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Abstract: Nine organic compounds were utilized as model lubricants to investigate the impact of functional 

groups on tribological performances. Nonanoic Acid with carboxyl showed the best lubrication properties, and 

fluid film and tribofilm were coexistent in its friction test, bringing a low friction coefficient and wear rate. 

In addition, the lubricant with low friction coefficient corresponded to high adsorption energy in density 

functional theory (DFT) calculations. And the lubricant forming adsorption film with large surface energy 

displayed small wear rate in friction test. Moreover, adsorption energies positively correlated surface energies. 

Based on the experimental results, the action mechanism of functional groups on tribological properties of 

lubricants was proposed. Various functional groups make lubricant molecules show different adsorption energies 

and surface energies. Lubricant molecules with high adsorption energy are more likely to adsorb on substrates 

and form a vertical monolayer, which can maintain a regular molecular brush structure during friction and 

bring a low friction coefficient. And lubricant molecules with high surface energy may be more prone having 

tribochemical reactions during friction and forming protective tribofilm, which leads to a low wear rate. 
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1  Introduction 

Energy consumption owing to friction accounts for 23%, 

approximately 119 EJ, of global energy consumption 

[1, 2]. In present industrialized nations, financial 

wastage brought by friction and wear is as high  

as about 6% of GDP [1, 3]. In order to protect the 

environment and reduce economic loss, frictional 

energy losses and wear should be minimized [4–6], 

which requires higher energy efficiency of mechanical 

system [7, 8]. Lubricants with low viscosity are 

beneficial to improve energy utilization through 

diminishing fluid friction in the hydrodynamic 

lubrication regime [8, 9]. However, there is insufficient 

lubricant on the sliding interface for the boundary 

and mixed lubrication where the direct contact of 

frictional pairs increases friction and wear [9–12]. 

Adding organic friction modifiers (OFMs) or anti-wear 

additives to low viscosity lubricants is considered to 

be an effective method to bring excellent lubrication 

effect in different lubrication regimes [10, 11, 13]. 

As an important class of lubricant additives, OFMs 

are typical amphiphilic surfactant molecules with 

non-polar aliphatic tail groups and polar head 

groups [3, 8, 10, 12, 14, 15]. The polar head groups can 

adsorb on the substrate surface, and long aliphatic tail 

groups align outward into the lubricating oil, forming 

close-packed self-assembled monolayers [14, 16–22]. 

The intermolecular van der Waals force makes the 

adsorption layer very strong [8]. Under the action of  
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load and shear, the incompressible adsorption layer 

is toilless to slip between opposite polar groups, 

resulting in reduction of friction and wear [12, 14]. 

Adsorption of OFMs is influenced by many factors, 

including temperature, molecular structure, and 

concentration. The hydrocarbon chain length could 

influence thickness and stacking density of the 

adsorption layer [16, 17]. Shi et al. [12] utilized molecular 

dynamics simulation to investigate the physisorption 

on hydroxylated SiO2 (001) surfaces of OFMs dissolved 

in 1-decene trimer (PAO4). The results indicated that 

OFM molecules formed intensive and perpendicular 

monolayers under lower temperature. However, the 

adsorbed films became unconsolidated under higher 

temperature. Fry et al. [15] used the quartz crystal 

microbalance (QCM) and spectroscopic ellipsometry 

to measure the adsorbed layer thickness of OFMs   

in hexadecane. It was found that the thickness of  

the adsorption layer depended on the concentration 

and structure of OFMs. And saturated linear chains 

would produce the thickest film. At the same time, 

they studied the interactions between OFM additives 

and found that oleic acid and oleylamine can 

produce ionic liquid, bringing enhanced antifriction 

performance [9]. 

The friction reduction performance of OFMs is 

affected by multiple factors: dipole interaction among 

polar groups, dispersive interaction among hydrocarbon 

tails, mutual effect between adsorbate and sliding 

interface [8], and the kinetics of OFMs deposition and 

removal [23]. The tribological properties of OFMs are 

related tightly to their structures, including the reaction 

activity of polar head groups, molecular chain length, 

and unsaturation degrees of OFMs. Ouyang et al. [3] 

found that glyceryl monostearate (GMS) and glyceryl 

monoelaidate (GME) exhibited better tribological 

performances compared to glyceryl monooleate (GMO). 

During film formation, the GMO stretched out 

horizontally due to the existence of its cis double bond, 

resulting in more loss of conformational entropy, the 

lower surface coverage of tribofilm, and the worse 

lubricating properties. Beltzer [24] discovered that 

oleic acid, elaidic acid, and stearic acid performed 

increased lubrication property on metal substrate 

covered by polytetrafluoroethylene (PTFE). Kuwahara 

et al. [6] found that glycerol or unsaturated fatty 

acids between ta-C/ta-C tribopairs can bring ultra-low 

friction. Atomistic simulations revealed that multiple 

reactive centers of unsaturated fatty acids or glycerol 

could adsorb on ta-C surface and bridge the friction 

gap, and a series of molecular fragmentation reactions 

were induced by mechanical strain to achieve 

ultra-low friction. 

