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ABSTRACT: Understanding contact-induced damage is of paramount
importance in the analysis of the lifespan and performance of surface
coatings. In this work, we investigate the effects of dopants and
interlayers on the structural durability of diamond-like carbon coatings
(DLCs) and molybdenum disulfide (MoS,) coatings on stainless steel via
microscratch tests. The analysis of X-ray photoelectron spectroscopy
(XPS) survey spectra and Raman spectra of the DLCs shows that the
ratio of sp/sp’ (i.e., the intensity ratio of sp? to sp* obtained via XPS) is
proportional to Iy/ls, where Iy and /s are the intensities of the D and G
bands of the Raman spectrum, respectively. The analysis of the scratch
tests reveals that there are three critical loads for the scratch-induced
damage of the DLCs and MoS, coatings, corresponding, respectively,
to the initiation of periodic V-cracking, the minimum load for periodic semicircle cracking or peel-off, and the minimum load for
partial and periodic delamination. Dopants can reduce the friction coefficient of DLCs and have a negligible effect on Ti/MoS,
coatings. The Cr interlayer can better enhance the bonding strength between the DLCs and the steel substrate than the Si
interlayer. Doping Cr and H can reduce the hardness of DLCs; doping Si can increase the hardness of DLCs; doping Ti, Pb, and PbTi
can reduce the hardness of MoS, coatings. The deep symbolic optimization (DSO) algorithm is used to establish nominal-
mathematical formulations between the critical variables for the scratch test and the material parameters of the surface coating.
The DSO analysis demonstrates the feasibility of using “deep learning” to establish “quantitative” relationships between the critical
variables for mechanical deformation and material parameters.
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1 Introduction

AISI 304 stainless steel is a widely utilized material in medical,
aerospace, automotive, military, oil, and gas applications [1].
However, its low hardness, high friction coefficient, and low
corrosion resistance limit its wide application. To overcome these
disadvantages and reduce the damages from fretting wear and
contact fatigue to AISI 304 stainless steel, protective coatings with
high performance [2] (e.g., excellent corrosion resistance [3, 4],

high-temperature oxidation resistance [5], excellent lubrication
properties [6], remarkable antifogging and defogging abilities [7],
high-temperature conductivity [8], and excellent thermal
performance [9]), such as diamond-like carbon coatings (DLCs)
and molybdenum disulfide (MoS,) coatings, have been
investigated. DLCs offer high hardness, excellent corrosion
resistance, and low friction, while MoS, coatings provide low
friction, good thermal and chemical stability, and high mechanical
strength [10-12].
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Nomenclature
A Peak associated with the out-of-plane vibrations of S atoms Number of data points
d, Penetration depth Sa Area arithmetical mean height
d, Residual depth Sh Horizontally projected contact area
d, Sphere-to-cone transition depth of Rockwell C indenter sp*/sp’ ;rtllts:loseigcrégg g;jgig:z;ggg;g:g:sg% Xoray
ElZg Peak associated with in-plane vibrations of Mo and S atoms Sq Area root mean square roughness
f Symbol of mathematical function S, Vertically projected contact area
F, Applied normally load plrly) Distribution of mathematical expressions
F, Measured lateral (or tangential) force X Input variables
H, Lateral scratch hardness X; i-th input variable
H, Normal scratch hardness y Output variable
H,., Mean value of H, for F, > L Vi i-th output variable
Hyp Mean value of H,, for F, > L3 A Wavelength of X-ray (Cu Ka)
Ip/lg Intensity ratio of D and G bands by analyzing Raman spectra Half-apex angle of Rockwell C indenter
J(ys€) Learning objective U Scratch friction coefficient
k Proportional coefficient of d, vs. F, Unm Mean value of y for F, < L,
L, Minimum load for the initiation of periodic V-cracks o Standard deviation of the target values
L, Minimum load for the occurrence of periodic semicircle cra;ks for the : Sampled expression
Cr/DLC and Cr/DLC-Cr coating and peel-off for other coatings
Ls Minimum load at which partial and periodic (P&P) delamination occurs y The parameter of RNN
Ly, Transition of the piecewise linear function for F, vs. F, wp Wavenumber of D peak
L, Transition of the piecewise linear function for d, vs. F, wg Wavenumber of G peak

The rapid development of technology and industry has
stimulated interest in the development of composite coatings with
dopants, which can improve the bonding strength and functions
under complex service environments. There are reports on the
doping of metallic or nonmetallic elements to improve the
performance of DLCs and MoS, coatings. Liu et al. [13] reported
that adding H to DLCs led to an increase in hardness and a
decrease in resistance to cracking failure, and adding Si or Cr
increased fracture toughness. Su et al. [14] and Kim et al. [15]
reported that doping with Mo and Ti, respectively, significantly
enhanced the tribological performance of DLCs. Yetim et al. [16]
demonstrated that the reaction of metallic elements (e.g., Ti, Al
and V) with carbon improved the bonding between DLCs and
substrates and the tribological performance of DLCs. Gao et al.
[17] reported that the addition of carbon fiber-graphene oxide
(CF-GO) can improve the wear resistance of MoS, coatings. Su
and Kao [18] reported that Cr doping can increase the tribological
performance of MoS,.

The scratch technique is a useful tool for assessing the
tribological behavior of a solid surface [19, 20] and the
adhesion/bonding strength between the surface coating and the
substrate. Liu and Yan [21] studied the deformation and cracking
of doped DLCs during Vickers scratching under a progressive
normal load. Segura-Giraldo et al. [22] reported an increase in the
bonding strength between DLCs and 316 steel substrates with TiN
interlayers. Wang et al. [23] evaluated the effect of the a-Si:H
interlayer on the bonding of DLCs and Fe-based substrates and
pointed to the contribution of the formed Si-Fe to the bonding
strength. Conducting thermomechanical scratching on an atomic
force microscope, Chang et al. [24] observed nanoexfoliation and
morphological changes in multilayer MoS,. Kim and Ahn [25]
investigated the nanotribological behavior of a MoS, bilayer on a
SiO,/Si substrate and revealed the sequential degradation of the
MosS, bilayer from the top layer to the bottom layer. Renevier et al.
[26] examined the effects of metallic doping (Cr, W, and Zr) on
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the tribological behavior of MoS,/Ti coatings. They reported that
MoS,/metal coatings were harder than pure MoS, coatings.
Stoyanov et al. [27] studied the size-dependent tribological
behavior of Ti-MoS,. All these studies highlight the complexity of
the scratching deformation of surface coatings and multilayer
structures. The scratching responses of DLCs and MoS, coatings
remain elusive.

