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ABSTRACT 

Laser-induced graphene (LIG) has attracted widespread attention owing to its 

excellent solid-lubricating property, chemical stability, and designable surface structure, 

and has shown broad application prospects in fields such as friction reduction and 

corrosion protection. However, its limited structural stability and lubricant-storage 

capability restrict its practical application. In this work, a multifunctional composite 

lubricating surface integrating LIG, epoxy resin, laser surface texturing, and phase-

change paraffin wax (PW@LST@E-LIG) was developed. The LIG structure was firstly 

optimized by tuning the laser power, followed by epoxy resin infiltration to enhance 

structural stability. Subsequently, laser-textured micropore arrays were introduced and 

combined with phase-change paraffin wax to establish a thermally responsive 

lubrication system, thereby achieving the synergistic enhancement of tribological and 

anti-corrosion performance. Compared with the original LIG, the optimized sample 

exhibited a reduction in coefficient of friction (COF) of 45–55% (approximately 0.09) 

and the wear depth decreased by approximately 90% under the same load. Anti-

corrosion performance tests showed that the interfacial charge-transfer resistance 

increased to 105 Ω cm2, while the corrosion current density decreased to 10−7 A·cm⁻2. 

The corrosion current density decreased by more than two orders of magnitude 

compared with that of the substrate, resulting in an inhibition efficiency of 99.54%. 

Through the coupling of structural design and phase-change materials, this study 

achieved the synergistic enhancement of wear resistance, lubrication, lubricant-storage 

capability, and anti-corrosion performance, providing a new strategy for the design of 
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multifunctional surfaces for diverse service conditions. 

 

Keywords: Laser-induced graphene (LIG); Laser surface texturing; Micropore array; 

Phase-change paraffin Wax; Adaptive tribological performance; Anti-corrosion 

performance. 

 

1 Introduction 

Friction, wear, and corrosion are key factors limiting the service performance of 

engineering materials under complex operating conditions. In marine, chemical, and 

manufacturing environments, these degradation processes generally do not occur 

independently, but rather interact with each other to accelerate surface damage and 

performance deterioration. In particular, under chloride-containing media, cyclic 

loading, and boundary lubrication conditions, friction-induced damage of the surface 

layer facilitates the penetration of corrosive species, while corrosion products and 

interfacial degradation further aggravate the tribological behavior. Therefore, the 

development of multifunctional surface systems with integrated friction-reducing, anti-

wear, and anti-corrosion performance has become an important research topic in the 

fields of surface engineering and tribology[1-5]. 

Graphene and its derivatives have been widely regarded as highly promising 

materials for both friction-reducing performance and surface protection owing to their 

layered structure, low interlayer shear strength, and excellent chemical stability and 

barrier properties[6-8]. Among them, laser-induced graphene (LIG) can be directly 
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fabricated through the one-step in situ conversion of precursors such as polyimide by 

laser irradiation, featuring a simple process, good patterning capability, low cost, and a 

three-dimensional porous framework[9-12]. Xue et al. investigated the tribological 

behavior of laser-induced graphene (LIG) films on silicon substrates with different 

roughness levels, demonstrating that the films exhibited excellent tribological 

adaptability on both mirror-polished and rough substrates[13]. Wang et al. constructed 

a multifunctional LIG composite coating by combining laser-induced graphene with 

post-modification using a silica sol binder, endowing the surface with both electro-

/photothermal deicing capability and superhydrophobic anti-icing performance[14]. In 

addition to its tribological advantages, graphene-based coatings have also attracted 

extensive attention in corrosion protection because they can prolong the diffusion path 

of corrosive species and increase the interfacial charge-transfer resistance [15-19]. 

Batista et al. fabricated multilayer flexible GO/rGO composite coatings on NiTi alloy 

surfaces by a dip-coating method, and the results showed that graphene composite 

coatings could significantly enhance the anti-corrosion performance of the alloy[20]. 

Hashemi et al. fabricated an anticorrosive LIG protective layer by tuning the laser 

power and incorporating alkyd resin encapsulation, which exhibited excellent 

protective capability for metallic surfaces[21]. The above-mentioned studies 

demonstrate that LIG and graphene surfaces possess considerable potential for 

simultaneously improving tribological and anti-corrosion performance. However, bare 

LIG surfaces still suffer from fragile pore walls, local structural collapse, and 

insufficient long-term service stability. Particularly under relatively high loads and 
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repeated shear, the porous framework is prone to compaction, delamination, and even 

structural instability, which weakens its self-lubricating effect and undermines the 

integrity of the protective barrier. Moreover, after encapsulation with epoxy or similar 

materials, although the surface integrity and barrier capability are improved, the epoxy 

layer bears most of the applied load, thereby weakening the intrinsic self-lubricating 

effect of graphene. Therefore, further interfacial design is required to simultaneously 

enhance the tribological performance, lubricant retention, and durability of graphene-

based protective surfaces. 