In previous studies, these OFMs were mostly used 

as additives to study their properties [8, 14, 25–28]. 

However, the existence of base oil would have an 

inevitable effect on the study of tribological properties 

of OFMs with different structures. Therefore, in 

this work, pure OFMs with different functional 

groups were chosen as model lubricants to study the 

impact of functional groups on tribological properties 

systematically. Nine model lubricants were tested 

under the same frictional conditions. Afterwards 

wear debris was analyzed by Raman spectroscopy  

to determine its components, and wear scars of disks 

were analyzed by scanning electron microscopy  

and energy dispersive spectroscopy (SEM–EDS) to 

investigate the wear mechanisms. And the lubrication 

mechanism of Nonanoic Acid with excellent 

tribological properties was further explored by Raman 

spectroscopy, X-ray photoelectron spectroscopy (XPS), 

and transmission electron microscopy (TEM) analyses. 

Furthermore, the surface energies after the adsorption 

film formation and adsorption energies of lubricant 

molecules on steel surface were obtained separately 

by contact angle tests and density functional theory 

(DFT) simulations. Finally, the action mechanism of 

functional groups on lubrication performance of 

lubricants was proposed. 

2 Materials and methods 

2.1 Materials 

The chemical reagents (Fig. 1) obtained from Aladdin 

Co., Ltd. (China) were applied as model lubricants to 

investigate the impact of different functional groups 

on lubrication performance of lubricants. They  

were n-Nonane, 1-Nonene, 2-Nonanone, Nonanal, 

1-Nonanethiol, 1-Nonylamine, 1-Nonanol, Nonanoic 

Acid, and 4-n-Propylphenol. All lubricants were 

≥ 95% in purity and were used as received. Petroleum 
ether, n-hexane, and diiodomethane with analytical 

grade were purchased from Macklin Co., Ltd. (China). 



Friction 11(6): 911–926 (2023) 913 

www.Springer.com/journal/40544 | Friction 
 

The friction tests were conducted with ball-on-disk 

friction pair (GCr15 steel). The surface roughnesses (Sa) 

of disks and balls are <10 and <30 nm, respectively. 
The hardness of stationary disks (GCr15, ø24.0 mm × 

7.9 mm) is 750–800 HV. The diameter of upper running 

balls (GCr15) is 6 mm, and their hardness is 700–750 HV.  

2.2 Tribological test 

Tribological tests were carried out using a universal 

mechanical tester (UMT) friction testing machine, 

which contains a rotating disk and  a stationary ball. 

Before the test, they underwent ultrasonic cleaning 

in petroleum ether for 30 min. In the tribological test, 

0.05 mL lubricant was injected on the friction surface. 

At room temperature (RT), the frictional experiment 

was conducted for 60 min under a rotational speed of 

90 r·min−1 and a stationary force of 10 N. The maximum 

Hertz contact stress was 1.6 GPa with sliding speed 

of 18.8 mm·s−1. To ensure the accuracy of the data, each 

test was conducted three times. 

2.3 Characterizations 

Prior to frictional experiments, the chemical structures 

of model lubricants were confirmed with the help 

of Fourier transform infrared (FTIR) spectrometer 

(Nicolet iS10, Thermo Fisher Scientific). After tribological 

test, the Raman microscope (LabRAM HR Evolution, 

Horiba) was applied to characterize wear scar and 

debris (ND filter = 10%, laser = 532 nm). Afterwards 

wear scars of disks were wiped by absorbent cottons 

soaked in petroleum ether for cleaning the friction 

surface. The morphology and wear volume of wear 

scars were acquired with the assistance of the 

scanning electron microscope (JSM-5601LV, FEI) and 

3D profiler (MicroXAM, KLA-Tencor). The elemental 

compositions and chemical states of sliding surfaces 

were inspected by the X-ray photoelectron spectrometer 

(PHI5000, Thermo Fisher Scientific) with the exciting 

source of Al Kα radiation. The elastic modulus and 

hardness of blank steel and wear scar were studied 

by the nano-indenter. The transmission electron 

microscope (TEM; JEM-F200, JEOL) was applied to 

acquire micrographs of wear debris. 

