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1. EDS of steel-tribofilm 

EDS results of the steel-tribofilm are shown in Fig. S1. The EDS measurement was made on a region 
with thicker tribofilm, typically found around the center of the wear track.  The thicker tribofilm 
region was chosen to increase the signal from the tribofilm compared to the underlying steel surface. 
Note that the FIB-TEM analysis was made from a region with thinner tribofilm which better 
represents the whole wear track. The areas with thicker tribofilm, as indicated by the darker gray in the 
electron image, Fig. S1, shows high relative intensity of fluorine, iron and chromium. This indicates 
that chromium fluoride may also exist in the tribofilm together with iron (II) fluoride, which was 
confirmed by TEM.   



 

Fig. S1 Secondary electron image and related EDS map of fluorine (F), iron (Fe) and chromium (Cr) taken on region of the 
steel counterface with thick tribofilm 

2. Nanoindentation of steel-tribofilm 

Nanoindentations were made on the steel-tribofilm and on the steel counterface outside the wear track. 
Indentations were made on tribofilm regions that appeared thick and thin according to the microscope 
used for the positioning of the indentations. To minimize influence on the results from the substrate, 
low contact depths were needed. From preliminary indentations, the contact loads 0.1 and 0.3 mN 
were chosen. 24 indentations were made in total, 8 per surface region and 4 per load. The indentation 
results, Fig. S2, indicate that the steel-tribofilm, that mainly consists of iron (II) fluoride, have a 
hardness of about 3 to 5 GPa. This is relatively hard, even though the hardened steel substrate seems to 
be harder. However, more indentations would be needed to provide quantitative values for the 
hardness.  



 

Fig. S2 Average hardness and contact depths from nanoindentations at 0.1 and 0.3 mN contact loads of the inorganic 
tribofilm and the original steel counterface. Error bars indicate the standard deviation 

3. ATR-FTIR of steel-tribofilm 

A typical ATR-FTIR spectrum of the steel-tribofilm is shown in Fig. S3. The spectrum clearly lacks 
the characteristic peaks at 1150 and 1205 cm-1 for PTFE [1]. The main peak at 500 cm-1 can be 
attributed to the Fe-F bond in the iron fluoride [2]. The weak and broad peak at 3500 to 3000 cm-1 can 
be assigned to the stretching vibration of hydroxyl groups (O-H) [3] and could possibly be due to 
adsorbed moisture on the tribofilm surface. 

 

Fig. S3 ATR-FTIR spectrum of the inorganic tribofilm formed on the steel counterface 

4. Raman of graphite surface 

Raman measurements were taken on the graphite surface before and after sliding against the steel-
tribofilm at mild sliding conditions (µ~0.08), see Fig. S4. The increase in the D/G ratio after sliding 
indicate an increased disorder of the material, i.e. the carbon in the surface have become more 
turbostratic and less graphitic [4].   



 

Fig. S4 Raman spectra of the sliding surface of a graphite sample before after tribotest against the inorganic tribofilm in dry 
nitrogen at mild sliding conditions 

  



5. MD simulation 

5.1 Molecular configuration of the system and simulation details  

Molecular dynamics (MD) simulation offers a dependable computational framework for assessing the 

tribochemistry of lubrication systems and examining the interfacial properties on a molecular scale. In 

the first stage of preparing the molecular model for MD simulation, the crystallographic structure of 

the iron fluoride (FeF2) unit cell [5], [6] was expanded using VESTA 3.5.0 [7] to build a 10×10×3 

supercell with dimensions of 49.3×49.3×13.59 Å3 (Fig. S5, Panels a, b, and c). Later, the equilibrated 

structure of carbon fiber including 99.5% wt carbon (As revealed in Fig. S55, Panels d and e), which is 

the output product of a research carried out by Vuković et al. [8], was inserted on the supercell of iron 

fluoride using Packmol [9].  

In order to express the interaction of iron and fluorine atoms in iron fluoride, a third-generation of 

charge-optimized many-body (COMB) potentials [10], entitled COMB3, was utilized. The COMB 

formalism incorporates concepts such as bond order and varying ionic charges to create a versatile 

description of all three types of bonding at the atomic level [11]–[13]. The third-generation 

incorporates minor modifications to the functional form to enhance its flexibility in modeling diverse 

bonding scenarios, and a significant expansion of the coordination function to capture the complex 

bonding environments present in carbon-based compounds more accurately. The COMB3 potential 

can be generally expressed as the following: 

U . U . q, r U q, r U r U . i, j, k  Eqn. 1 

In Eqn. 1, the potential energy (UTot.) is determined by adding the contributions of the electrostatic 

energy (UElec.), the short-range energy (UShort), the long-range van der Waals energy (UvdW), and a 

correction term (UCorr.). The electrostatic energy can be expressed as follows: 

U . q, r U q, r U q, r U q, r U q, r  Eqn. 2 

The electrostatic energy encompasses four energy contributions, namely, the energy required to form a 

charge from a neutral atom (Uq), the interactions between charges (Uqq), the interactions between charges 

and atomic nuclei (UqZ), and the energy related to polarizability (UPolar). The required energy to form a 

charge (Uq) considers various factors such as electron affinity, ionization energies, and field effects such 

as changes in electronegativity and chemical hardness with respect to the bonding environment [14]. 