Laser surface texturing provides an effective route to address this issue. By 

constructing regular micro-pits, micro-grooves, and related surface features, the real 

contact area can be effectively reduced, while wear debris and lubricants can be retained 

and the contact stress distribution can be improved, thereby enhancing the load-carrying 

and lubrication capacities of tribological interfaces[22-28]. Cao et al. reported that the 

synergistic effect, achieved by constructing Ag coatings with different micro-dimple 

textures on copper surfaces and combining them with multilayer graphene grease, could 

significantly enhance the friction-reducing and anti-wear performance, as well as the 

electrical contact performance, of the Ag coatings[29]. Li et al. demonstrated that, by 

fabricating dimple arrays with different geometric parameters on GCr15 steel surfaces 

and combining them with graphene/5CB suspension lubrication, the friction-reducing 

and anti-wear performance under starved lubrication conditions could be significantly 

improved[30]. The combination of graphene-based lubricants with laser surface 

texturing has been demonstrated to effectively improve tribological performance by 
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enhancing lubricant storage, debris trapping, and contact-state regulation. 

However, relying solely on static micro/nanostructures or conventional solid 

fillings is still insufficient to meet the requirement for long-term stable lubrication 

under complex service conditions; once the interfacial structure is disrupted, the COF 

and wear rate tend to increase rapidly. In contrast, phase-change lubricants, and self-

healing protective layers provide new approaches to address this issue[31-35]. Xue et 

al. developed lubricating nanocapsules based on the phase-transition behavior of deep 

eutectic solvents and incorporated them into an epoxy system, thereby enabling in situ 

real-time monitoring of tribological interface temperature while simultaneously 

enhancing the friction-reducing and anti-wear performance[36]. Song et al. constructed 

a skeleton based on LIG and incorporated a phase-change paraffin wax-based ferrofluid, 

thereby fabricating an intelligent surface with multiple responsiveness and anisotropic 

lubricating and friction-reducing properties[37]. This study demonstrates the potential 

of integrating LIG-based frameworks with phase-change lubricants to realize 

responsive interfacial lubrication. However, the surface load-bearing capacity of this 

system remains limited, and the lubricant-storage volume provided solely by the LIG 

skeleton is insufficient for sustained lubricant supply during long-term sliding. Based 

on the above analysis of the existing composite coatings, constructing a composite 

coating that simultaneously integrates structural reinforcement, solid lubrication, 

lubricant storage, thermally responsive replenishment, and corrosion protection 

remains a key challenge. 

In this study, we proposed a multilevel-structured composite surface. First, LIG 
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was in situ generated on the PI surface by tuning the laser power to obtain a functional 

layer with an appropriate degree of graphitization and a porous framework. Epoxy resin 

infiltration was then performed to enhance structural stability. Subsequently, micropore 

arrays with different pore-area densities were constructed to regulate the balance 

between lubricant-storage space and load-bearing regions. Finally, phase-change 

paraffin was incorporated to enable dynamic lubricant replenishment driven by the 

solid-liquid transition. The effects of laser power, epoxy resin infiltration, micropore 

area density, and paraffin wax phase-transition behavior on the tribological and anti-

corrosion performance of the surface were systematically investigated, and the 

corresponding synergistic mechanisms were discussed. This study is expected to 

provide a new strategy for the design of multifunctional self-lubricating protective 

surfaces for complex service conditions. 

2 Experimental Section 

2.1 Materials 

42CrMo steel was purchased from Dongguan Gangyi Special Steel Co., Ltd. 

Polyimide (PI) solution was supplied by DuPont. Thermosetting epoxy resin 

(hereinafter referred to as epoxy) was purchased from Beijing Fucai Yigou Technology 

Co., Ltd. Phase-change paraffin waxes (hereinafter referred to as paraffin wax) with 

phase-transition temperatures of 20 °C, 40 °C, and 60 °C were obtained from Dongguan 

Shengbang Polymer Materials Co., Ltd. A CO₂ laser system was purchased from 

Shandong Leize Intelligent Technology Co., Ltd., while the picosecond laser system 

used in this study was provided by Wuhan Anyang Laser Technology Co., Ltd. All 
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chemicals used in this work were of analytical grade and were used without further 

purification. Deionized water was used throughout the entire experimental procedure. 

