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A B S T R A C T   

Tribofilms formed on coating surface can replace the original surface materials and dominate the final tribo-
logical behaviors. In-situ identification techniques of additive-derived tribofilm significantly contribute to un-
derstanding the tribo-chemical reaction mechanisms between additives and coatings. Here, a Raman-based 
profilometry was employed for in-situ identifying tribo-chemical products formed on a-C:H surface based on 
their distinct optical properties. By combining diverse characterization techniques, the effectiveness of Raman- 
based method was verified, and a surface-dependent tribofilm growth mechanism was proposed. It is suggested 
that the tribo-chemical reaction between additive-derived tribo-products and a-C:H is mainly governed by the 
Lewis acid-base property of coating surface under low contact pressure and temperature condition, highlighting 
the critical role of chemical property of coating surface in initiating tribofilm growth.   

1. Introduction 

Advanced coating techniques have been increasingly applied in a 
wide range of engineering applications, including manufacturing, ve-
hicles, and aeronautics [1–4]. In combination with liquid lubricants, the 
protective coatings on key mechanical components can dramatically 
reduce the friction and extend the service life by orders of magnitude, 
leading to considerable materials and energy savings [5,6]. Additives 
are the crucial components of liquid lubricants and their tribo-chemical 
products formed on coating surfaces (tribofilm) critically affect the wear 
and friction behaviors. Deepening the understanding of the growth 
mechanisms of additive-derived tribofilm on coating surfaces can 
significantly contribute to developing effective lubricating solutions for 
diverse coating materials. However, the mechanisms governing the tri-
bofilm growth on coating surfaces are not well understood since most of 
existing lubricating additives are developed for ferrous surfaces [7–11]. 
An inappropriate use of lubricating additives can result in severe wear 
and early failure of surface functional coatings. For example, when using 
the traditional friction modifier MoDTC, which is designed for 
ferrous-based surfaces, MoDTC-derived products can cause dramatical 
wear acceleration on diamond-like carbon coatings (DLC) [12–15]. 

In the past decades, a significant progress has been achieved in 
identifying the structure and composition of additive-derived tribofilm 
via advanced surface analysis techniques. Particular attention is paid on 

the governing factors in the tribofilm growth of ZDDP which is one of the 
most crucial anti-wear additives, highlighting the activation effect of 
pressure and temperature in the tribochemical reactions [16–18]. As 
indicated in the literature, despite employing DLC coatings with 
different chemical structure (e.g., hydrogen content and sp2/sp3 ratio) 
and mechanical properties, the growth process of ZDDP tribofilm is 
dominated by effective local contact pressure rather than the chemical 
structure of coatings [19]. However, it is interesting to note that the 
tribofilms formed on DLC surface are less durable than those formed on 
ferrous surfaces [20,21]. Meanwhile, based on the results of surface 
element analysis on ferrous and DLC surfaces, it is found that ZDDP 
tribofilms prefer to form on the ferrous surface rather than on DLC [22, 
23]. Although the reasons for this surface-dependent growth remain 
unknown, these findings clearly confirm the critical role of surface 
materials in the tribofilm growth process. Substantial efforts should be 
made to classify which key characteristics of surface materials govern 
the tribofilm growth and their final mechanical properties (e.g., wear 
resistance and load carrying capacity) since it directly determines the 
basic concepts in designing effectively lubricating solutions for diverse 
surface materials. 

As indicated in the literature, the growth process of ZDDP-derived 
tribofilm includes three stages, including nucleation (initial stage), 
growth, and thickness saturation [16]. ZDDP can form surface-bonded 
pad-like tribofilms of a gradient structure, with a short-chain glassy 
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phosphate near the ferrous surface and a thin outer layer of long-chain 
polyphosphates [17,18]. It is well accepted that the governing factors 
of ZDDP tribofilm formation in the growth and thickness saturation 
stages are stress and temperature [16–18], while there is considerable 
disagreement on the governing factors in the initial stage. Some studies 
indicated that the nucleation stage (initial stage) of ZDDP tribofilm on 
steel surface should stem from the Lewis acid-base interaction between 
ZDDP-derived phosphate and oxidized ferrous surface [17,24–27]. 
Specifically, Fe3+ is hard Lewis acid (electron-pair acceptor) and prefers 
to react with phosphate of hard Lewis base (electron pair donor), ac-
cording to the hard and soft acids and bases principle (HSAB). However, 
there is no general consensus on the dominating role of Lewis acid-base 
interaction in tribofilm growth due to lacking direct experiment 
evidence. 