Deep learning-based approaches have shown enormous
potential for quantitatively analyzing complex phenomena (e.g.,
the driving forces for material failure or fatigue [28-31] and the
effects of hydrogen and temperature [32—-34]). It has been used to
evaluate the effects of plastic deformation on the scratching
responses of metallic materials [35, 36], glass [37], and ceramic
coatings [38] with excellent predictability.

Symbolic regression (SR), which evolved from genetic
programming (GP) [39, 40], has been used to establish
mathematical expressions from experimental data. The SR
principle rests on recombination and mutation with neural-
guided GP population seeding [41]. Schmidt and Lipson [42]
applied SR to determine free-form natural laws from experimental
data. Brunton et al. [43] demonstrated the application of SR to a
dynamical system with governing equations derived from data
through sparse identification. Petersen et al. [44] and Landajuela
et al. [45] proposed deep symbolic regression (DSR), in which a
recurrent neural network is trained via a risk-seeking policy
gradient to generate candidate expressions. Lu et al. [46]
introduced the deep differentiable SR neural network (DDSR-
NN), a neural network with layers representing continuous
distributions over mathematical operators, allowing for gradient-
based optimization. The deep symbolic optimization (DSO)
algorithm is a deep learning framework for symbolic optimization
tasks based on SR, DSR, and DDSR-NN [47]. Currently, few
studies have focused on the use of deep learning-based approaches
to analyze the scratching behavior of DLCs and MoS, coatings,
which are likely to exhibit distinct scratching damage.

Friction, 2026, 14(3): 9441166
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This work aims to investigate the scratch-induced damage of
DLCs and MosS, coatings with a focus on the influence of different
interlayers (i.e., Cr, Si, and Ti) and dopants (i.e., Cr, H, Si, Ti, and
Pb). A Rockwell C 120° diamond indenter was used in the scratch
tests under a ramping load. Both the normal and tangential
hardness values were calculated and compared. Notably, the
scratch responses of DLCs are different from those of MoS,
coatings, e.g, DLCs have higher acoustic emission (AE) than
MoS, coatings under larger loading. DSO, which was used to
modify crack tip formulas and capture the Mullins effect in
elastomers from finite element simulations [48] and temperature-
dependent benchmark tests [49], was used to quantify the
dependences of the scratching responses on the thickness and
material parameters of the coatings.

2 Experimental

2.1 Preparation and characterization of DLCs and MoS,
coatings

AISI 304 stainless steel films with a 1 mm thick square shape
(30 mm x 30 mm) were used as the substrates for the DLCs and
MoS, coatings. The steel films were sequentially cleaned in
petroleum ether and alcohol for 20 min, ultrasonicated and then
blow-dried with nitrogen. DLCs with different dopants (e.g., Si,
Cr, H) and Si or Cr interlayers and MoS, coatings with Ti
interlayers and different dopants (i.e., Ti, Pb, and PbTi) were
deposited over the prepared steel films on a UDP650 system (Teer
Coatings Ltd., UK) equipped with various targets (i.e., C, Cr, Si,
Ti, and Pb with 99.99% purity and MoS, with 99.95% purity). The
deposition parameters of the DLCs and MoS, coatings are listed in
Table 1. A confocal microscope (Olympus LEXT OLS5100, Japan)
was used to measure the thicknesses of the coatings. The thickness
of the coatings is ~2 um, as measured by a confocal microscope.
Prior to the measurement, the confocal microscope was calibrated
on a standard glass sample with a step size of 2 pm. Multiple
measurements were conducted at different regions across the step
on the standard sample to ensure good consistency and high
precision in the measurement of the coating thickness. The
measurements were conducted in a clean room with constant
temperature and humidity to minimize the environmental impact.
See Fig. S1 in the Electronic Supplementary Material (ESM) for
the determination of the coating thickness. The coating thickness ¢
and corresponding numerical values of area-arithmetical mean
height (S,) and area root mean square roughness (S,) for
randomly selected surface areas are also listed in Table 1.

The microstructures of the as-deposited DLCs and MosS,
coatings were determined via X-ray diffraction (XRD) on an X-
ray diffractometer (DY1602, Empyrean, UK) with Cu Ka ray of
A =0.1542 nm under a tube voltage of 45 kV and a tube current of
40 mA. Raman spectroscopy was performed to analyze the
microstructural characteristics of the DLCs under an excitation
wavelength of 532 nm via an InVia Reflex Raman Microscope
(Renishaw, Wotton-Under-Edge, UK) with WiRE™ 4.2 software
(Renishaw, UK). X-ray photoelectron spectroscopy (XPS) was
conducted to investigate the chemical states of the DLCs and
MoS, coatings on an ESCALAB-250 (Thermo Fisher, USA)
instrument under monochromatized Al Ka-line radiation.

2.2 Microscratch tests of the coatings

Microscratch tests were performed on a microscratch tester
(MST?, Anton Paar, Austria) equipped with an AE detector in the
air at 23 °C. A Rockwell C 120° diamond indenter was used in the
tests under a load range of 5 mN-15 N, and the relative humidity
was 45% during the testing. The scratch length [ was ~3 mm, and
the applied load F, linearly increased from 5 mN to 15 N to
comprehensively evaluate the distinct failure modes, the transition
from coating-dominated to system-dominated behavior, and the
mechanical responses of the coating and the coating/substrate
system. Several factors were considered in determining the use of
15 N: The load range (5 mN-15 N) allowed for a systematic
investigation of both the intrinsic properties (e.g., hardness and
cohesion strength) of the coating and the scratch behavior of the
coating/substrate system under progressively increasing loads.
Smaller loads help to limit the contribution of the substrate,
whereas higher loads can introduce the contribution of the
substrate and induce damage at the coating/substrate interface.
This makes it possible to determine critical parameters such as
bonding strength. The load of 15 N is high enough to induce
plastic deformation of the steel substrate and delamination of the
coatings. Thus, no loads higher than 15 N were used in the scratch
tests. Note that a film/substrate structure can experience rapid
changes in response mode under a large normal load during a
scratch test, which can obscure the coating-specific characteristics
and accelerate damage evolution, resulting in large scatterings of
critical parameters, such as critical loads.