The specific potential parameters for iron and fluorine species in COMB3, which were determined by 

Tangarife et al. [15], were utilized. Moreover, the interatomic interactions between carbon and hydrogen 

in carbon fiber were computed utilizing the adaptive intermolecular reactive bond order (AIREBO) 

potential [16]. The implemented modifications in AIREBO potential involve adjustments to both the 

repulsive and attractive pair interaction functions to accurately capture bond properties, as well as the 

incorporation of long-range atomic interactions and single bond torsional interactions. The van 

der Waals interaction parameters corresponding to Fe, F, C, and H were derived from references [17], 



[18], [19], and [20], respectively. The Lorentz-Berthelot combining rules [21], [22] were utilized to 

derive the parameters governing the van der Waals interactions within the interface region, including 

Fe-C, Fe-H, F-C, and F-H. The atomic interactions in the system were ultimately characterized using 

the COMB3, AIREBO, and Lennard-Jones potentials. 

The LAMMPS package [23] was utilized to carry out all MD simulation steps, with a timestep of 0.25 

fs. By utilizing the LAMMPS simulation package, it is feasible to simultaneously employ multiple 

potentials in a hybrid manner during a simulation. The MD simulations was executed in three distinct 

phases. In the first stage, the temperature of the system was gradually elevated from T = 298.15 K to 

T=353.15 K under the NVT ensemble. Subsequently, the system was subjected to equilibration under 

the NVT ensemble at T= 353 K, facilitated by the Nose-Hoover thermostat . During the third and final 

stage, a force was applied to the atoms present in the outer layers of the system, generating a normal 

stress in the Z direction (Fig. S5, Panel f). In this stage, four series of simulations were performed 

independently to apply σ=2, 20, 100, and 200 MPa as the normal stress to the system. Simultaneously, 

this group of atoms is pulled along the X-axis in opposing directions to one another, with a consistent 

velocity of V = 0.75 m/s. The simulation time for step is presented in Table S1. 

Table S1. Simulation steps together with simulation time 

Procedure  Time/ns 

Raising Temperature from T=25 ֯C to T=80 ֯C  0.1 

Equilibration at T=80 ֯C  0.1 

SMD simulation (Applying normal stress and shear strain)  1 
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Fig. S5 The process of building the molecular configuration of the system. a. The unit cell of FeF2  [5], [6], b. The sideview 
of the crystal structure of a 10×10×3 supercell of FeF2. The boundaries of the unit cell are shown by red box. built and 

rendered by VESTA version 3.5.0 [7], c. Crystal structure of a 10×10×3 supercell of FeF2 together with the dimensions (3D 
view), d and e. Molecular structure of the Carbon fiber (Side view and 3D view) [8], f. The initial configuration of the 

simulation system. The snapshots in panels b-f have been rendered by VMD [24] 

5.2 Results and discussion  

In this section, the results associated with the MD simulation of the tribological performance of carbon 
fiber against iron fluoride is presented. 

5.2.1 System temperature 

As the first output of the MD simulation, the time evolution of the system temperature during different 

stages is illustrated in Fig. S6. The system temperature increases almost linearly in the first stage and 

oscillates around the constant value of T=353 K in the second and third stages. The thermostat 

stabilized the system temperature during the second and third stages, as highlighted by Fig. S6. 



 
Fig. S6 Time evolution of the system temperature 

5.2.2 Radial distribution function and stacking 

To accomplish an investigation of the distribution of carbon atoms within the carbon fiber during the 

MD simulation, we calculated the radial distribution function (RDF) of carbon atoms. In the layered 

structure of graphite, the carbon-carbon covalent bond length measures approximately 1.42 Å. 

Applying normal stress and shear strain to multi-layer hexagonal carbon fiber structures resulted in 

crystallographic defects, including Stone-Wales defects [25]. However, despite these defects, 

hexagonal structures mostly maintained their original arrangement. Furthermore, the formed 

pyracyclene rearrangement exhibited slight variations in the carbon-carbon bond length compared to 

the intact arrangement. Consequently, the distance between the nearest carbon neighbors (blue-colored 

carbons in Fig. S7b and c is slightly greater (0.03 Å) than the one in the defectless graphene layers. 