In our previous study, a highly accurate Raman-based profilometry is 
employed to quantify the thickness of a-C:H coatings based on the 
Raman signal intensity [28]. Since this proposed method is sensitive to 
the variation of surface optical properties, it is used in this study to 
identify the additive-derived tribofilms formed on a-C:H, based on the 
different optical properties of diverse tribochemical products. Specif-
ically, MoDTC-derived products (e.g., MoS2 and MoC) with lower 
transmittance (higher absorption coefficient or/and reflectivity than 
a-C:H) towards Raman signal can cause extra attenuation of Raman in-
tensity and consequently, remarkable measurement deviations of a-C:H 
[29], whereas the glassy tribofilms derived from ZDDP hardly affect the 
Raman intensity due to their high transmittance [30,31] and accurate 
a-C:H thickness can be obtained. It is found that under low contact 
pressure and temperature conditions, ZDDP-derived tribofilms can form 
on a-C:H surfaces when using ZDDP in combination with MoDTC. In the 
case of using a model oil with only ZDDP, no ZDDP tribofilm was 
detected on a-C:H. By combining detailed structural and composition 
analysis towards the contact surface, an obvious oxidized a-C:H surface 
layer was observed, which can transform the contact surface from Lewis 
base (a-C:H) to Lewis acid (oxidized a-C:H) and play a dominating role in 
the selective growth of ZDDP tribofilms (Lewis base) based on HSAB 
principle. The formation of oxidation layer is attributed to the catalytic 
oxidation effect of MoDTC-derived molybdenum oxides towards a-C:H 
surface. This study directly demonstrates the critical role of Lewis 
acid-base interaction in the ZDDP tribofilm growth and provide a new 
pathway for identifying the tribochemical products, which can benefit 
the understanding of tribochemical interaction between coating and 
lubricants, and the design of novel solid-liquid lubricants. 

2. Experimental method 

2.1. Synthesis of a-C:H coatings 

The a-C:H was deposited by a Plasma Enhanced Chemical Vapor 
Deposition technique (PECVD) with acetylene as gas feed (Flexicoat 
850, Hauzer Corp., Netherlands). Detailed deposition parameters were 
shown in our previous studies [28,29]. Table S1 gives the optical and 
mechanical properties of a-C:H. 

2.2. Tribological experiments 

The friction experiments were conducted on a-C:H coatings depos-
ited on silicon wafer with a fixed upper ball as the counterpart (AISI 
52100 steel, 6.35 mm in diameter, HRC 60–67) by using ball-on-disc 
tribometer (Bruker UMT-Tribolab) at room temperature under oil- 
lubricated condition. A polyalphaolefin (PAO) base oil with different 
additives (PAO4 +0.8 wt% ZDDP, PAO4 +0.8 wt% MoDTC, PAO4 +0.8 
wt% ZDDP + 0.4–1.2 wt% MoDTC) was used for the tribological tests. 
Here, secondary ZDDP is used in the test. Tribo-test conditions were 
testing time of 30 to 140 mins, applied load of 1 N to 30 N, speed of 10 
mm/s, 20 ℃, and ambient environment. Here, tribotests were designed 
for investigating the impact of load and time on tribofilm growth. Three 

tests were conducted under the same test condition to verify the 
repeatability. 

2.3. Materials characterization 

Renishaw inVia™ Raman spectrometer was applied to measure the 
a-C:H thickness in the line-scanning mode and backscattering geometry, 
with 488 nm laser and 1 mW laser power. Before using NPFLEX 3D non- 
contact optical profilometer to characterize the wear scars, an iridium 
layer was deposited on the tribo-tested samples to avoid measurement 
errors caused by tribo-induced effect and tribofilm formation on coating 
surfaces [28,29]. 

A focused ion beam (FIB, FEI Helios G4 CX DualBeam FIB-SEM) was 
used to prepare thin cross-sectional lamellar specimens for TEM 
(transmission electron microscopy) investigations. FEI Titan3 Themis 
300 TEM/STEM (Scanning transmission electron microscopy) equipped 
with Gatan Quantum ER energy filter and energy dispersive X-ray 
spectroscopy (EDS) was employed for TEM characterization, elemental 
analysis, and electron energy loss spectroscopy (EELS). HAADF (high- 
angle annular dark-field) image was acquired in the STEM mode. Note 
that EELS in STEM mode could provide detailed information of bonding 
structure in the atomic resolution. Gaussian peak fitting was adopted to 
quantify the bonding fractions. Detailed information of preparing FIB 
samples and Gaussian peak fitting was given in our previous studies 
[28]. 

3. Results and discussion 

3.1. Selective growth of additive-derived tribofilms on a-C:H surfaces 

As shown in Fig. 1, tribo-tests were conducted on a-C:H/steel contact 
under additive-lubricated condition with load of 1 N. When MoDTC is 
introduced into the lubricating oil with ZDDP as additive, the friction- 
reducing property is improved significantly with friction coefficient 
reduced from 0.12 to 0.07, which is close to the condition with only 
MoDTC as additive. When using ZDDP as additive, the wear only takes 
place on the steel ball and the ZDDP-derived tribofilm could only be 
observed on the surface of steel ball rather on a-C:H (Fig. 1B and C). For 
the condition of MoDTC (Fig. 1B and G), no tribofilm is observed on a-C: 
H and the main reason of triggering the dramatical wear on both a-C:H 
and steel is attributed to abrasive wear induced by MoDTC-derived 
tribo-products [29]. Here, the interesting finding is that the combina-
tion of MoDTC and ZDDP can significantly promote tribofilm growth on 
a-C:H surface with only slight wear. With increasing the MoDTC con-
centration from 0 to 1.2 wt%, the coverage rate of tribofilms on DLC 
surface increases obviously as shown in Fig. 1C-F. To gain fundamental 
insights into the mechanisms of tribofilm growth on coating surface and 
the synergistic effect in improving antiwear and friction-reducing 
properties, a Raman-based profilometry is employed to identify the 
tribofilm compositions in the later section. 