Figure 1 shows a schematic of the scratching test with a
Rockwell C diamond indenter of a half-apex angle 6 of 60° and a
spherical tip radius R of 108 pm, which can be validated by
scanning electron microscopy [50], under a progressive normal
load. The sphere-to-cone transition depth d, (= R(1-sinf)) is
calculated to be 14.5 um. The Rockwell C indenter is widely

Table1 Deposition parameters, thickness ¢, and area roughness of DLCs and MoS, coatings

Target current (A)

Butane

Interlayer Coating S/Cr T (cm’/min) t (um) S, (um) Sq (um)
DLC — 2.0 0.150 0.221
Cr DLC-Cr 10.38 - - 1.9 0.190 0332
DLC-H - 16 3.0 0.300 0.420
DLC — 2.1 0.053 0.089
. DLC-Si 0.5/ - 22 0.101 0.164
S DLC-Cr /0.3 N 1.8 0.086 0.136
DLC-H — 16 25 0.096 0.157
MoS, — 2.0 0.097 0.131
. MoS,-Ti /0.4 13 0.054 0.083
Ti MoS,-Pb o 0.2/ o 14 0.072 0.134
MoS,-PbTi 0.2/0.4 14 0.046 0.086
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Scratch direction
—_—

Rockwell C indenter

Fig.1 Schematic of scratching by a Rockwell C 120° indenter with a half-apex angle of 60° under a progressive load (w is the vertically projected contact width).

utilized in the failure analysis of coatings [51, 52], and is more
suitable for studying damage evolution with the transition from
cracking to delamination than sharp indenters, such as the
Berkovich indenter [50] and the Vickers indenter [21], since
scratches with a Rockwell C indenter can produce deformation
and progressive damage as the applied normal load increases.

Each scratch test consisted of three steps. (1) Prescan under an
extremely small normal load of 5 mN before normal scratching to
measure the initial surface profile, which was set as the baseline.
Its effect on scratching deformation is negligible [53]. (2) Normal
scratching with the indenter on the sample surface at a constant
speed of 6 mm/min (low enough to minimize thermal effects
during scratching) for a total scratch length of / = 3 mm in 30 s.
The normal load increased linearly from 5 mN to 15 N. (3) A
panoramic image of the residual scratch groove was captured
under a normal load of 5 mN after normal scratching to measure
the residual depth along the scratch track. Both true penetration
depths and residual depths were derived from the surface
inclination and the subtraction of the normal displacements of the

{ﬂ[Rz—(R—dp)Z]/Z,

n(tan@(d, —d,) + R/2)* /2,

scratch test and the postscan from the initial surface height (ie.,
the displacement data obtained during the prescan), respectively.

The scratch friction coefficient y is calculated as the ratio of the
measured lateral (tangential) force Fy over the normally applied
load F,. The normal scratch hardness H,, which is calculated as
the ratio of the applied normal force F, over the vertically
projected contact area S, i.e., the mean contact pressure in the
normal direction, is associated with the resistance to abrasion and
plastic deformation during scratching; the lateral scratch hardness
H,, which is calculated as the ratio of the measured tangential
force F, over the horizontally projected contact area S, represents
the resistance of the material to mechanical deformation in the
horizontal direction during scratching. Thus, H, and H;, are given
by Eq. (1) [54]:

Hn:Fn/Sna.ndHh:Fh/Sh (1)

Here, S, and §;, can be calculated from the normal penetration
depth d, as Eq. (2) [55, 56]:

d, < d,

d, > d,

2
o | Rarccos(R-dp)/R) ~ (R d)\ [~ (=), d<ad @

tan O((arcsind —1)R+d,)* +nR* /6 — R*/tan 6 ,

with 6= 60° and R = 108 pm in this work.

Three repeated tests were carried out for each coating with a
difference of less than 5% in results because of the excellent quality
and uniformity of the prepared coatings. The average values of the
results obtained from these three repeated experiments were used
in the following analysis.

2.3 DSO algorithm for determining “quantitative” relations

DSO is a symbolic regression analysis framework that uses a deep
learning approach and aims to map input variables X (X; € R") to
output variable y (y; € R) with a mathematical function f R" — R
[57]. This approach allows the establishment of “quantitative”
relationships among physical variables with experimental data to
obtain some insights into the underlying physical mechanisms. In
contrast to traditional neural networks, the mapping mechanism
relies on the deep symbolic learning (DSR) method. This
approach generates symbolic expressions in the form of strings
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d, >d,

through an iterative optimization process. It employs a recurrent
neural network (RNN) from input variables and a set of tokens,
which are mathematical operators (e.g., +, —, %, and +), as shown
in Fig. 2(a) for an example. With these tokens, a preorder traversal
of the binary tree can be constructed, and a “mathematical”
formulation describing the relationship between the input and
output variables can be established. Additionally, new tokens used
as the input for the next RNN can be generated, as schematically
illustrated in Fig. 2(b). This completed binary tree, referred to as
the sampled expression, is evaluated with the normalized root-
mean-square error (NRMSE) as the optimization criterion to
determine its applicability, given as Eq. (3):

where o is the standard deviation of the target value; n is the
number of data points; X; is the i-th input; and y; is the

Friction, 2026, 14(3): 9441166
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Fig.2 An example of DSO operation in generating an expression tree: (a) a set of mathematical operation tokens and input variable tokens; (b) generation of a preorder
traversal (an initial token is generated by RNN and then used as parent/sibling to generate consecutive tokens until completion of expression tree); (c) expression tree

generated by preorder traversal in (b).

corresponding output. The NRMSE is then expressed as a reward
function as Eq. (4):

R(1) =1/ (1+ NRMSE) (4)

where 7 represents the sample expression.