2.2 Preparation of the composite coating 

2.2.1 Preparation of the E-LIG coating 

In this study, 42CrMo steel was selected as the substrate material and machined 

into block specimens with dimensions of 25 mm × 25 mm × 2 mm. Prior to LIG 

fabrication, the sample surfaces were sequentially polished with 500#, 1000#, and 

1500# abrasive papers, followed by ultrasonic cleaning in anhydrous ethanol to remove 

surface contaminants. The cleaned samples were then dried in a vacuum oven to ensure 

a clean surface for subsequent treatment. As shown in Fig. 1(a), a polyimide (PI) layer 

was first spin-coated onto the surface of the 42CrMo steel substrate and then cured in 

an oven at 200 °C for 2 h to obtain the PI layer, the thickness of which was controlled 

within the range of 80 - 120 μm. Subsequently, as illustrated in Fig. 1(b), the PI layer 

was converted into a graphene layer using a 40 W CO₂ infrared laser system. The power 

range is 8 - 18 W, and the detailed laser parameters are listed in Table S1. The laser 

system allowed the scanning speed to be adjusted from 0 to 2000 mm s-1, with a focal 

length of 28 cm. The thickness of the LIG layer was controlled at approximately 100 

μm. The samples prepared under different laser powers were denoted as LIG8, LIG10, 

LIG12, LIG14, LIG16, and LIG18, respectively. The corresponding energy densities at 

different laser powers are summarized in Table S2. 

The thermosetting epoxy consisted of bisphenol A epoxy and an amine curing 

agent, which were mixed at a mass ratio of 100:33 and ultrasonically stirred for 5 min. 
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The prepared mixture was then uniformly applied onto the as-fabricated LIG samples. 

Since the LIG possessed a porous three-dimensional structure, vacuum treatment was 

employed for 15 min after coating to ensure complete impregnation of the epoxy. 

During this process, the trapped gas within the pores was removed, and after releasing 

the vacuum, the epoxy was driven into the pores and sealed under atmospheric pressure. 

The coated samples were subsequently spin-coated for uniform distribution and cured 

in an oven at 60 °C for 1 h, followed by further curing at 120 °C for 2 h. In this way, 

the E-LIG samples were obtained (Fig. 1(c)). The coating thickness was approximately 

200 μm, with about 100 μm extending above the original LIG surface to facilitate 

subsequent processing. The resulting samples were denoted as E-LIG8, E-LIG10, E-

LIG12, E-LIG14, E-LIG16, and E-LIG18, respectively. 

2.2.2 Preparation of the PW@LST@E-LIG coating 

The coating surface was further laser-textured using a picosecond laser system, as 

shown in Fig. 1(d), and the detailed laser parameters are listed in Table S3. Considering 

the thickness of the epoxy layer above the LIG surface (approximately 100 μm), a pore 

diameter of 400 µm was selected to balance lubricant storage capacity and load-bearing 

capability. Under the above laser processing conditions, cylindrical micropores with a 

diameter of 400 μm and a depth of 100 μm were obtained. In general, the typical range 

of textured surface density is 5–40%[38, 39]. In the present work, to ensure sufficient 

lubricant-storage capacity, an intermediate value, a relatively high value, and an 

extreme value of surface density were selected. Accordingly, three textured surface 

densities, namely 20%, 40%, and 50%, were designed, and their corresponding 
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performance was analyzed in relation to the effective contact area. The theoretical 

lubricant-storage capacities of samples with different micropore densities are 

summarized in Table S4. The resulting samples were denoted as 20LST@E-LIG, 

40LST@E-LIG, and 50LST@E-LIG, respectively. 

The temperature was first raised above the melting point of the paraffin wax, after 

which the textured samples were immersed in the molten paraffin wax to ensure 

complete infiltration and full filling of the micropores. After vertical draining for 5 min, 

a lubricating surface capable of solid-liquid transition was successfully obtained, with 

the paraffin wax layer thickness being approximately 200 μm. To accommodate 

fluctuations in ambient temperature and climatic variations, paraffin waxes with 

different solid-liquid phase-transition temperatures (20 °C, 40 °C, and 60 °C) were 

introduced into the surface textures as lubricants. The resulting samples (Figs. 1(e) and 

1(f)) were denoted as 20PW@LST@E-LIG, 40PW@LST@E-LIG, and 

60PW@LST@E-LIG, respectively. 