3.2. Identification of additive-derived tribofilm by Raman-based 
profilometry 

A highly sensitive Raman-based profilometry is employed here to 
identify the additive-derived tribofilm formed on a-C:H. As demon-
strated in our previous study [28], this proposed method could provide 
accurate wear depth of a-C:H based on the Raman signal intensity from 
silicon sensing underlayer. However, the formation of additive-derived 
tribofilm on coating surfaces can cause obvious measurement de-
viations of wear depth, which can be used to provide key information of 
tribofilm compositions based on their known optical properties [29]. 

As shown in Fig. 2, a series of tribo-tests with different test time were 
conducted under oil lubrication (PAO4 +0.8 wt% ZDDP + 0.8 wt% 
MoDTC). After removing the lubricating oil with heptane, Raman 
spectroscopy under the line-scanning mode was employed to detect the 
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Raman signal intensity from silicon sensing underlayer across the wear 
scars, as shown in Fig. 2A-D. The top a-C:H thickness can be calculated 
based on the Raman signal intensity by the equation [28,29]: 

t = −
1

αo + α1
ln

Is

Ioβ(1 − Ro)
2
(1 − R1)

2

=
− 1

αo + α1

[
lnIs − lnIoβ − ln(1 − Ro)

2
(1 − R1)

2] (1)  

where t is the thickness (unit: μm), β is light scattering rate, Ioβ is Raman 
intensity of silicon 1st band of silicon substrate, Ro and αo are the 
reflectivity and absorption coefficient of a-C:H for incident light, and R1 
and α1 are that for scattered light. Detailed information can be found in 
S1section (supporting information). 

Non-contact optical profilometer was then employed to characterize 
the wear scars along the same traces of Raman line-scanning (marked as 
dot lines in Fig. 2E-H). Note that, the tribofilms of different optical 
properties with a-C:H coating can result in obvious measurement errors 
for optical profilometer [29]. For obtaining accurate wear depth, optical 
profilometer is used after depositing iridium layer of uniform thickness 
(ca. 20 nm) on a-C:H surface (Fig. S1), as the top iridium layer can 
provide a test surface with same optical properties [28,29]. The results 
obtained by optical profilometer are then employed as standard refer-
ence for the coating thickness or wear depth [29]. By comparing the 
wear profiles obtained by Raman-based method and optical profil-
ometer in Fig. 2I-L, it is interesting to find that on the positions with 
tribofilm formation, optical profilometer detects obvious depth-rising 
regions, while these regions cannot be detected by the Raman-based 
method. 

To further verify the actual coating thickness, FIB technique was 
employed to fabricate cross-sectional lamellar specimen on a-C:H 

coating surface as marked in Fig. 2K. Two windows were obtained by 
FIB as shown in Fig. 3A. Windows 1 and 2 correspond to the surface 
areas with and without tribofilm, respectively. The corresponding TEM 
images were given in Fig. 3B-D. Through comparison, it is found that the 
coating thicknesses in the two areas are ca. 276 nm which is same with 
the thickness of synthesized a-C:H coating (Table S1), agreeing with the 
results obtained by Raman-based method in Fig. 2K. It is therefore 
suggested that the measured depth difference between Raman-based 
method and optical profilometer is caused by the tribofilm formation. 

This finding raises an important question why Raman-based method 
cannot detect the tribofilm thickness. As illustrated in Fig. 4, this pro-
posed method can identify the tribofilms based on their transmittance 
towards Raman laser. Here, the transmittance is determined by the ab-
sorption coefficient and reflectivity [28,29]. Tribofilm composed of 
tribochemical products with low transmittance towards Raman laser can 
cause extra attenuation of Raman signal intensity (IL < IS). Since the 
reduction in Raman signal corresponds to the thickening of coating, it 
can result in remarkable measurement deviations of a-C:H thickness in 
the form of wear depth rising compared with the depth reference from 
optical profilometer [29]. In contrast, the tribofilm with high trans-
mittance can hardly be detected due to the negligible attenuation to-
wards Raman signal intensity (IH ≈ IS) and accurate coating thickness 
can be obtained. Based on this deduction, the tribofilm formed on a-C:H 
in Fig. 2 should be composed of materials with high transmittance. As 
reported in the previous studies [12–14], the main degradation products 
of MoDTC in friction process are MoC, MoO3 and MoS2, which display 
low transmittance towards Raman laser (488 nm). The main compo-
nents of ZDDP-derived tribofilm are short-chain glassy phosphate and 
long-chain polyphosphates with high transmittance [17,18,30,31]. 
Therefore, based on the measurement principle of Raman-based 