The weights and biases of the RNN are adjusted according to
the reward function to generate a solution from a higher reward
function with a risk-seeking policy gradient algorithm as Eq. (5):

V,Jis (73€) = Eeopiay [(R(7) = Re (y)) - V, logp (7]y) [R (1)
>R (y)] (5)

where V' represents the gradient operator; y represents the
parameter of the RNN; J(yse) is the learning objective; E[ o]
represents the expectation value; Ry(y) is defined as the (1-¢)-
quantile of the distribution of rewards under the current policy;
p(1]y) is the distribution of mathematical expressions.

3 Results

3.1 Characterization of the coatings by XRD, Raman, and
XPS

Figure S2 in the ESM depicts the XRD patterns of the DLCs and
MoS, coatings. There are three dominant peaks corresponding to
the (110), (200), and (220) crystal planes of Fe, which are from the
steel substrate. There are no peaks associated with the DLCs in
Figs. S2(a) and S2(b) in the ESM, confirming the amorphous state
of the DLCs. The XRD patterns shown in Fig. S2(c) in the ESM
reveal the crystalline nature of the MoS, coating without dopant
and with Ti dopant. The XRD peak centered at 12.2° corresponds
to the (002) basal plane of MoS, [58]. Adding Ti to the Ti/MoS,
coating reduces the peak intensity, resulting in relatively poor
crystallinity and a small crystal size [59].

Figure S3 in the ESM depicts the Raman spectra of the DLCs
and MoS, coatings. Note that the first and last elements of A and
B in A/DLC-B and A/MoS,-B represent the interlayer and
dopant, respectively. According to Figs. S3(a)-S3(g) in the ESM,
the Raman spectra of the DLCs can be decomposed into two
characteristic peaks. The first peak is the D peak centered at
1,300-1,380 cm™, which is associated with the breathing vibration
mode of the C-C sp’ ring bond. The second peak is the G peak
centered at 1,520-1,580 cm™, which is associated with the
stretching vibration mode of the chain or C-C sp* aromatic ring

https://doi.org/10.26599/FRICT.2025.9441166

bond. The G peak for the DLCs without dopant is centered at
1,555 cm™, the same as that reported in Ref. [60], and the D peak
for the DLC-Si coatings is centered at 1,370 cm™, comparable to
the 1,373 cm™ reported in Ref. [61]. Table 2 lists the wavenumbers
of the D and G peaks (i.e., wp and wg) and the full width at half
maximum (FWHM) of the G peak, which are derived by
deconvoluting the corresponding peaks with two Gaussian
functions.

Figure S3(h) in the ESM reveals the presence of two
characteristic peaks, E;g and Ay, which represent the bonding
state between the Mo and S atoms within the lattice [58] and
corresponds to two characteristic normal modes for the MoS,
coatings without dopant. The E;g peak is the result of in-plane
vibrations of Mo and S atoms, and the A, peak is associated with
the out-of-plane vibrations of S atoms [62]. Figure S3(i) in the
ESM shows the Raman spectra of the MoS, coatings with various
dopants (Ti, Pb, and PbTi), in which no distinct characteristic
peaks can be observed. The “featureless” curves in the Raman
spectra of the doped MoS, coatings point to the amorphous
structure obtained from the XRD patterns in Fig. S2(c) in the
ESM.

Figure S4 in the ESM depicts the XPS analysis of DLCs
coatings. Figure S4(a) in the ESM shows the XPS survey spectra of
the DLCs with the Si interlayer and various dopants. Note that the
DLCs with a Cr interlayer have similar results and thus are not
shown in this work. Both the C 1s and O 1s peaks centered at
~284.8 and ~532.0 eV, respectively, are observed in the XPS
spectra of all the DLCs, in accordance with the results reported in

Table2 Raman and XPS parameters obtained for DLCs

Raman spectra XPS spectra
P ey wotem) ptg FUEMEID gy
Cr/DLC 1,380 1,555 3.0 178 0.8
Cr/DLC-Cr 1,381 1,565 4.6 147 1.0
Cr/DLC-H 1,371 1,544 1.1 154 0.4
Si/DLC 1,384 1,555 3.0 179 0.8
Si/DLC-Si 1,370 1,523 2.0 194 0.5
Si/DLC-Cr 1,381 1,558 4.9 138 1.1
Si/DLC-H 1,376 1,550 0.9 150 0.4

Note: sp*/sp*® is the intensity ratio of sp’ over sp’ from the XPS spectra,
and Ip/I; is the intensity ratio of D and G bands of the Raman spectra.
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Ref. [63]. The C 1s core peak can be deconvoluted into four peaks
assigned to C-C sp® at ~285.2 eV, C=C sp* at ~284.3 eV [64],
0O-C=0 at ~288.2 eV, and C-O-C at ~286.2 eV [65], as shown in
Fig. $4(b) in the ESM, for the Si/DLC coating. The Cr 2p peak at
~580 eV [64] for the Cr-doped DLC samples can be deconvoluted
into two peaks assigned to Cr 2p,, for Cr;C, at ~576.8 eV and Cr
2py), for metallic Cr at ~574.1 eV [65], as shown in Fig. S4(c) in
the ESM for the Si/DLC-Cr coatings. The Si 2p peak at ~100 eV
[63] for the Si-doped DLCs can be deconvoluted into Si-O bonds
at ~102.0 eV in silicon oxide and Si-C bonds at ~100.1 eV in SiC
[66], as shown in Fig. S4(d) in the ESM for the Si/DLC-Si
coatings.

Table 2 lists the intensity ratio of C=C sp’ at ~284.3 eV to C-C
sp’ at ~285.2 eV for the DLCs with two different interlayers and
different dopants. The Cr dopant can induce the transformation
of sp’ to sp?, leading to an increase in the intensity ratio of sp’/sp’.
The corresponding DLCs become more graphite-like [64]. The H
dopant reduces the intensity ratio of sp*/sp’, implying that H
doping can induce the transformation of sp* to sp’. Adding Si can
also induce the transformation of sp’ to sp’ to a lesser extent.