2.4 Calculation of adsorption energy 

All DFT calculations were conducted using the 

Perdew–Burke–Ernzerhof (PBE) formulation under 

the generalized gradient approximation (GGA) using 

first-principles [29–31]. A plane wave base group was 

applied to consider valence electrons, and ion cores 

were expressed by means of projected augmented 

wave (PAW) potentials [32, 33]. Gaussian method 

permits part occupancies of Kohn–Sham orbitals. The 

energy variation of less than 0.03 eV is corresponding 

to the astringent geometric optimization, and energy 

variation of less than 10−6 eV indicates self-consistent 

electronic energy. The value of Fe atom is 3.21 eV 

under U correction, and the space distance normal to 

the system plane is 18 Å. The 2 × 2 × 1 Monkhorst– 

Pack k-point collecting is applied in Brillouin zone 

integration of a system. At last, the adsorption 

energies (Eadsorption) are obtained by Eadsorption = 

Elubricant/substrate − (Elubricant + Esubstrate), where Esubstrate, Elubricant, 

and Elubricant/substrate represent the overall energies of 

sole substrate, the lubricant molecule, and steady 

lubricant/substrate system, respectively. 

 

Fig. 1 Chemical structures of model lubricant molecules employed in the study. 
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2.5 Preparation of surfaces, characterization of 

adsorption films, and determination of surface 

energies 

In order to remove potential contamination, the steel 

disks were first washed ultrasonically in n-hexane for 

5 min. After drying and cooling, the model lubricant 

of 0.05 ml was dripped on the cleaned and cooled 

disk surface. After that, the sample was exposed to 

RT for 2 h, and an adsorption film was formed on the 

disk surface. The n-hexane was applied in cleaning 

residual lubricant on disks. And after drying, the disks 

underwent infrared (IR) characterization and contact 

angle measurement. 

The IR spectra of adsorption film on steel surface 

were gotten with the help of the attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) 

spectrometer (Nicolet iS10, Thermo Fisher Scientific). 

The wave number scanning range was 650–4,000 cm−1, 

with the ZnSe attenuated total reflection accessory. The 

scanning time was 32, and the resolution was 4 cm−1. 

To figure out the possible surface changes, the 

surface energies of disks before and after formation 

of adsorption film were calculated using the Owens– 

Wendt–Rabel–Kaelble (OWRK) way (Eq. (1)) [34–37]. 

Water and diiodomethane were selected as the model 

liquids, and their surface tensions were shown in 

Table 1. The contact angles of model liquids on  

measured surfaces were determined by the video 

measuring device (DSA100, Krüss). 

   D D P P

L S L S L
1 cos 2              (1) 

where 
L


 
is the total surface energy of liquid;   is 

the contact angle of liquid on solid surface; D

S


 
is the 

surface energy of solid dispersive component; D

L
  is 

the surface energy of liquid dispersive component; 
P

S
  is the surface energy of solid polar component; 

and P

L


 
is the surface energy of liquid polar 

component. 

3 Results and discussion 

3.1 Structural characterization 

In order to confirm the molecule structures of lubricants, 

the model lubricants were characterized by the IR 

spectrometer (Fig. 2). The C–H bond in methyl of 

n-Nonane displays the absorption peaks at 2,960, 

2,873, 1,467, and 1,379 cm−1, which represent the 

stretching vibration and deformation vibration. The 

stretching vibration of C–H bond in methylene exhibits 

peaks at 2,925 and 2,856 cm−1 [38, 39]; The absorption 

peaks of 1-Nonene at 3,000–3,100, 970, and 890 cm−1 

represent the stretching vibration as well as out- 

of-plane deformation vibration of =C–H. And the  

Table 1 Surface energy and its components of model liquids [34]. 

Model liquid Polar component 
P
Lγ  (mJ·m−2) 

Dispersive component  
D
Lγ  (mJ·m−2) 

Total surface energy 

Lγ  (mJ·m−2) 

Water 51.00 21.80 72.80 

Diiodomethane 0 50.80 50.80 

Fig. 2 FTIR spectra of model lubricant molecules. 
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stretching vibration occurs for C=C, which produces 

the absorption at 1,644 cm−1; 2-Nonanone displays the 

absorption at 1,720 cm−1 which is from the stretching 

of C=O and the absorption at 1,100–1,300 cm−1 which 

originates from the skeleton vibration of ketone 

[38, 39]. Frequency doubling coupling between 

stretching and deformation vibrations of aldehyde 

protons in Nonanal brings about Fermi resonance, 

showing the absorption near 2,819 and 2,718 cm−1. 