Fig. 1. Friction and wear behaviors of a-C:H coatings under oil lubrication (test condition: 1 N, 90 mins). (A) Friction coefficient curves. (B) Wear volumes on steel 
ball and DLC coatings obtained by optical profilometer. (C-G) The corresponding 3D optical microscopic images of wear scars on steel ball and DLC coatings (C, 
PAO4 +0.8 wt% ZDDP; D, PAO4 +0.8 wt% ZDDP + 0.4 wt% MoDTC; E, PAO4 +0.8 wt% ZDDP + 0.8 wt% MoDTC; F, PAO4 +0.8 wt% ZDDP + 1.2 wt% MoDTC; G, 
PAO4 +0.8 wt% MoDTC). 
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Fig. 2. In-situ identification of additive-derived tribofilms. (A-D) Optical images of line-scanning trace of Raman spectroscopy across the wear scars under different 
test time (oil lubrication: PAO + 0.8 wt%ZDDP+0.8 wt% MoDTC) and the corresponding Raman intensity of silicon signals which are used to quantify the a-C:H 
thickness. (E-H) 3D optical microscopic images of wear scars under different test time. The dot lines marked the line-scanning trace of Raman spectroscopy. (I-L) 
Comparison between wear profiles obtained by Raman-based profilometry and non-contact optical profilometer along the same traces. FIB test position is marked 
in K. 

Fig. 3. In-situ observation of tribofilm and coating thickness. (A) SEM image of cross-sectional lamellar specimen as marked in Fig. 2K fabricated by FIB (window 1 
with tribofilm and window 2 without tribofilm). The insert shows the FIB position on the tribo-tested sample in Fig. 2G and K. (B) TEM image showing the coating 
surface with tribofilm in window 1. (C) TEM image showing the tribofilm as marked in (B). (D) TEM image showing the area without tribofilm in window 2. (E-F) 
HRTEM images showing the tribofilm microstructure. 

Fig. 4. Schematic illustration of Raman-based method in identifying the additive-derived tribofilm on coating surface.  
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profilometry and the optical properties of the above tribochemical 
products, the main tribofilm component should be glassy ZDDP-derived 
phosphates rather than MoDTC-derived products, agreeing with the 
tribofilm microstructures observed in the TEM images (Fig. 3E-G). 

To further verify the tribofilm composition in Fig. 3C (PAO + 0.8 wt 
% ZDDP+0.8 wt% MoDTC), the FIB cross-sectional lamellar specimen of 
a-C:H coating was investigated by TEM and EDX. Fig. 5A shows a high- 
angle annular dark-field (HAADF) image of the cross-section of tribofilm 
area on a-C:H surface, with the EDX line-scanning trace. In Fig. 5B and C, 
the presence of elements P, Zn and O in the tribofilm is confirmed by 
EDX mapping and line-scanning along the trace as marked in Fig. 5A. 
Given the low content of element Mo, the element S should mainly result 
from the partial substitution for O element in the chain backbone of 
phosphate rather than MoDTC-derived MoS2 [17,29]. Therefore, the 
main component of tribofilm should be zinc phosphate, agreeing with 
the above deduction based on Raman-based profilometry. 

For further verifying the high sensitivity of this proposed Raman- 
based profilometry towards tribochemical products, this method is 
used to characterize the tribo-tested samples with MoDTC as additives, 
as shown in Fig. 6A (1 N, 30 mins). Fig. 6B displays the results of Raman 
line-scanning test across the wear scar. It can be observed that the 
characteristic peaks of MoS2 at 385 cm− 1 and 410 cm− 1 cannot be 
detected due to the small crystal size of MoS2. However, the proposed 
Raman-based profilometry can give useful information for identifying 
nano-MoS2. As shown in Fig. 6C, the proposed approach is employed to 
characterize the tribo-tested sample based on the Raman signal intensity 
of silicon sensing underlayer. The significant mismatch between the 
wear profiles obtained by optical profilometer and Raman profilometry 
can be observed. It indicated the formation of tribofilm with low 
transmittance, according to principle in Fig. 4. As MoS2 possessed lower 
transmittance (higher absorption coefficient or/and reflectivity) than a- 
C:H coating [29], it is suggested that MoS2 should be the main tri-
bochemical products of MoDTC. FIB technique is then employed to 
fabricate cross-sectional lamellar specimen on marked point in Fig. 6C 

and the corresponding HRTEM images are given in Fig. 6D and E. It can 
be observed that MoS2 with crystal size of ca. 5 nm was formed on 
coating surface, demonstrating the high sensitivity of Raman-based 
profilometry. 

3.3. Governing factor in the growth of additive-derived tribofilm 

As shown in Fig. 1, the comparation tests with different additives 
were conducted under the same test condition (1 N, 10 mm/s, 20 ℃). 
The formation of ZDDP-derived tribofilm was only observed on a-C:H 
surface when combining MoDTC with ZDDP as additives, while no 
ZDDP-derived tribofilm was formed when ZDDP was used alone as ad-
ditive. Meanwhile, the coverage rate of ZDDP-derived tribofilms on a-C: 
H surfaces increased notably with MoDTC concentration (Fig. 1C-F). 
Deeply understanding the tribofilm growth can benefit the development 
of effective lubricating solution for diverse coating materials. 