2.3 Tribological performance tests 

Reciprocating sliding tests were carried out on a tribometer (TriboStudio TS20) 

with a stroke length of 5 mm, a frequency of 2-5 Hz, a normal load of 1-10 N, and a 

test duration of 0.5 h. A GCr15 bearing steel ball with a diameter of 5 mm was used as 

the counterpart. The temperature-responsive tribological tests were conducted using the 

temperature-control module integrated with the tribometer. The average heating rate 

was 5 °C·min-1, and the temperature evolution was monitored in real time using an 

infrared thermal imaging camera. After completion of the tribological tests, the three-
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dimensional surface topography was characterized using a laser scanning confocal 

microscope (KC-X1000) within a scanning area of 2000 μm × 2000 μm. Each 

tribological test was repeated three times under the same testing conditions using 

independent samples or fresh unworn regions. The average COF was calculated from 

the steady-state region after the running-in stage. The standard deviation was calculated 

using the sample standard deviation formula, and the error bars represent the standard 

deviations of the repeated tests. 

2.4 Anti-corrosion performance tests 

A conventional three-electrode electrochemical system was established on an 

IVIUM electrochemical workstation (the Netherlands) to evaluate the anti-corrosion 

performance of the coated samples. In this setup, a saturated calomel electrode (SCE) 

was used as the reference electrode, a platinum electrode served as the counter electrode, 

and the coated sample acted as the working electrode with an exposed area of 1 cm2. 

During the measurements, the electrode system was first immersed in a 3.5 wt.% NaCl 

solution to record the open-circuit potential (OCP), after which the working electrode 

was stabilized at the OCP for 1800 s to ensure that a steady-state condition was reached. 

Potentiodynamic polarization tests were then conducted within a potential range of 

OCP ± 0.3-0.4 V at a scan rate of 1 mV s-1. The corrosion potential (Ecorr) and corrosion 

current density (icorr) were determined by Tafel extrapolation, and the polarization 

resistance (Rp) was further calculated to quantitatively characterize the anti-corrosion 

performance of the coatings. The polarization parameters of the different coatings in 

3.5 wt.% NaCl solution are summarized in Table S5. 
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Electrochemical impedance spectroscopy (EIS) measurements were performed in 

the same electrolyte and three-electrode configuration. An AC perturbation of 10 mV 

was applied over a frequency range from 105 to 10-2 Hz, and the Nyquist and Bode plots 

were recorded near the open-circuit potential. The impedance data were fitted using an 

equivalent circuit model to obtain the solution resistance (Rs), interfacial charge-

transfer resistance (R2), and the constant phase element (CPE) parameters, thereby 

enabling a comparative evaluation of the anti-corrosion performance of the different 

coating interfaces. The EIS fitting parameters of the different coatings in 3.5 wt.% NaCl 

solution are summarized in Table S6. 

2.5 Interfacial stability and self-healing tests 

The stability of the PW@LST@E-LIG samples was evaluated using a spin coater 

(KW-4T, Chinese Academy of Sciences Electronics Co., Ltd., China) operated at 2000 

rpm. The mass loss of the surface lubricant was recorded every 10 s, and the 

corresponding sliding angle (SA) was measured simultaneously. In addition, the anti-

scouring performance of the PW@LST@E-LIG samples was assessed by impinging 

deionized water from a height of 15 cm. The mass loss of the surface lubricant was 

measured after every cumulative 10 mL of water, and the corresponding variation in 

SA was recorded. Subsequently, the samples were fixed face-up on a wear tester 

(Elcometer 1720), where reciprocating sliding was conducted over a stroke length of 5 

cm under a brush head load of 100 g. The test was counted in reciprocating cycles of 

20 s, and the SA was measured after each cycle. All experiments were repeated five 

times, and the results are presented as the mean values with standard deviations. To 
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evaluate the self-healing behavior of the material, the sample surfaces were 

intentionally damaged with a blade, followed by heating on a hot plate to induce the 

solid-liquid phase transition of the paraffin wax. The changes in surface morphology 

were then observed and comparatively analyzed. 

2.6 Characterization of physicochemical properties 

The surface morphology and elemental composition of the samples were analyzed 

using a scanning electron microscope (SEM) equipped with energy-dispersive X-ray 

spectroscopy (EDS) (Quanta 250 FEG, Thermo Fisher Scientific, Waltham, MA, USA). 