The peak at 2,560 cm−1 roots in the vibration of S–H 

in 1-Nonanethiol. The IR outcome of 1-Nonylamine  

has the absorption peaks at 1,076, 1,576, and 3,200– 

3,500 cm−1 that correspond to the stretching vibration 

of C–N, the deformation vibration of N–H, and 

the stretching vibration of N–H, respectively. The 

absorption peaks of 1-Nonanol at 3,230–3,670 and 

1,060 cm−1 originate from the stretching vibration   

of O–H and C–O, respectively [35]. The peaks of 

4-n-Propylphenol at 822, 1,237, and 1,500 cm−1 are from 

the deformation vibration of C–H, the stretching 

vibration of C–O, and the skeleton vibration of benzene 

ring, respectively. The stretching vibration of O–H in 

Nonanoic Acid shows the peak at 2,500–3,200 cm−1. 

3.2 Friction test 

Relation curves between friction coefficient and time 

in friction tests of model lubricant molecules are 

displayed in Fig. 3(a). Friction coefficients of n-Nonane, 

1-Nonene, and 2-Nonanone fluctuate widely with 

time during the whole friction test. However, the 

friction coefficients of 1-Nonylamine, 1-Nonanol, and 

4-n-Propylphenol tend to be stable gradually after the 

initial running-in process. Nonanal, 1-Nonanethiol, 

and Nonanoic Acid display steady lubrication 

performance (Fig. S1 in the Electronic Supplementary 

Material (ESM)). Figure 3(b) reveals the average 

friction coefficients in the last 20 min. The wear scar 

of the steel disk was characterized by means of    

the three-dimensional (3D) profiler (Fig. 4), and the 

corresponding wear rate (Fig. 3(c)) was calculated by 

means of Eq. (2): 

S L
K

F l





                 (2) 

where K (mm3·N−1·m−1) is the wear rate of disks; F (N) 

and l (m) are the vertical force and moving length, 

respectively; L (mm) is the circumference of a circular 

wear scar; and S (mm2) is the cross-sectional area of 

wear scar. 1-Nonene shows the highest wear rate, 

while Nonanal and 1-Nonylamine show the lowest 

wear rate. Therefore, nine lubricants are divided into 

three categories based on friction coefficient and wear  

 

Fig. 3 (a) Friction coefficients of model lubricant molecules. (b) Average friction coefficients in the last 20 min. (c) Wear rate of the 
disk after friction tests. (d) Friction coefficient and wear rate of model lubricant (at RT, 90 r·min−1, and 10 N). 
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rate: High friction includes n-Nonane, 1-Nonene, and 

2-Nonanone; middle friction includes 1-Nonanol, 

1-Nonanethiol, Nonanal, and 1-Nonylamine; and 

low friction includes 4-n-Propylphenol and Nonanoic 

Acid (Fig. 3(d)). 

3.3 Analysis of the wear scar and debris 

Interestingly, there are wear debris rings (WDRs) on 

disk surface after tribological experiments, and WDRs 

produced by different model lubricants display 

different morphologies and distributions (Figs. 5(a) 

and 5(b)). In order to study the composition of WDRs, 

n-Nonane with the most diverse WDRs was used as 

an example to characterize its WDRs by the optical 

microscopy and Raman spectroscopy (Figs. 5(d) and 

5(e), respectively). By observing the morphologies 

of different positions of WDRs, it can be found that 

the wear debris of outer ring shows the smaller size. 

It can be found from Fig. 5(e) that different positions 

of WDRs show similar Raman spectra, corresponding 

to the absorption peaks of iron oxide (Fe3O4 as the 

reference). This indicates that the whole friction process 

is dominated by oxidative wear, which causes the 

friction coefficient to fluctuate violently (Fig. 3(a)) [40]. 

In addition, the D bands near 1,380 cm−1 and G bands 

at 1,594 cm−1 are obvious in the Raman spectroscopy 

result of wear debris, indicating that there are much 

carbonous material in wear debris [41, 42]. Furthermore, 

the large Raman shift of G band near 1,594 cm−1 proves 

that carbonous matter is highly disordered [43, 44]. 

Because of hydrogenated carbon in wear debris, the 

stretching of CHx can bring about the absorption 

around 2,904 cm−1 [40, 44]. 

It can be found that the model lubricants belonging 

to high friction produce more obvious WDRs in the 

friction test. The explanation for this phenomenon 

is as follows: Main components of WDRs are iron 

oxide and carbonous material. Lubricants belonging to 

high friction correspond to high frictional force/shear 

stress, which is beneficial to formation of iron oxide 

and tribochemical reaction of model lubricant to 

produce carbonous material. The lubricants belonging 

to high friction correspond to high wear rate, which 

also makes WDRs more obvious. WDRs of model 

lubricants belonging to middle friction are not 

obvious, and there are no WDRs on disk surface after 

tribological experiment of lubricants belonging to 

low friction. 