As indicated in the introduction, the tribofilm growth process is 
mainly controlled by applied stress, temperature and the physico-
chemical properties of surface materials. To clarify the impact of stress 
on ZDDP tribofilm growth, the surface roughness should be considered, 
in view of that the increase of surface roughness on contact surface can 
result in the reduction of real contact area (A) [32–34] and the increase 
of contact pressure and shear stress. As shown in Fig. S2 (supporting 
information), the real contact areas under different surface roughness 
were given and the detailed information of calculation method can be 
found in section S1.2. Table 1 lists the surface roughness and the cor-
responding contact areas of tribo-tested samples with same test condi-
tions and different additives. Here, the surface roughness value Rq

ball+DLC 

(Rq
ball + Rq

DLC) is used in the calculation of real contact area. The surface 
roughness of tribo-tested samples with ZDDP as additive displayed 
higher value than that with ZDDP+MoDTC as additives, resulting in 
reduced contact area and increased contact pressure. In addition, in 
view of the high friction coefficient (high shear force) and reduced real 
contact area (high surface roughness) when using ZDDP as additive, the 

Fig. 5. Characterization on the tribofilm composition in Fig. 3C (PAO + 0.8 wt% ZDDP+0.8 wt% MoDTC). (A) HAADF image from area with tribofilm formation on 
a-C:H surface showing the EDX line-scanning trace and EELS test positions. (B) EDX mapping image. (C) EDX line-scanning profile along the trace as marked in (A) 
and atomic ratio of oxygen element to phosphorus element in tribofilm. (D-F) EELS Carbon K-edge spectra in three regions of the cross-section of a-C:H (D, tribofilm; 
E, oxidized a-C:H layer; F, a-C:H sublayer). The residual bond fraction is assigned to σ * (C-C, sp3). 
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corresponding shear stress exceeded that with ZDDP+MoDTC as addi-
tives, as displayed in Table 1. According to the literature [16–19], 
increasing applied stress (contact pressure and shear stress) can promote 
the tribofilm growth based on stress-dependent mechanism. However, 
there was no ZDDP tribofilm formed under the higher stress condition 
with only ZDDP as additive. Meanwhile, the test temperature of 20 ℃ 
cannot activate the growth of ZDDP-derived tribofilm. As reported in the 

previous study [16], the growth rate of ZDDP tribofilm kept at very low 
level even under the condition of 4.4 GPa and 80 ℃. It is therefore 
suggested that the applied stress and temperature are not the main 
governing factors of ZDDP tribofilm growth under current test 
conditions. 

Since the ZDDP tribofilm has displayed a characteristic of surface- 
dependent growth [20–23], EDX and EELS were employed to investi-
gate the composition of interface between tribofilm and coating surface 
for further clarifying the governing factor of ZDDP tribofilm growth on 
a-C:H. An interesting finding is the existence of oxide layer with thick-
ness of 2.5 nm on the a-C:H surface, as displayed in the EDX 
line-scanning analysis (Fig. 5C). Meanwhile, the atomic ratio of oxygen 
to phosphorus (O/P ratio) is given and shows a declining trend from the 
bottom to the top of tribofilm. This agrees with the gradient structure of 
ZDDP tribofilm, which is composited of a short-chain glassy phosphate 
with high O/P ratio on the bottom and a thin outer layer of long-chain 
polyphosphate with low O/P ratio [17,18]. 

In addition, analyses on EELS carbon K-edge spectra were carried out 
for investigating the bonding composition of sp2 (1 s-to-π * ) and sp3 

(1 s-to-σ * ) in three different areas, including tribofilm, oxidized a-C:H 
layer and a-C:H sublayer. Typically, the peak centers of 1 s-to-π * and 
1 s-to-σ * transitions locate in the regions of 284 to 287 eV and 287 to 
310 eV, respectively [35,36]. As shown in Fig. 5D, the main bonding 
structure of ZDDP-derived tribofilm is sp3, agreeing with chemical 
composition (C-C bonds) of ZDDP and base oil. Fig. 5E and F present the 
EELS spectra collected from oxidized layer and sublayer of a-C:H. 
Gaussian peaks fitting were adopted to investigate the bonding 
composition, as shown in Fig. S3. The typical peaks of C––C (sp2, 

Fig. 6. (A) 3D optical microscopic images of wear scar with the line-scanning trace of Raman test (PAO4 +0.8 wt% MoDTC; test condition: 1 N, 30 mins). (B) Raman 
spectra obtained from line-scanning. (C) Wear profiles obtained from optical profilometer and Raman-based profilometry, and Raman intensities of silicon bands 
from silicon sensing underlayer obtained by Raman line-scanning in (B). (D and E) HRTEM images showing the tribofilms with nano-MoS2 sheet on the marked area 
in (C). 

Table 1 
Surface roughness values (Rq), real contact area (A), contact pressure (P), and 
shear stress (τ) on contact surfaces shown in Fig. 1C-G.  

