pairs 

According to the XPS and EDS mapping results, 

ChCl–thiourea DES reacted with the fresh Fe surface 

to form a tribo-chemical film consisting of FeS. The 

tribo-chemical film played an important role in 

friction-reducing and anti-wear properties. Therefore, 

the friction coefficient and wear rate for ChCl–thiourea 

DES (II) were lower than those for ChCl–urea DES (I). 

It can be concluded that the formation of the lubrication 

film is associated with the HBDs in the DESs. Thiourea 

in ChCl–thiourea DES contains an active sulfur 

element that can react with friction interfaces to 

form a protective film. This further indicates that  

the selection of HBDs containing an active element 

contributes to improving the lubrication effect of the 

DESs.  
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4.2 Effects of HBDs in DESs on the tribological 

properties of the GCr15/Q45 steel tribo-pairs 

Interestingly, the sulfur-containing HBD failed to 

improve the lubrication effect as the hardness of the 

substrate increased. As shown in Fig. 6, the wear  

rate of ChCl–thiourea DES (IV) was higher than that 

of ChCl–urea DES (III). To probe the tribological 

mechanism, the distribution of von Mises stress 

between the wear track and the counterpart ball was 

analyzed using ABAQUS software. The distribution 

of von Mises stress in the direction perpendicular   

to the wear track and the cross-sectional profiles of 

the wear tracks under ChCl–thiourea DES (II) and 

ChCl–thiourea DES (IV) are shown in Fig. 14. The 

von Mises stress closer to the edge of the wear track 

was much higher than that in the center of the wear 

track. In addition, the von Mises stress decreased 

with the widening and deepening of the wear track. 

As demonstrated in this study, the Q45 steel showed 

good wear resistance, and thus, the wear tracks of 

Q45 steel were shallow. Consequently, the von Mises 

stress for the wear tracks of the Q45 steel was high, as 

shown in Fig. 14(b). It is reasonable to postulate  

that the absence of a tribo-chemical reaction film in  

the wear track for ChCl–thiourea (IV) during the 

running-in period is due to the high von Mises stress 

between friction interfaces, as shown in Fig. 15. The 

tribo-chemical reaction film peels from the contact 

interfaces under high von Mises stress, leading to the 

wear of Q45 steel during the running-in period. 

Then, the fresh surface of Q45 steel that is produced 

by scratching reacts with ChCl–thiourea DES to form 

a lubrication film, which is peeled from the contact 

interfaces again. This process is repeated until the end 

of the running-in period. A schematic of ChCl–thiourea 

DES (IV) is shown in Fig. 16(b). The wear rate    

for ChCl–thiourea DES (IV) was higher than that   

of ChCl–urea DES (III), and the wear volume of 

ChCl–thiourea DES (IV) before 7,000 cycles accounted 

for 97.1% of the total wear volume (10,000 cycles).  

Notably, the von Mises stress corresponding to the 

wear track of ChCl–thiourea (II) after 2,000 cycles 

was the same as that of ChCl–thiourea (IV) after  

7,000 cycles, with the minimum von Mises stress on 

the wear tracks being 2,670 MPa. According to Fig. 4, 

the steady-state friction coefficients for ChCl–thiourea 

DES (II) at the 2,000th cycle and ChCl–thiourea (IV) at 

the 7,000th cycle were low. The steady-state friction 

coefficient can be derived from the low von Mises  

 

Fig. 14 Cross section profiles and von Mises Stress of the wear traces (a) on 45 steel and (b) on Q45 steel lubricated by ChCl–thiourea 
DES during running-in stage and entire experiments. (c) Stress distribution of the wear traces for ChCl–thiourea DES (IV) after 
10,000 cycles.  
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stress, and it can be obtained only when the von Mises 

stress is lower than a certain value. The von Mises 

stress of ChCl–thiourea DES (IV) decreased with 

increasing contact area between rubbing interfaces as 

the experiment progressed. Thus, the lubrication film 

could be retained at the interface in the steady state, 

reducing friction and preventing undesirable wear of 

the interfaces in the region of low von Mises stress,  

as shown in Fig. 16(b). Hence, the average friction 

coefficient of ChCl–thiourea DES (IV) gradually 

decreased to 0.08 after 7,000 cycles. The stable average 

friction coefficient of ChCl–thiourea DES (IV) was 

lower than that of ChCl–urea DES (III). 