After friction tests, disks were investigated by the 

SEM–EDS to evaluate wear scars (Fig. 6). The wear 

mechanisms of n-Nonane, 1-Nonene, and 2-Nonanone 

belonging to high friction are severe ploughing wear, 

corresponding to large wear rates. The smoother 

wear scars of 1-Nonanol, Nonanal, 1-Nonanethiol, 

and 1-Nonylamine belonging to middle friction show 

slight ploughing groove and lower wear rates. The  

 

Fig. 4 3D morphologies of wear scars lubricated by model lubricants. 
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tribofilm of 1-Nonylamine containing N element 

(Table 2) can account for its small wear rate. The wear 

mechanisms of Nonanoic Acid and 4-n-Propylphenol 

belonging to low friction are slight ploughing wear. 

In addition, there are plenty of granular debris on 

the wear scar of Nonanoic Acid. The granular debris 

is evenly distributed on the whole contact interface, 

which can significantly reduce the direct contact of  

 

Fig. 5 (a) Photographs of WDRs formed on the disk surface after tribological experiment. (b) Schematic diagrams of WDRs. (c) Schematic
diagram of WDRs formed on the disk surface after friction test of n-Nonane. (d) Optical micrographs and (e) Raman spectra of different 
positions of WDRs marked in (c). 

 

Fig. 6 SEM images of wear scars (magnifications: 200× and 2,000×). 
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friction pair in the friction process and play a good 

role in sharing the contact stress, bringing a small 

wear rate. 

3.4 Lubrication mechanism for Nonanoic Acid of 

excellent tribological properties  

3.4.1 Determination of lubrication regime for Nonanoic 

Acid 

Considering friction coefficient and wear rate, Nonanoic 

Acid has superior tribological properties than those 

of other model lubricants. In order to figure out the 

action mechanism of functional groups on tribological 

properties of lubricants, it is crucial to explore the 

lubrication mechanism of Nonanoic Acid. Therefore,   

a sequence of experiments were performed to determine 

its lubrication regime under experimental conditions 

(RT, 90 r·min−1, and 10 N). Figure 7(a) shows the 

friction coefficients obtained with five velocities, 30, 

60, 90, 120, and 150 r·min−1. The friction coefficients 

fluctuate violently with time at low rotational velocities 

(30 and 60 r·min−1), but the friction coefficients become 

more stable along with the increase of rotating speed. 

Mean friction coefficients of the whole test under 

various rotational velocities as a function of ηω/p are 

shown (Fig. 7(b)), where η is the lubricant viscosity 

(N·m−2·s), ω is the angular velocity (s−1), and p is the 

applied pressure (N·m−2). And the influence of rubbing 

heat on lubricant viscosity is negligible. The results 

show that the friction coefficient decreases first, and 

then increases with the increase of rotating speed. 

The lubrication regime can be divided into boundary 

lubrication, mixed lubrication, and hydrodynamic 

lubrication based on the variation law of the Stribeck 

curve and the value of friction coefficient [45]. The 

Stribeck curve (friction coefficient vs. ηω/p) shown 

in Fig. 7(b) indicates that the lubrication regime with 

velocity of 90 r·min−1 lies in mixed lubrication regime. 

It should be noted that p used in the calculation of 

ηω/p is the maximum Hertz contact stress, and the  

 

Fig. 7 (a) Friction coefficients of Nonanoic Acid under various rotational velocities. (b) Mean friction coefficients of the whole test 
under various rotational velocities (at RT and 10 N). 

Table 2 EDS data for wear scars of model lubricants. 

Chemistry C (at%) O (at%) Cr (at%) Fe (at%) N (at%) S (at%) 

n-Nonane 14.0 1.7 1.6 82.7 — — 

1-Nonene 26.8 14.0 3.4 55.7 — — 

2-Nonanone 13.8 2.6 1.6 82.1 — — 

Nonanal 12.2 4.3 1.6 81.9 — — 

1-Nonanethiol 24.1 7.2 3.8 58.2 — 6.7 

1-Nonylamine 12.2 6.1 1.6 79.7 0.3 — 

1-Nonanol 23.8 20.0 3.0 53.2 — — 

4-n-Propylphenol 12.7 7.4 1.5 78.4 — — 

Nonanoic Acid 15.3 1.3 1.6 81.8 — — 
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actual contact pressure will decrease due to the wear 

in the friction experiment, resulting in larger ηω/p. 

But it can be found from the Stribeck curve that the 

lubrication regime is still in the mixed lubrication 

regime. The fluid film and tribofilm are coexistent in 

mixed lubrication regime, which can bring excellent 

tribological properties [46].  