Samples 0.8 wt% 
ZDDP 

0.8 wt% 
ZDDP 
0.4 wt% 
MoDTC 

0.8 wt% 
ZDDP 
0.8 wt% 
MoDTC 

0.8 wt% 
ZDDP 
1.2 wt% 
MoDTC 

0.8 wt% 
MoDTC 

Rq
Ball 89.3 nm 53.9 nm 57.6 nm 63.7 nm 98.5 nm 

Rq
DLC 7.2 nm 9.5 nm 11.7 nm 15.8 nm 52.7 nm 

Rq
Ball+DLC 96.5 nm 63.4 nm 69.3 nm 79.5 nm 151.2 nm 

A (μm2) 227 334 306 273 149 
P (GPa) 4.4 2.9 3.2 3.7 6.7 
μ 0.126 0.093 0.078 0.072 0.062 
FS (N) 0.126 0.093 0.078 0.072 0.062 
τ (GPa) 0.56 0.28 0.25 0.26 0.42 

Test conditions: 1 N, 90 mins, 20 ℃. Rq of steel ball surface before tribo-test: ca. 
10 nm. Rq of DLC coating surface before tribo-test: ca. 6 nm. Rq is measured by 
optical profilometer. A is real contact area. P is contact pressure. μ is friction 
coefficient. FS (shear force or friction force) = μ⋅FN. FN is normal force (1 N). τ 
(shear stress) = FS / A. 
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1 s-to-π * ) and C-H (sp3, 1 s-to-σ * ), centered at 285.5 and 287.5 eV 
[37,38], have been well defined in the EELS spectra. There is a notable 
mismatch area when two Gaussian peaks fitting was used to analysis the 
EELS spectra of oxidized a-C:H layer in Fig. S3B, while no such area was 
observed on that of non-oxidized a-C:H sublayer in Fig. S3D. To further 
clarify the bonding composition, analyses involving three Gaussian 
peaks fitting were conducted in Fig. S3A and C, which are also displayed 
in Fig. 5E and F, respectively. It can be observed that the additional 
peak, corresponding to the mismatch area, appears on the high-energy 
side of C––C peak in the EELS spectrum of oxidized a-C:H layer (gray 
area in Fig. 5E), which cannot be observed in the spectrum of a-C:H 
sublayer (Fig. 5F). Since this peak is caused by the oxidation of a-C:H 
and the peak center at 286.5 eV is in the region of sp2 (1 s-to-π * ), it is 
suggested that this feature peak belongs to C=O (sp2, 1 s-to-π * ) [38, 
39]. In addition, the bonding fractions were calculated based on the 
peak areas and shown in Table 2. Detailed information of calculation 
process can be found in our previous studies [28,29]. The sp2 and sp3 

fractions in oxidized layer of a-C:H are 63.2% and 36.8%, while that in 
the a-C:H sublayer are 60.2% and 39.8%. Therefore, the oxidized layer 
underwent a bonding transformation from sp3 to sp2, which is about 3% 
and close to the C––O fraction (2.6%). It indicates that the oxidation of 
carbon in a-C:H prompts the bond dissociation of C-C and C-H, and 
transformation from sp3 to sp2. 

The oxidized site with C––O group possesses Lewis acid property [40, 
41], which transforms a-C:H surface from Lewis base to Lewis acid. 
Based on the Lewis acid-base interaction [42–44], the absorption of 
ZDDP-derived phosphate (Lewis base) on the oxidized a-C:H surface can 
be effectively promoted. Meanwhile, since the Lewis acid centers with 
C––O groups preferably react with nucleophiles [45,46], it provides 
active sites to initiate the tribochemical reaction with ZDDP-derived 
phosphate, further promoting the growth of ZDDP tribofilm. As indi-
cated in previous work [47,48], the synthesized a-C:H surfaces can 
readily get oxidized after exposure to ambient air. However, this kind of 
oxidized layer with thickness less than 1 nm is completely removed after 
the initial running-in process. To obtain stable replenishment of ZDDP 
tribofilms on coating surface, the continuous existence of oxidized layer 
on coating surface is necessary. As shown Fig. 1, increasing the MoDTC 
concentration can dramatically increase the coverage rate of tribofilm, 
indicating the key role of MoDTC in the formation of ZDDP tribofilm on 
a-C:H surfaces. Meanwhile, it has been well demonstrated that MoDTC 
will degrade into MoS2 and MoO3 in the friction process [13–15,29,49, 
50] and MoO3 is a typical catalyst to promote the oxidation of carbon 
materials (e.g., carbon black and soot) [29,51–56]. In addition, the 
element composition on the surface of tribo-tested a-C:H with only 
ZDDP as additive was also investigated by EDX line-scanning and there 
is no oxidized DLC layer observed on DLC coating surface, as shown in  
Fig. 7. It is therefore suggested that the stable oxidized layer on coating 
surface is introduced by the continuously catalytic oxidation of 
MoDTC-derived MoO3 towards the a-C:H surface. It should be also 
pointed out that ZDDP cannot prevent the a-C:H oxidation induced by 
MoO3. This is because the oxidation inhibition mechanism of ZDDP to-
wards lubricating oil is that it acts as peroxide decomposer and radical 
scavenger in the oxidation process of lubricating oil, which is different 
from the oxidation mechanism of MoO3 to a-C:H. Based on the above 
results, it is therefore suggested that the Lewis acid-base interaction 
plays a crucial role in the growth of ZDDP tribofilm on a-C:H surface 
under low applied stress and temperature. 