The crystalline structures of the samples were characterized by X-ray diffraction (XRD, 

Rigaku D/ MAX-2600, Japan) in the 2θ range of 10°-80° with a scanning rate of 10° 

min-1. In addition, the chemical composition and molecular structure of the samples 

were investigated by Raman spectroscopy (HR Evolution, Horiba, WJGS-034) and X-

ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA). Raman 

spectra were collected over the range of 500-3300 cm-1 using a 532 nm laser and a 50× 

objective lens. The XPS survey spectra were collected over the range of 0-1200 eV. The 

graphene structure in the prepared LIG was observed by transmission electron 

microscopy (TEM, Tecnai G2 F20, USA) to verify the successful fabrication of laser-

induced graphene. Additionally, the surface morphology of the laser-textured samples 

was observed using an optical microscope (BX53M, Olympus, Japan).Furthermore, the 

surface wettability of the coatings was evaluated by measuring the water contact angle 

and sliding angle using a contact angle meter (JC2000D1, Shanghai Zhongchen Digital 

Technology Equipment Co., Ltd.). 
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Fig. 1 (a) Preparation of the PI layer. (b) Preparation of LIG. (c) Preparation of E-LIG. (d) 

Preparation of LST@E-LIG. (e) Preparation of PW@LST@E-LIG and schematic illustration of its 

solid state. (f) Schematic illustration of the liquid state of PW@LST@E-LIG. 

3 Results and Discussion 

3.1 Effect of laser parameters on the morphology and properties of LIG 

3.1.1 Characterization of LIG 

Figs. 2(a)-2(f) present the surface morphologies of LIG prepared at different laser 

powers (8–18 W). With increasing laser power, the surface gradually evolved from a 

sparse and relatively dense structure into a typical three-dimensional porous network. 

At low powers of 8 and 10 W, only a few irregular pores were observed, indicating 

insufficient carbonization and graphitization of the PI precursor. When the power was 

increased to 12–14 W, a continuous porous structure was formed, accompanied by the 

appearance of wrinkled graphitic carbon sheets, suggesting a pronounced enhancement 

in the graphitization degree. At 16 W, the sample exhibited a well-developed porous 
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network with relatively uniform pore size and thin pore walls, providing a larger 

specific surface area. However, when the power was further increased to 18 W, local 

collapse and ablation became evident, indicating a deterioration in structural integrity. 

 

Fig. 2 SEM images of LIG prepared under different laser powers: (a) 18 W, (b) 16 W, (c) 14 W, (d) 

12 W, (e) 10 W, and (f) 8 W. 

Fig. 3 further reveals the structural evolution of LIG with varying laser power. Fig. 

3(a) shows the Raman spectra of the LIG samples at different laser powers. All spectra 

exhibit distinct D, G, and 2D bands, indicating that the cured polyimide was converted 

into a graphene-like graphitic carbon structure under laser scanning[40]. Owing to the 

intrinsic heterogeneous porous structure of LIG, additional Raman measurements were 

performed on the key LIG samples at 14 W, 16 W, and 18 W, and the average (ID/IG) 

ratios were calculated to compare the differences in graphitization degree. The 
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additional Raman spectra are shown in Fig. S1. As shown in Fig. 3(b), with increasing 

laser power, the (ID/IG) ratio first increased and then decreased, reaching approximately 

1.665 at 10 W, followed by a decrease to the minimum value of approximately 0.250 at 

16 W, and then slightly increased to approximately 0.390 at 18 W. This indicates that 

carbonization is insufficient at relatively low laser powers, resulting in a higher content 

of disordered carbon and a higher defect density. In contrast, the excessive laser energy 

input at 18 W causes over-ablation of the LIG structure and introduces more structural 

defects. Therefore, the LIG16 sample exhibits a higher degree of graphitization than 

the other samples. As shown in Fig. 3(c), both the atomic and weight percentages of 

carbon generally increased with laser power and reached their maximum values at 16 

W, suggesting that an appropriate energy input promoted the deoxygenation and 

carbonization of PI, while excessive power could deteriorate the integrity of the carbon 

framework due to over-ablation. 