3.4.2 Analysis of the wear scar and debris from friction 

test of Nonanoic Acid 

The Raman and XPS analyses to the wear scar were 

carried out for ascertaining the composition of the 

tribofilm (Figs. 8(a) and 8(d)). The results of the 

Raman spectra show that the main component of the 

tribofilm is Fe3O4, and the Raman absorptions at 1,389, 

1,582, and 2,901 cm−1 are ascribed to carbonaceous 

matter in the tribofilm. The XPS outcomes of wear 

scar were displayed in Fig. 8(d) to study the valence 

states of different elements. The XPS signals of Fe 2p 

(723.1 eV) and O 1s (530.5 eV) indicate the presence 

of Fe3O4 [47]. The peaks of Fe 2p (713.4 and 709.8 eV) 

and O 1s (533.0 and 531.2 eV) can be attributed to 

FeOOH and Fe(OH)O [48]. The binding energies of  

C 1s around 284.8, 285.6, and 289.2 eV probably belong 

to C–C, C–O, and C=O, individually. This is possibly 

due to carbonaceous material produced in the process 

of frictional experiment [41]. It can be found from 

Figs. 8(b) and 8(c) that compared with blank steel,   

the elastic modulus and hardness of wear scar are 

decreased, which also proves the formation of iron 

oxide and carbonaceous matter in tribofilm. 

The analysis of wear debris can also reflect the 

composition of tribofilm from the side view. Thus, the 

morphologies of the wear debris particles collected  

in tribological experiment of Nonanoic Acid were 

studied by the TEM (Fig. 9), and the particles exhibit 

granular appearance. The lattice fringe spacing in the 

high-resolution transmission electron microscopy 

(HRTEM) micrograph of debris particles (Fig. 9(c))  

is approximately 0.25 nm, which originates from  

the lattice spacing of the crystal face (311) for Fe3O4 

[49, 50]. Figure 9(d) is the scanning transmission 

electron microscopy (STEM) image of wear debris. 

By the mapping analysis (Figs. 9(e)–9(g)), C, O, and 

Fe elements were equably distributed in wear debris. 

This result conforms to the conclusion got from the 

XPS and Raman outcomes of tribofilm on wear scar. 

In addition, it can be found from Fig. 9(b) that a small 

amount of graphene nanoribbon showing a lattice 

distance of 0.34 nm, which comes from the crystal 

face (002) of graphene [51], can be observed at the edge 

of the debris particle. This outcome is in accordance 

with the existence of carbonaceous matter in tribofilm 

obtained from the Raman and XPS analyses. The 

graphene nanoribbon also provides favorable condition  

 

Fig. 8 Characterizations of wear scar obtained from the friction test of Nonanoic Acid (at RT, 90 r·min−1, and 10 N). (a) Raman spectra 
of wear scar and Fe3O4 reference. (b) Force–displacement curves of blank steel and wear scar. (c) Elastic moduli and hardnesses of blank 
steel and wear scar. (d) XPS outcomes of C 1s, O 1s, and Fe 2p of wear scar. 
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for low friction and wear of Nonanoic Acid in friction 

process [43]. 

3.4.3 Lubrication mechanism of Nonanoic Acid 

Combining the above findings about friction test of 

Nonanoic Acid, the lubrication mechanism of Nonanoic 

Acid is probed. The Stribeck curve indicates that  

the lubrication regime with velocity of 90 r·min−1 of 

Nonanoic Acid is in the mixed lubrication regime. 

Nonanoic Acid molecules can be adsorbed on    

the substrate surface and form a steady fluid film. 

Under the condition of friction, interaction between 

Nonanoic Acid molecules and iron substrate triggers 

complex tribochemical reactions, producing graphene 

nanoribbon, Fe3O4 nanoparticles, and additional 

carbonaceous matter. And these become the main 

components of the tribofilm. The fluid film and 

tribofilm together bring low friction coefficient and 

wear rate for Nonanoic Acid. 

3.5 Action mechanism investigation of functional 

groups on friction coefficient and wear rate 

Based on the findings for the lubrication mechanism 

of Nonanoic Acid, it can be concluded that its excellent 

lubrication performance comes from the coexistence 

of fluid film and tribofilm. And both fluid film 

and tribofilm originate from the interaction between 

lubricant molecules and steel substrates. Therefore, 

the adsorption of lubricant molecules on steel 

substrates has become the primary concern to clarify 

the action mechanism of functional groups on 

lubrication performance of lubricants. Furthermore, 

the adsorption energies of nine kinds of lubricant 

molecules on steel surface were calculated by DFT 

(Fig. 10(a)). The outcome in Fig. 10(b) indicates that 

the molecule with higher adsorption energy possesses 

smaller friction coefficient. The adsorption energy is 

calculated by subtracting the respective energies 

before adsorption from the total energy of the system 

after the lubricant molecules adsorbed on the substrate 

surface. The larger adsorption energy means that 

adsorbed system is more stable, and the lubricant 

molecules are more apt to adsorb on the substrate 

surface. In the dynamic process of relative motion, 

these lubricant molecules can produce a film on 

metal surface. The long chain tail is normal to metal 

surface, and head group adheres to surface [17]. 