Figure S5 in the ESM shows the XPS analysis of the high-
resolution XPS survey spectra of the MoS, coatings with Ti
interlayer and different dopants (i.e, Pb, Ti, and PbTi). Figure
S5(a) in the ESM shows the presence of O 1s, C 1s, Mo 3d, and S
2p peaks. Pb 2p was revealed for the Pb-doped and PbTi-codoped
MoS, coatings. Ti 2p can be seen for the Ti-doped and PbTi-
codoped MoS, coatings. The C 1s peak is ascribed to ambient
contamination [67], and the O 1s peak is due to the absorbed
oxygen (molecular oxygen) and the formation of metal oxides
[68, 69]. The Mo 3d peak can be deconvoluted into four peaks:
Mo 3d,, at 232.1 eV, Mo 3ds;, at 229.0 eV in MoS, (Mo*) [67,
70], Mo 3ds, at 2354 eV, and Mo 3ds;, at 231.9 eV in MoO;
(Mo*) [69].

The small hump at ~226.1 eV is the S 2s peak assigned to MoS,
() [67], as shown in Fig. S5(b) in the ESM for the Ti/MoS,
coating without dopant. The deconvolution of the doublet S 2p
spectrum of the Ti/MoS, coating without dopant reveals two
peaks at 161.7 and 162.9 eV, corresponding to S 2p;;, and 2p,, in
MoS, (§%), respectively [71], as shown in Fig. S5(c) in the ESM.
The deconvolution of the Pb 4f spectrum shows four peaks: Pb
4f;), at 143.1 for Pb-Mo-S [70], Pb 4f,,, at 137.5 eV for Pb=0, Pb
4f,, at 138.5 eV for O=Pb=0, and Pb 4f;, at 142.4 eV for Pb=S
[70], as shown in Fig. S5(d) in the ESM for the Ti/MoS,-Pb
coatings. The deconvolution of the Ti 2p spectrum shows four
peaks: Ti 2p,, at 455.3 eV, Ti 2p,, at 462.0 eV for Ti,Os, Ti 2p,,,
at458.4 eV, and Ti 2ps), at 464.1 eV for TiO, [72].

(a) Cr/DLC

0 | 2 3mm
L I 1 1

SmN

3.2 Micro-scratch responses of the DLCs and MoS, coatings

During the scratching of a coating, the indenter applies normal
and tangential forces to the coating. The coating is subjected to
tensile stress behind the indenter and shear stress below the
indenter [13]. The synergetic effects of these stresses lead to the
initiation and propagation of cracks and the separation of the
coating from the substrate.

Figure 3 shows optical images of typical residual scratch
morphologies for the Cr/DLC and Ti/MoS, coatings. There are
various damage patterns, including V cracks, peel-oft cracks, and
semicircular cracks, over the scratch track. The variation in the AE
signal with the applied normal load F, in the corresponding figure
shows abrupt changes in the signal strength under certain normal
loads, likely indicating the initiation and propagation of scratch-
induced surface damage [73]. Table 3 lists three critical loads (L,
Lo, and L;) determined from both the optical images of the
residual scratch morphologies and the AE signals.

The critical load L, corresponds to the minimum load for the
initiation of periodic V-cracks, at which the AE generally starts to
increase and then fluctuates. For F, < L, it is difficult to observe
surface cracks via optical microscopy, and the AE remains at a
constantly low level with negligible fluctuation. The critical load
L, corresponds to the minimum load for the presence of periodic
semicircle cracks for the Cr/DLC and Cr/DLC-Cr coatings and
peel-off for the other coatings, at which time the AE generally
increases abruptly. For L, < F, < L, periodic V-cracks occur on
the sides of the groove, and the AE tends to increase with
increasing F,. The critical load L represents the bonding strength
between the coating and the substrate and can be determined as
the minimum load at which partial and periodic (P&P)
delamination occurs. The correlation between AE and L is
complex, and AE normally reaches a high level for the DLCs,
whereas it reaches a low level for the MoS, coatings.

For L, < F, < L, the periodic V cracks propagate to form
semicircular cracks in the center of the groove due to tensile stress
behind the indenter for the Cr/DLC and Cr/DLC-Cr coatings; see
Fig. 3(a) and Fig. S6(a) in the ESM. Peel-off damage occurs near
the edges of the groove for the Cr/DLC-H coating, Si/DLC, and
Ti/MoS, coatings with different dopants (Fig. 3(b) and
Figs. S6(b)-S6(i) in the ESM). The AE reaches a high level with
significant fluctuations with increasing F, due to severe surface
cracking for the DLCs, whereas the AE tends to decrease for the
Ti/MoS, coatings. For F, > L, P&P delamination of the coating
from the substrate in the center of the groove occurs with the
exposure of the substrate, which can be detected as a bright zone

(b) Ti/MoS,

3 mm

(i s vl

\/ .

Full delamination 773

Periodic
V-cracks

F,(N)
Fig.3 Optical images of residual scratch morphologies and AE signals of (a) Cr/DLC and (b) Ti/MoS, coatings. “P&P” represents “partial and periodic”.
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due to the severe delamination of the coating in front of the
indenter. Only P&P delamination without complete exposure of
the substrate under the indenter is observed, and the AE tends to
decrease for the Cr/DLCs. Full delamination with complete
exposure of the substrate is observed for both the Si/DLCs and
Ti/MoS, coatings. The AE normally approaches a constantly high
level for Si/DLCs because of the continuous and steady
delamination of the DLCs, whereas it generally remains at a
constantly low level with relatively large fluctuations for the
Ti/MoS, coatings. Compared with the Si interlayer, the Cr
interlayer can better enhance the bonding strength between the
coating and the steel substrate since the Cr/DLCs have a larger L
than the Si/DLCs do. This can be attributed to the Cr interlayer
promoting the formation of hard carbide components, which
likely increase the bonding strength. Si can react with C and sp>-C
to form sp-C-Si, which can enhance the thermal stability of
DLCs [74]. Compared with the Si interlayer, the Cr interlayer
increases the resistance to delamination in DLCs. Adding H into
DLCs impairs the resistance of the DLCs to scratching failure,
resulting in weak bonding between the DLCs and the steel
substrate, which is consistent with the findings reported in Ref.
[13]. Adding Ti and Pd into the Ti/MoS, coatings increases L
and improves the bonding between the MoS, coating and the steel
substrate.