According to Fig. S7a, it is inferred that the frequency of the first neighbors remains significantly 

higher compared to the second and third ones, which indicates that a substantial portion of the carbon-

carbon covalent bonds has been retained within the layers of carbon fiber. 

Naturally, when the structural defects arise in carbon fiber, the distance between the second carbon 

neighbors (the green-colored carbons in Fig. S7b and c undergoes minimal alteration in comparison to 

a defectless graphene layer. As depicted in Fig. S77a, the position of the second peak in the RDF 

diagram slightly exceeds the geometric distance of the second neighbors in Fig. S7c. 

By subjecting the system to normal stress of up to 200 MPa, a significant influence on the stacking 

space within the multiple layers of carbon fiber is anticipated. However, an analysis of the third 

neighbors in the RDF diagram reveals that the third neighbors of carbon (depicted as yellow-colored 

carbons in Fig. S7b and c are positioned at r=3.65 Å, which is 0.3 Å greater than the equilibrium 

distance of defectless graphite layers. It should be noted that an intrinsic planar disorder exists 

between consecutive layers in the carbon fiber structure, and the location of the third neighbors in the 
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defectless graphite structure is also approximately 3.65 Å. The presence of the third peak in the RDF 

diagram confirms that, despite the application of normal stress and some of local planar distortions, 

the successive layers of carbon fiber retain their original stacking space to a considerable extent. These 

findings align with the experimental observations in this context. 
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Fig. S7 a) The radial distribution function of the carbon atoms within the carbon fiber. b) The stacking arrangement of 
layers of carbon atoms in graphite. c) The geometrical distances of the fisrt and second nearest neighbors around carbon 

(shown in blue and green, respectively). d) The geometrical distances of the third nearest neighbors around carbon 
(shown in yellow) 

5.2.3 Pulling force and friction coefficient 

Fig. S8 depicts the time evolution diagram of the shear force, required to apply the shear deformation 

in the systems of study. As illustrated in Fig. S8, for all instances within the initial 0.1 ns, augmenting 

the normal force applied on the outer layers of the system results in an initial rise followed by a rapid 

decline in the shear force, which subsequently oscillates around a specific value. The initial elevation 

of the shear force is directly proportional to the normal stress applied to the system. Furthermore, as 



the normal stress increases, the magnitude of fluctuations in the shear force amplifies. A clearer 

depiction of the shear force fluctuations during the final 0.2 ns is presented in the inset of Fig. S8. 
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Fig. S8 The time variation of shear force in the systems of study 

Fig. S9 demonstrates the correlation between the shear stress and the normal stress by examining the 

average shear force during the final 0.2 ns of each simulation. The results reveal a linear increase in 

the average shear stress as the normal stress escalates, albeit with a distinct offset. To determine the 

friction coefficient of the system, a linear equation proposed by Amentons-Coulomb and expanded by 

Derjaguin [26] is employed. The linear expression, τxy= μσzz+ τ0, incorporates the Derjaguin intercept 

(τ0), which depends on the adhesion at the sliding surfaces. By a linear fit of the shear stress data, the 

friction coefficient, μ, can be accurately derived. In this regard, the coefficient of friction between 

carbon fiber and iron fluoride is determined to be 0.0602. 



 
Fig. S9 Variation in mean shear stress with normal stress for carbon fiber on iron fluoride. Dashed lines are linear fitting 

to Amontons-Coulomb friction expression modified by Derjaguin [22] 
 

5.2.4 Surface interaction energy 

The time-dependent alterations in the surface interaction energy with the carbon fiber are presented in 

Fig. The inset of  provides a more distinct representation of the fluctuations in non-bonded interaction 

energy observed in the last 0.2 ns of simulations. Upon initiation of the simulation and the placement 

of carbon fiber on the iron fluoride substrate, the attractive non-bonded interaction energy between the 

fiber and substrate promptly reaches around 25 eV, and it fluctuates around this energy level 

throughout the equilibration stage. As anticipated, the application of mechanical stress on the system 

promptly amplifies the attractive interaction energy, in direct proportion to the applied stress. 

Moreover, it appears that higher levels of normal stress prompt larger jumps in the interaction energy, 

aligning with the shear stress outcomes presented in the preceding section. Particularly, the amounts of 

attractive interaction energy at σ=20 MPa and σ=100 MPa exhibit minimal disparity, a characteristic 

that is also reflected in the calculated shear stress for these particular cases. To compare the interaction 

energy with other conventional substrates, an identical structure of carbon fiber was placed on the 

crystal surface of magnetite, with the same dimensions as the iron fluoride surface. The attractive 

interaction energy between the magnetite surface and carbon fiber was observed to be more than 

double that of the iron fluoride scenario. 
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Fig. S10 Time evolution of the non-bonded interaction egergy between the iron fluoride surface and the carbon fiber 
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