Because of the van der Waals force among long chain 

tails of adsorbed lubricants and the dipole–dipole 

interaction among the contiguous polar groups, these 

molecules form a vertically tightly-packed monolayer 

film. And the friction reduction is usually attributed  

 

Fig. 9 (a) TEM micrograph of wear debris collected in tribological experiment of Nonanoic Acid (at RT, 90 r·min−1, and 10 N). (b) TEM
micrograph of the orange square region in (a) and selected area electron diffraction (SAED) pattern (the inset). (c) HRTEM micrograph 
of the red square region in (a) and SAED pattern (the inset). (d) High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of wear debris and relevant elemental distribution of (e) C, (f) O, and (g) Fe. 
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Fig. 10 (a) Model lubricant molecules and Fe substrate employed 
in DFT calculations. (b) Adsorption energies and friction coefficients 
(at RT, 90 r·min−1, and 10 N) of nine kinds of lubricant molecules 
on steel surface. 

to the building of monolayer on friction interface 

[16, 52]. The film is very firm and able to bear large 

load owing to accumulation of van der Waals forces 

among molecules [8]. Under action of load and shear 

stress, the incompressible adsorption layer is easy to 

slide between opposite polar groups, resulting in the 

reduction of friction and adhesion [8]. Therefore, the 

molecules with higher adsorption energy are more 

likely to be adsorbed on substrates and produce a 

stable monolayer adsorption layer, reducing friction 

coefficient. 

The lubricant molecule forms an adsorption film 

on the steel substrate, which is bound to change 

the physicochemical properties of the steel surface. 

Therefore, Fig. 11(a) displays the ATR-FTIR spectra of 

disks with adsorption film. The outcomes indicate that 

all the lubricant molecules form adsorption films on 

the surface of steel substrates. The absorption peaks 

near 2,900 cm−1 originate from the stretching vibration 

of C–H bond. The signal near 3,200–3,500 cm−1 is 

from the stretching vibrations of O–H and N–H, and 

the absorption at 1,700 cm−1 comes from the stretching 

vibration of C=O. The adsorption film changes 

physicochemical characters of substrate surface, and 

the surface energies of the samples after forming the 

adsorption films at RT is shown in Fig. 11(b). The 

surface energy of blank steel (37.1 mJ·m−2) is less 

than those of the samples with adsorption films. The 

results of surface energy also show that all the model 

lubricants can form adsorption films on the steel 

surface at RT.  

The contact angle measurements (Fig. S2 in the 

ESM) were conducted to calculate the surface energies 

after the adsorption film formation. The outcome in 

Fig. 11(b) indicates that the molecule with higher 

surface energy tends to possess smaller wear rate. 

The surface energy of the lubricant belonging to high 

friction is lower than those of middle friction and low 

friction on the whole, while the wear rate of the 

lubricant in high friction is higher than that of middle 

friction and low friction. And it also can be found 

that Nonanal, 1-Nonylamine, 4-n-Propylphenol, and 

Nonanoic Acid with the higher surface energies 

display smaller wear rates in friction test. The 

surface energy of Nonanoic Acid is lower than those 

of 4-n-Propylphenol and 1-Nonylamine, and the 

wear rate of Nonanoic Acid is higher than those   

of 4-n-Propylphenol and 1-Nonylamine, which is 

consistent with the above law. Surface energy is 

defined as the excess energy of surface particles 

relative to internal particles, and the matter with higher 

energy is more unstable [53]. Therefore, the lubricant 

molecules in the adsorption film with higher surface 

energy may be more chemically unstable. In addition, 

the wear is in connection with film-forming ability of 

lubricant molecules on the friction interface. The 

lubricant molecules in the adsorption film with large 

surface energy may be more prone to tribochemical 

reaction to form tribofilm under friction condition, 

which prevents direct contact of friction pair and 

leads to low wear rate. In addition, it should be 

pointed out that the wear rate in the friction test must  
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be affected by other factors except surface energy, 

but this study only gives a reasonable explanation for 

the relationship between surface energy and wear rate 

and does not consider more about other influence 

factors. 

3.6 Discussions 

In view of the above experimental results and previous 

literature reports, the action mechanism of different 

functional groups on lubrication performances of 

lubricants is summarized, and Fig. 12 displays the 

mechanism diagram. Various functional groups 

make lubricant molecules show different adsorption 

energies and surface energies. Due to head groups 

with various functional groups, lubricant molecules  

 
Fig. 12 Action mechanism of functional groups on lubrication 
performances of lubricants. 

on sliding surface would form adhesive bonding of 

different intensity with the steel substrate. And the 

lubricant with low friction coefficient in the friction 

test corresponds to high adsorption energy in DFT 

calculations. The lubricant molecules with higher 

adsorption energy are more likely to adsorb on the 

substrate surface and form a vertical monolayer. 