Figures 4(a)-4(c) show the variation in p with F, for the
Cr/DLCs, Si/DLCs, and Ti/MoS, coatings, respectively. y increases

nonlinearly for F, < L, exhibits a linearly increasing trend for
F, > Lo, and then remains a linearly increasing trend as F,
increases to the maximum normal load (ie., 15 N) for the
Cr/DLCs, as shown in Fig. 4(a). For the Si/DLCs and Ti/MoS,
coatings, the linearly increasing trend of y only holds for L, < F, <
L, and p increases nonlinearly with F, for F, > La, as shown in
Figs. 4(b) and 4(c). The full delamination of the coating under
large loads led to a nonlinear increase in y. The partial
delamination of the coating was associated with a linear increase
in y for Cr/DLCs.

The average values (y) of the friction coefficient y for F, < L,
are also listed in Table 3. A higher p,; indicates a greater frictional
force and more coordinated interaction between the coating and
the indenter, making the coating less likely to be delaminated
during scratching. Adding Cr, Si, and H into the DLCs can reduce
pne and adding Ti, Pb, and PbTi into the MoS, coatings has a
negligible effect on py for the scratch tests conducted in the
ambient environment. These results are different from the
findings reported in a previous study in vacuum [58].

Figures 5(a)-5(e) show the variations in F,, d,, d, H,, and H,,
with the normal load F,, respectively. Only the results of three
representative coatings are presented for clarity since all the
coatings exhibit similar trends. The variations in F, and d, with F,
can be fitted by piecewise linear functions, as shown in Figs. 5(a)
and 5(b), with the intersections as the critical loads L, and L,
respectively, whose numerical values are listed in Table 3. The

Table3 Critical loads for the initiation of various damage modes of DLC and MoS, coatings by the Rockwell C 120° indenter under progressive normal loading

Critical load (N) System hardness
Coating k (um/N) Unm
L, L, L, L, L, H,. (GPa) Hy,, (GPa)

Cr/DLC 1.3 4.0 124 8.9 11.4 1.43 0.17 2.2 3.2
Cr/DLC-Cr 1.2 3.1 13.5 10.6 12.2 1.46 0.11 2.2 2.6
Cr/DLC-H 1.1 2.9 8.8 7.1 11.9 1.59 0.11 2.0 1.9
Si/DLC 0.6 2.0 7.1 7.1 11.0 1.52 0.08 2.1 35
Si/DLC-Si 1.5 2.2 8.0 9.2 9.6 1.45 0.06 2.2 4.0
Si/DLC-Cr 0.6 3.8 11.2 9.1 9.9 1.49 0.04 2.1 34
Si/DLC-H 1.1 33 8.0 5.7 9.2 1.41 0.06 2.3 2.6
Ti/MoS, 0.5 1.1 7.7 6.8 9.7 1.49 0.07 2.2 4.1
Ti/MoS,-Ti 0.4 1.3 10.4 9.1 11.4 1.57 0.08 2.1 3.7
Ti/MoS,-Pd 0.3 2.0 8.6 7.3 10.4 1.47 0.08 2.1 3.7
Ti/MoS,-PdTi 0.7 1.5 10.0 8.4 11.3 1.54 0.08 2.1 3.7

Note: L, can be determined as the minimum load for the initiation of periodic V-cracks; L, can be determined as the minimum load for the presence of periodic semicircle
cracks for the Cr/DLC and Cr/DLC-Cr coatings and peel-off for other coatings; L., associated with the bonding strength between the coating and the substrate, can be
determined as the minimum load at which P&P delamination occurs. L, and L, are the intersections of the piecewise linear functions for F, and residual depth d, vs. F,,,
respectively; k is a proportional constant of d,, vs. F,; 4y is the mean friction coefficient for F, < L.;; H,,, and H,, are the mean values of H, and H, for F, > L, respectively.

(a) 12

1#=0.01F,+0.11

Cr/DLC-H

(b) 20

u=

0.02F, +0.07

n

Si/DLC-H

F,(N)

F,(N)

(c) 25

4=0.01F,+0.12
N

< 0.01F, +0.10
AN

Ti/MoS,-PbTi

1< 0.01F, +0.09 g

Fig.4 Variation in y (the results are shifted for clear display) with normal load F, for (a) Cr/DLCs (u is shifted by 0.4, and linear fitting is applied for F, > L),
(b) Si/DLCs (u is shifted by 0.5, and linear fitting is applied for L, < F,, < L), and (c) Ti/MoS, coatings (u is shifted by 0.6, and linear fitting is applied for L, < F, < L3).
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value of d, increases linearly with increasing F,, as shown in
Fig. 5(c), and the numerical values of the proportionality k are
listed in Table 3. The penetration depth d, at F, = L, is generally
greater than the coating thickness. When F, > L, H,, and H), are
significantly affected by the substrate. Both the H, and H, of the
DLC and MoS, coatings approach plateaus under large normal
loads. The mean values of H, and H, (ie, H,, and H,,
respectively) for F,, > L, which can be used to denote the nominal
hardness of the coating/substrate system, are also listed in Table 3.
Doping has little effect on H,, under large loads due to
delamination of the coating and the exposure of the substrate,
which is mainly determined by the penetration resistance of the
substrate steel. Since both the DLCs and Ti/MoS, coatings have
the same steel substrates, the numerical values of H,,, are more or
less the same for all the coatings studied in this work.
Nevertheless, doping has a significant effect on Hj,, which is
influenced by both the coating and the substrate. The dopants (i.e.,
Cr and H) can reduce the H,,, of the Cr/DLCs, which can be
mainly ascribed to the adverse impact of Cr or H on the hardness
of the DLCs and is validated by the decrease in H,,, due to the
presence of Cr or H, as shown in Table 3. The Si/DLC-Si coatings
have the largest Hy,,,, indicating that Si has a positive effect on the
hardness increase of the DLCs. The Ti/MoS, coatings with
dopants (i.e., Ti, Pb, and PbTi) have almost the same H,,, value,
which is smaller than that of the Ti/MoS, coatings without any
dopant, indicating a negative effect of dopants on the hardness of
the Ti/MoS, coatings. The DLCs have a larger Hy,, than the MoS,
coatings do, which can be explained by the larger d, of the MoS,
coatings than the DLCs with a large F,, as shown in Fig. 5(c).