Additionally, this kind of oxidation process on a-C:H surface is 
accompanied by the alteration of the mechanical properties which 
makes the oxide layer more prone to wear, especially under high load 
[57,58]. As shown in Fig. 8, the wear volumes of a-C:H under low 
applied load of 1 N (580 MPa, maximum Hertzian contact pressure) kept 
at low level for the test time ranging from 30 to 140 mins, indicating 
ZDDP can form effectively anti-wear tribofilms on a-C:H surfaces. 
However, when increasing the applied load to 10 N (1.2 GPa) and 30 N 
(1.8 GPa), the coverage of ZDDP tribofilms on coating surface decreased 
notably (Fig. 8B and C), resulting in significant increase in wear volume. 
Compared with ZDDP tribofilms formed on ferrous surfaces which show 
good anti-wear properties even under 5.2 GPa [20,59], the tribofilms 
formed on a-C:H are less durable under high applied loads due to the 
easy-shear capability of oxidized a-C:H layer. 

3.4. Dominating role of tribofilm in the friction and wear behaviors 

It is well accepted that friction and wear behaviors are dominated by 
tribofilms formed on contact surfaces [60–62]. Gaining fundamental 
insights into the tribofilm growth mechanism can benefit a better un-
derstanding of the tribological mechanisms. Based on above findings, a 
schematic illustration of tribofilm growth mechanism on a-C:H surfaces 
is displayed in Fig. 9 and used to clarify the tribological behaviors. As 
shown in the schematic illustration, when ZDDP is used alone in lubri-
cating oil, tribofilms prefer to form on the steel surface rather than a-C: 
H. Since the hardness of a-C:H is obviously higher than steel and ZDDP 
(hardness: a-C:H: 21 GPa > steel: 8 GPa> ZDDP tribofilm: below 
3.3 GPa) [63–65], the wear at initial stage mainly happens on steel 
surface and results in abundant nascent surfaces that is easily oxidized in 
the tribological process. These oxide areas provide active sites for the 
tribofilm growth based on Lewis acid-base interaction (Fe3+-Lewis acid, 
phosphate-Lewis base) [17,18]. Given the Lewis base property of a-C:H, 
ZDDP tribofilm (Lewis base) prefer to be formed on steel surface rather 
than a-C:H. After the initial stage, wear mainly takes place on ZDDP 
tribofilm, considering its significantly low hardness [65]. Then, 
remarkable wear on steel surface and undetectable wear on a-C:H sur-
face were observed. In addition, since the friction behavior mainly de-
pends on the shear process of ZDDP tribofilms, the friction coefficient is 
close to the condition of ferrous/ferrous contacts with ZDDP as additive 
[66]. 

When adding MoDTC into the above lubricating oil, MoDTC-derived 
MoO3 can perform catalytic oxidation action towards a-C:H surface 
[51–56,67–69], which transforms a-C:H surface from Lewis base to 
Lewis acid [40,41], providing active growth sites for ZDDP tribofilms. In 
view of the continuous formation of ZDDP tribofilm on a-C:H surface, 
slight wear was observed on a-C:H surface. As indicated above, the tri-
bofilms composed of tribochemical products with lower transmittance 
(e.g., MoS2) can introduce measurement deviations of Raman-based 
profilometry in the form of depth rising. Fig. 2 presents the wear pro-
files obtained by Raman-based method and there is no depth rising, 
indicating no formation of crystal MoS2 in the tribofilm. For locating the 
MoDTC-derived MoS2, Raman tests were conducted on the steel ball 
surfaces as shown in Fig. S4. Compared with the test condition with only 
MoDTC as additive in Fig. S4B, the Raman signal intensity of MoS2 in-
creases significantly when using MoDTC and ZDDP (Fig. S4A), indi-
cating MoDTC-derived MoS2 crystals preferred to accumulate and grow 
into large size on steel surface under the existence of ZDDP. As reported 
in previous work [8,24,68,70], ZDDP will decompose into small mo-
lecular fragments with abundant sulfur atoms which can react with 
ferrous surfaces to form mixtures of FeS/ZnS. These mixtures provide 
active S2- to promote the sulfuration of molybdenum oxysulphide into 
MoS2 units. These units progressively grow into large lamellar sheets 
and cover the contact asperities on steel surface, further resulting in low 
friction. This explains why the friction coefficient kept at low values in 
the initial stage and decreased with time due to the formation of large 
MoS2 sheets. 

Table 2 
EELS C-bonds fractions of oxidized layer and sublayer of a-C:H.  

Region sp2 sp3 

C=C C=O C-H C-C 

Oxidized a-C:H layer 60.6% 2.6% 23.9% 12.9% 
Sublayer (a-C:H) 60.2% - 25.7% 14.1%  
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As indicated in the previous study [29,71,72], MoDTC derived tri-
bochemical products can accelerate the wear of DLC, which is attributed 
to the easy-shear capability of oxidized a-C:H layer caused by MoO3 in 
the first stage and the abrasive wear of hard MoC formed via 
tribo-induced carburization of MoS2 in the following stage. However, 
when using ZDDP in combination with MoDTC, the wear acceleration of 
a-C:H was significantly improved since a protective ZDDP-derived tri-
bofilms are formed on the top of oxidized a-C:H layer. More importantly, 
the local stress concentration caused by increased surface roughness 
under severe wear can be obviously alleviated [73–75], which prevent 
the tribo-induced carburization of MoS2 into hard MoC particles and the 
following abrasive wear. 