Under the action of load and shear force, the 

hydrocarbon tail easily slips between opposite polar 

groups, resulting in the decrease of friction coefficient. 

During the friction process, the adsorbed monolayer 

will inevitably be destroyed, but the lubricant 

molecules with higher adsorption energy can be 

more quickly adsorbed on the substrate surface to 

maintain the regular molecular brush structure, so 

that the friction coefficient is kept low throughout the  

whole friction process. However, the interaction 

between substrates and lubricant molecules with  

low adsorption energies is weak. The arrangement  

of lubricant molecules between sliding interfaces is 

disordered, resulting in high friction coefficient [12]. 

Furthermore, Fig. 13 indicates that the adsorption 

energies of lubricant molecules on steel surface 

positively correlate the surface energies after the 

adsorption film formation. The lubricant molecules 

which form adsorption film with high surface energy 

on the steel surface show low wear rate (Fig. 11(b)). 

Based on this experimental fact, it is inferred that the 

lubricant molecules in the adsorption film with higher 

surface energy are more likely to conduct tribochemical  

 

Fig. 11 (a) ATR-FTIR spectra of disks with adsorption films. (b) Surface energies of disks with adsorption films and wear rates (at RT, 
90 r·min−1, and 10 N). γp is the surface energy of polar component; γd is the surface energy of dispersive component; and γ is the total 
surface energy. 
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Fig. 13 Relationship between adsorption energies of lubricant 
molecules on steel surface and surface energies after the adsorption 
film formation. 

reaction in the friction process and form protective 

tribofilm, which leads to low wear rate. On the 

contrary, the lubricant molecules in the adsorption 

film with low surface energy cannot form an effectively 

protective tribofilm during friction, resulting in high 

wear rate. 

4 Conclusions 

1) Nine organic compounds were utilized as model 

lubricants to explore the effect of functional groups on 

tribological properties. Nine lubricants could be divided 

into three categories based on friction coefficients 

and wear rates: high friction; middle friction; and low 

friction. 

2) There were WDRs on the disk surface after 

tribological experiment, and the model lubricant with 

higher friction coefficient produced more obvious 

WDRs in the friction test. The Raman spectra showed 

that main components of WDRs were iron oxide and 

carbonous material. In addition, the wear scars of 

disks were analyzed by the SEM–EDS to investigate 

the wear mechanisms. 

3) Nonanoic Acid with carboxyl showed the best 

lubrication properties, and the mechanism for the 

excellent tribological properties of Nonanoic Acid 

was explored. The Stribeck curve indicated that its 

lubrication regime was in mixed lubrication regime, 

where fluid film and tribofilm were coexistent. The 

Raman, XPS, and TEM analyses indicated that graphene 

nanoribbon, Fe3O4 nanoparticles, and additional 

carbonaceous matter composed tribofilm. 

4) To investigate the action mechanism of molecular 

structure on tribological properties, adsorption energies 

of lubricant molecules on steel surface and surface  

energies after the adsorption film formation were 

obtained separately by DFT simulations and contact 

angle tests. Various functional groups make lubricant 

molecules show different adsorption energies and 

surface energies. The outcome indicated that higher 

adsorption energy corresponded to smaller friction 

coefficient and higher surface energy corresponded 

to smaller wear rate. Moreover, adsorption energies 

positively correlated surface energies. 

5) The action mechanism of different functional 

groups on lubrication performance of lubricants is 

summarized as follows. Various functional groups 

make lubricant molecules show different adsorption 

energies and surface energies. The lubricant molecules 

with higher adsorption energy are more likely to 

adsorb on the substrate surface and form a vertical 

monolayer. Under the action of load and shear force, 

the lubricant molecules with higher adsorption 

energy can still maintain the regular molecular brush 

structure, so that the friction coefficient is kept low 

throughout the whole friction process. However, the 

interaction between substrates and lubricant molecules 

with low adsorption energy is weak. The disordered 

arrangement of lubricant molecules results in high 

friction coefficient. Besides that, it is inferred that 

lubricant molecules in the adsorption layer with 

higher surface energy are more likely to conduct 

tribochemical reaction in the friction process and form 

protective tribofilm, which leads to low wear rate. In 

brief, the lubricants with high adsorption energies and 

surface energies show low friction coefficients and 

wear rates. This study has guiding significance for the 

development and utilization of novel lubricants and 

additives. 
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