4 Discussion

Using the data in Tables 1 and 2, we present the linear correlation
between the intensity ratio of sp/sp’ determined from the XPS
analysis and the Ip/I; ratio determined from the Raman analysis
in Fig. 6. This trend can be explained by the decrease in the
number of sp’ hybrids in DLCs, which can lead to increases in

both the intensity ratios of sp*/sp® and Ip/I; [66]. Notably, sp-
bonded atoms guarantee increased mechanical strength, and sp*-
bonded atoms ensure good conductivity [75]. A lower intensity
ratio of I,/I; indicates more sp’ [76, 77] and thus a small value of
the sp’/sp’ intensity ratio. Thus, the intensity ratios of Ip/I; and
sp’/sp’ of the DLCs are expected to correlate with each other, and
smaller values of Ip/I; and sp¥sp’ normally indicate better
mechanical properties but lower conductivity and a lower degree
of graphene-like characteristics.

Symbolic regression analysis of the scratch results was
conducted via the DSO of an open code [57]. The aim was to
establish mathematical expressions that best fit the experimental
data. The function_set was configured to include [‘add’, "sub",
"mul', "div', "const', "exp", "poly"]. The optimization process
included a polynomial optimizer with a "poly" function as a part of
the function_set. The maximum polynomial degree was set to 3,
with a coefficient tolerance of 10, and the dso_least_squares
regressor was used to fit the data. The NRSME threshold for the
early stopping parameter was set to 10™. The reward function was
set as the inverse normalized root mean square error (inv_nrmse),
which can optimize the expressions by minimizing the error
between the predicted and actual values. The metric parameters
were set to [1.0]. Training hyperparameters is crucial for effective
model learning. A significantly large sample size of 8x10° was
used, with a batch size of 1,000 and an epsilon parameter of 0.05,
to balance exploration and exploitation. The policy optimizer’s
learning rate was 5x10™* with an entropy weight of 0.03 and an
entropy decay factor (entropy_gamma) of 0.7.

The scratch response of a coating is known to be dependent on
the coating thickness and material parameters. Using DSO
analysis with DSR deep learning, the scratch responses of the
coating, as listed in Table 3, were correlated with the parameters
given in Tables 1 and 2. The DSO analysis revealed that L, k, and
piy; of the DLCs are functions of three material parameters of the
FWHM of the G peak, and the intensity ratios of I,/I; and sp’/sp’
can be empirically expressed as Egs. (6)-(9):

(a) 16 ON () ©
. Cr/DLC-C
Ti/MoS,-Ti 4 Cr/DLC-H 5k kl; 1.46 :
L . f _ 1 = 1.46 pm/N
12 L,=9.1NA 3 w L=119N
' _ Pt |
—~
Z ) SUDLC 1 E Si/DLC-Si
~ 4 o - o
= 8 Si/DLC-H - 6 . 10N M ":h k=1.45 pm/N
= L,=57N ~ iy 4 <Tist
4 “CHDLC-H 9l e TiMoS -PBLY | Ti/MoS,-PbTi
L,=7.IN R, s 20 k= 1.54 pm/N
H N n T
; %vﬁ; 124
0 1 1 1 12 1 1 1 1 25 1 1 1 1
0 3 6 9 12 15 3 6 9 12 15 0 3 6 9 12 15
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Fig.5 Variations in scratch variables with normal load F,, (only results of three different coatings are presented for clarity): (a) F, (F, is shifted by 4 N), (b) d, (d, is shifted

by 3 um), (c) d,, (d) H, (H, is shifted by 1 GPa), and (e) H;, (H,, is shifted by 2 GPa).
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Fig.6 Correlations between I;/I; and sp*/sp’.

Lo = —s+ (I—1.63) (—ws’ +332.72s" — 847.225° + 875.565°

—213.665) +1 (6)
I
k=r+ v _
4.44 — I*s(0.1001* — 0.7321F + 1.0981> — 0.7786)
—25.49 (7)
fy, = (4.4782 — 1) [P (s — 0.4188) +0.1678] (8)

P = ws(0.6383s — 0.0611Is — 0.5565) — 0.0057w + 28.2895 (9)

where k (um/N) is the proportional coefficient of d,, vs. F,; w is the
FWHM (cm™) of the G peak; I is the intensity ratio of Ip/Ig; s is
the intensity ratio of sp*/sp’. These results can be attributed to the
negligible effect of the substrate on L, and , under relatively low
loads, which can be regarded as the “intrinsic” characteristics of
the DLCs. The steel substrate has few effects on the linear
relationship between d, and F, for hard and brittle DLCs. The
correlations of Egs. (6)-(8) allow for the determination of the
FWHM of the G peak, Ip/I;, and sp*/sp® if the numerical values of
L., k, and py can be determined from scratch tests. Note that
Egs. (6)-(8) are only applicable to DLCs.

Notably, Raman shift has been used to characterize the
mechanical behavior of materials. For example, Du et al. [78]
analyzed the mechanical behavior of a graphene/MoS,
heterostructure from the perspective of the dependence of Raman
and photoluminescence spectra on the strain state. Yang et al. [79]
discussed the strain effect on the Raman shift of graphene. Ferralis
[80] revealed that the Griineisen parameter and shear deformation
potential of graphene films can be determined through the Raman
peak shift, and the lattice strain in the graphene films can be
directly measured through the change in Raman peaks. Bi et al.
[81] applied Raman spectroscopy to assess the fracture resistance
of bones. Fang et al [82] applied the mechano-Raman
spectroscopy technique to correlate micromechanical properties
with Raman parameters. However, few studies have correlated the
results of Raman spectroscopy and XPS with scratch responses.