4. Conclusion 

Raman-based profilometry was employed to identify the additive- 
derived tribofilms on a-C:H coatings based on their distinct optical 
properties. Its effectiveness in in-situ identification is fully demonstrated 
by combining TEM, EDS, and EELS. The obtained results confirmed the 
ZDDP-derived tribofilm prefer to form on a-C:H surface when combining 
MoDTC, due to the catalytic oxidation effect of MoDTC-derived MoO3 
towards the coating surface. This oxidation process can transform a-C:H 
surface from Lewis base to Lewis acid, providing active growth sites for 
ZDDP tribofilms. It gives direct evidence that Lewis acid-base interac-
tion plays a crucial in the initial tribochemical reaction (nucleation 
stage) between ZDDP-derived phosphates and oxidized a-C:H surface 

Fig. 7. (A) 3D optical microscopic image of wear scar on DLC coating (PAO4 +0.8 wt% ZDDP) showing the FIB position. (B) TEM image showing the cross-sectional 
morphology of marked area in Fig. A and EDX mapping position. (C) EDX mapping on the marked area in (B). (D) EDX line-scanning profile along the trace as marked 
in (C). 

Fig. 8. Wear behaviors of a-C:H in additive-lubricated conditions (PAO + 0.8 wt% ZDDP +0.8 wt% MoDTC) under different time and loads. (A) Wear volumes. (B) 
3D optical images under the tribo-test condition of 10 N (1.2 GPa) and 30 mins. (C) 3D optical images under the tribo-test condition of 30 N (1.8 GPa) and 30 mins. 
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under low applied stress and temperature conditions. In addition, the 
lower durability of ZDDP tribofilm formed on a-C:H surface is attributed 
to the easy-shear capability of oxidized a-C:H layer. This Raman-based 
profilometry propose a new pathway for identifying additive-derived 
tribofilms formed on coating surfaces which can help gain funda-
mental insights into tribofilm growth mechanisms, and thus benefit a 
better understanding of the tribological mechanisms and the develop-
ment of effective lubricating solutions for diverse surface materials. 
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[71] Espejo C, Thiébaut B, Jarnias F, Wang C, Neville A, Morina A. MoDTC 
tribochemistry in steel/steel and steel/diamond-like-carbon systems lubricated 
with model lubricants and fully formulated engine oils. J Tribol 2019;141:012301. 
https://doi.org/10.1115/1.4041017. 

[72] Kassim KAM, Tokoroyama T, Murashima M, Lee W-Y, Umehara N, Mustafa MMB. 
Wear acceleration of a-C:H coatings by molybdenum-derived particles: Mixing and 
temperature effects. Tribol Int 2021;159:106944. https://doi.org/10.1016/j. 
triboint.2021.106944. 

[73] Arola D, Williams C. Estimating the fatigue stress concentration factor of machined 
surfaces. Int J Fatigue 2002;24:923–30. https://doi.org/10.1016/S0142-1123(02) 
00012-9. 

[74] Leiro A, Kankanala A, Vuorinen E, Prakash B. Tribological behaviour of carbide- 
free bainitic steel under dry rolling/sliding conditions. Wear 2011;273:2–8. 
https://doi.org/10.1016/j.wear.2011.03.025. 

[75] Teles VC, De Mello JDB, Da Silva WM. Abrasive wear of multilayered/gradient 
CrAlSiN PVD coatings: effect of interface roughness and of superficial flaws. 
1691–701 Wear 2017;376–377. https://doi.org/10.1016/j.wear.2017.01.116. 

N. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.triboint.2021.107199
https://doi.org/10.1016/j.triboint.2016.02.025
https://doi.org/10.1016/j.triboint.2016.02.025
https://doi.org/10.1016/j.triboint.2004.08.009
https://doi.org/10.1115/1.4041017
https://doi.org/10.1016/j.triboint.2021.106944
https://doi.org/10.1016/j.triboint.2021.106944
https://doi.org/10.1016/S0142-1123(02)00012-9
https://doi.org/10.1016/S0142-1123(02)00012-9
https://doi.org/10.1016/j.wear.2011.03.025
https://doi.org/10.1016/j.wear.2017.01.116

	Coating sensing strategy for understanding the governing factors of tribofilm growth on diamond-like carbon
	1 Introduction
	2 Experimental method
	2.1 Synthesis of a-C:H coatings
	2.2 Tribological experiments
	2.3 Materials characterization

	3 Results and discussion
	3.1 Selective growth of additive-derived tribofilms on a-C:H surfaces
	3.2 Identification of additive-derived tribofilm by Raman-based profilometry
	3.3 Governing factor in the growth of additive-derived tribofilm
	3.4 Dominating role of tribofilm in the friction and wear behaviors

	4 Conclusion
	Statement of originality
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supporting information
	References