4.3 Tribological properties of GCr15/45 steel and 

GCr15/Q45 steel tribo-pairs under ChCl–urea 

DES 

According to the EDS mappings and XPS spectra, there 

is no tribo-chemical reaction between the ChCl–urea 

DES and the friction interfaces. However, due to  

the higher H/E of Q45 steel, the average friction 

coefficient for ChCl–urea DES (III) was lower than 

that for ChCl–urea DES (I) [40, 53]. For the same 

reason, the better wear resistance of Q45 steel was 

illustrated by the lower wear rate and wear scar 

diameter for ChCl–urea DES (III) than those of ChCl– 

urea DES (I) [31]. 

4.4 Tribological properties of GCr15/45 steel  

and GCr15/Q45 steel tribo-pairs under ChCl– 

thiourea DES 

Similarly, when sliding under ChCl–thiourea DES 

lubrication, the wear rate of 45 steel was slightly higher 

than that of Q45 steel, as 45 steel was more prone to 

wear. Thus, the contact area between the 45 steel and 

the counterpart ball quickly increased owing to the  

 

Fig. 15 SEM micrograph and EDS mappings of wear tracks for ChCl–thiourea DES (IV) during running-in period. 

 

Fig. 16 Schematic diagrams of (a) ChCl–thiourea DES (II) and (b) ChCl–thiourea DES (IV). 
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increased wear of 45 steel, leading to a sharp decrease 

in the von Mises stress, as shown in Fig. 14. The 

steady state could be reached after a short running-in 

period. Therefore, the tribo-chemical film on the wear 

surfaces could be retained in the contact interface to 

reduce friction and wear. A schematic of ChCl–thiourea 

DES (II) is shown in Fig. 16(a). However, as discussed 

in Section 4.2, the formed tribo-chemical film is 

readily peeled from the friction interface owing to 

the excellent wear resistance of Q45 steel under high 

von Mises stress. In the steady state, the film could 

be retained in the sliding interfaces at lower von Mises 

stress, thereby providing a lubrication effect, as 

shown in the low von Mises stress state in Fig. 16(b). 

Consequently, the average friction coefficient of 

ChCl–thiourea DES on 45 steel was stable at 0.08 after 

2,000 cycles, while on Q45 steel, it stayed at 0.08 even 

after 7,000 cycles. It can be summarized that a stable 

tribo-chemical film is not easily formed between the 

friction interfaces under high von Mises stress, leading 

to the decreased effective lubrication effect.  

5 Conclusions 

ChCl–urea and ChCl–thiourea DESs with good 

thermal stabilities were successfully synthesized by 

heating and stirring ChCl with urea and thiourea, 

respectively. Their lubrication performances were 

investigated systematically. The main conclusions are 

summarized as follows: 

1) For GCr15/45 steel pairs, the as-synthesized 

ChCl–thiourea DES containing active S could react 

with the steel substrate to form an FeS lubrication 

film, leading to low friction coefficient and wear rate.  

2) For GCr15/Q45 steel pairs lubricated by ChCl– 

thiourea DES, the tribo-chemical reaction film could 

be peeled from the contact interfaces because of the 

high von Mises stress during the running-in process, 

leading to higher friction coefficient and wear rate 

than those of ChCl–urea DES.  

3) The wear of Q45 steel lubricated by two DESs 

was lower than that of 45 steel owing to the higher 

H/E value. 

4) The load-bearing ability of the lubrication film at 

the rubbing interface is a critical factor governing its 

anti-friction and anti-wear properties. This study lays 

the groundwork for future research into the design of 

DES lubricants. 
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