For F, > L, the DSO analysis yields (Eq. (10)):

Hy = pty, (—t +exp (54.8kp2, £ — 14742, £ 4 4.50u,, £ — 0.30
+3.09¢) +22.2) — 0.22 (10)

which is an empirical correlation between H,,, and a group of
material parameters. The mean lateral scratch hardness, Hy,
(GPa), is dependent on three main parameters: p;, coating

https://doi.org/10.26599/FRICT.2025.9441166

thickness ¢ (um), and k (um/N). This can be attributed to the fact
that the coating thickness, contact friction, and plastic
deformation play key roles in lateral deformation under large
loads or penetration depths.

Figure S7 in the ESM depicts the variation in Hj, with the
coating thickness ¢ for 1 pm < t < 3 um for the Ti/MoS,~Pb
coating when k = 1.47 yum/N and gy, = 0.08, as shown in Table 3.
When ¢ is less than 1.6 um, H,,, increases with increasing ¢, likely
indicating a surface effect. For ¢ larger than 1.6 um, H,,,, decreases
with increasing ¢, which can be explained by the fact that a thicker
coating can likely have more defects/flaws due to internal stress
and limited bonding strength at the interface [83] and is more
vulnerable to delamination under high loads. As delamination
occurs, the contribution of the coating to the overall hardness
diminishes, indicating that an increase in ¢ leads to a decrease in
Hype

According to the DSO analysis, the critical load L as a
function of L, ¢, and L, can be expressed as Eq. (11):

4,350(9.5—L,)

Ls = —L,+1.26t(L, —7.08) — Ly +264L, — 2,508
h P

(11)

Equation (11) provides an empirically simple way to determine
the critical load of L from the experimental data instead of
estimation with the help of photographs. With a known coating
thickness, L can be determined in a more accurate way from
analyzing scratch data rather than from detection with the aid of a
microscope. Notably, the coating thickness might play a role in the
measurement of the adhesion strength L [84], highlighting the
importance of the coating thickness when comparing the
adhesion strength between different coatings and the substrates.
Both L, and L, are dependent on the coating thickness,
highlighting the importance of specifying the coating thickness
when comparing the bonding strengths of different coatings.

Equations (10) and (11) are for both the DLCs and MoS,
coatings of approximately 2 um in thickness, even though the
DLCs exhibit different mechanical behaviors from the MoS,
coatings. Additionally, the mathematical formulations obtained
from DSO analysis and other machine learning methods are
limited by the scope of the data available. It is often difficult to
justify the applicability of formulations out of the data range.
Equations (10) and (11) are suggested to be applicable to coatings
with thicknesses in the range of 1-3 um, according to the coating
thicknesses studied in this work (Table 1). Thus, the applicability
of the equations for coatings with thicknesses outside of the
currently studied range (e.g., submicrometer or more than 5 pm
thick coatings) requires further studies, which may need to
include the contributions of size-dependent mechanical properties
[85] and surface roughness [86]. Nevertheless, the explicit formula
obtained from the DSO analysis in this work has many advantages
over traditional “black box” neutral network models for
application and verification in future work.

Figure S8 in the ESM presents comparisons of the data
obtained from the mathematical formulations and the
experimental data from the micro-scratch tests for L, Hy,, Loy, &,
and py;, which show excellent agreement between the calculated
results and the measurement results. Moreover, the coating
thickness can be derived from the experimental results of Hy,, k,
and gy or L, Ly, and L, which paves the way for using a scratch-
based approach to determine the coating thickness. However,
multiscale and multiphysics modeling approaches [87-89] are still
needed to investigate the physical mechanisms involved in
elucidating the relationships between the microstructures and
mechanical responses of coatings, even though DSO analysis can
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provide nominal “mathematical” formulations describing the
complex and synergetic effects of coating thickness and material
parameters on the scratch responses of coatings.

5 Conclusions

In summary, we characterized the effects of dopants and
interlayers on the microstructures and scratch behavior of DLCs
and Ti/MoS, coatings on 304 stainless steels. The DLCs doped
with Si, Cr, or H remain amorphous, whereas the addition of Ti,
Pb, or PbTi to the MoS, coatings leads to the formation of an
amorphous structure. The analysis of the XPS survey and Raman
spectra revealed that the intensity ratio of sp’/sp’ by XPS is
proportional to the intensity ratio of I/I; by the Raman spectra of
the DLCs. Doping Cr in DLCs can induce the transformation of
sp’ to sp?, and doping H or Si can induce the transformation of sp?
tosp’.

Three critical loads describing the scratch-induced damage,
corresponding, respectively, to the initiation of periodic V-
cracking, the minimum load for periodic semicircle cracking or
peel-off, and the minimum load for partial and periodic
delamination, have been determined from the optical images of
the residual scratch tracks and AE signals. The friction coefficient
p is strongly correlated with the critical load: y increases
nonlinearly for F, < L, linearly increases for F, > L,, and then
linearly increases as F, increases to the maximum applied load for
the Cr/DLCs. For the Si/DLCs and Ti/MoS, coatings, the linear
increasing trend only holds for L, < F, < L,, and p increases
nonlinearly with F, for F, > L. Dopants can reduce the friction
coefficient of DLCs and have a negligible effect on Ti/MoS,
coatings. The bonding strength between the DLCs and the steel
substrates can be better enhanced by the Cr interlayer than by the
Si interlayer. Doping Cr and H can reduce the hardness of DLCs;
doping Si can increase the hardness of DLCs; and doping Ti, Pb,
and PbTi can reduce the hardness of MoS, coatings.

The DSO analysis of the scratch results led to the establishment
of nominal “mathematical” formulations between the critical
variables H,, Ls, Ly, k, and py; and the material parameters ¢,
Ip/1;, the FWHM of the G peak, and sp*/sp’. The critical variables
L., k, and py of the DLCs are independent of the coating
thickness . These relationships allow for the determination of the
FWHM of the G peak, Ip/I;, and sp’/sp’ as well as the coating
thickness if the numerical values of the critical variables can be
determined from scratch tests. The results obtained in this work
can aid further investigation and optimization of DLCs and
Ti/MoS, coatings with tailored properties for advanced
engineering applications via scratch-based methodology. DSO
analysis provides a “deep learning” way to establish “quantitative”
relationships between the critical variables of scratch tests and the
scratch parameters as well as material parameters.
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