The graphitic nature of the 16 W sample was further confirmed by the XRD and 

TEM results shown in Figs. 3(d) and 3(e). Two characteristic diffraction peaks located 

at approximately 26° and 43° can be assigned to the (002) and (100) planes, respectively, 

indicating the formation of a typical graphitic carbon structure. In addition, clear lattice 

fringes were observed in the TEM image, with an interlayer spacing of about 0.34 nm, 

further evidencing the generation of graphitic microcrystallites. Combined with the 

XPS results in Figs. 3(f)-3(h), it can be seen that the LIG surface was dominated by C–

C bonds, while the oxygen-containing functional groups were significantly reduced, 

indicating that the laser induction process effectively promoted the conversion of PI 
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into an sp2-hybridized carbon structure. Figs. S2-S7 show the EDS spectra of the 

samples prepared at different laser powers. For all samples, the carbon content 

increased, whereas the contents of nitrogen and oxygen decreased. These Raman, XRD, 

and XPS results are consistent with the typical formation mechanism of a three-

dimensional porous graphitic carbon network through the rapid deoxygenation and 

denitrogenation of PI under CO₂ laser irradiation[41, 42]. Overall, the 16 W sample 

exhibited a higher degree of graphitization and carbonization efficiency, which 

provided a favorable structural basis for the subsequent improvement in tribological 

and anti-corrosion performance. 

 

Fig. 3 (a) Raman spectra of the LIG samples. (b) ID/IG ratios of the LIG samples prepared at different 

laser powers. (c) Atomic and weight percentages of carbon. (d) XRD pattern of LIG16. (e) TEM 

image of LIG16. (f) XPS survey spectra of PI and LIG. (g) High-resolution C1s spectrum of PI. (h) 

High-resolution C1s spectrum of LIG. 
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3.1.2 Tribological and anti-corrosion performance of LIG 

Figs. 4(a) and 4(b) show the COF of the LIG samples prepared at different laser 

powers under loads of 1 and 3 N, respectively. The experimental frequency was 2 Hz 

and the test environmental temperature was 25 °C. All samples underwent an evident 

running-in stage at the initial period of sliding, followed by a relatively stable friction 

regime, with the steady-state COF mainly distributed in the range of 0.23–0.27. Under 

a load of 1 N, the steady-state COF of LIG16 was approximately 0.23. The COF is 

lower and the fluctuation range is smaller at the initial stage, indicating the tribological 

performance of LIG16 is superior before the structure is damaged. When the load was 

increased to 3 N, the COF of all samples increased slightly, while the differences among 

them became less pronounced; nevertheless, LIG16 and LIG18 COF still maintained 

relatively slow growth (approximately 20–30% reduction compared to other samples). 

This result was mainly associated with the effect of laser power on the graphene 

structure. An appropriate laser power promoted sufficient carbonization of PI and the 

formation of a continuous three-dimensional porous graphene network, which 

facilitated the generation of a stable graphene transfer film during sliding, thereby 

reducing the interfacial shear stress and enabling self-lubrication. In contrast, 

insufficient graphitization at low power and local over-ablation at excessively high 

power could both lead to increased friction fluctuations. Fig. 4(c) shows the wear 

profiles of LIG16 under loads of 1 N and 3 N. The wear depth is close to 100 μm under 

both 1 and 3 N, which is nearly equivalent to the thickness of the LIG layer. This 

indicates that the LIG layer was gradually worn during dry sliding and was even close 
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to being penetrated, suggesting that the wear resistance and long-term structural 

stability of the single LIG layer were still limited and that further structural optimization 

was required to improve its service durability. 

Fig. 4(d) presents the variation in the water contact angle of the LIG surfaces 

prepared at different laser powers. With increasing laser power, the contact angle 

increased from approximately 46° for LIG8 to about 73° for LIG16, corresponding to 

an increase of about 59%, and then decreased slightly for LIG18. A larger contact angle 

indicates increased surface hydrophobicity, which is beneficial for suppressing 

electrolyte retention on the surface and thus can, to some extent, hinder the diffusion of 

corrosive species toward the substrate. 

The samples with a relatively high degree of graphitization were further selected 

for electrochemical corrosion tests, as shown in Figs. 4(e)-4(i). Compared with the 

42CrMo substrate, all LIG samples exhibited improved anti-corrosion performance. 

The corrosion current densities in the polarization curves decrease (LIG16 decreased 

by 60.3%), indicating that the LIG layer exerted a certain inhibiting effect on both the 

anodic dissolution and cathodic reaction. Meanwhile, the corrosion potentials shift 

positively by approximately 600 mV, suggesting a pronounced reduction in the 

thermodynamic tendency toward corrosion. The interfacial charge-transfer resistance 

increase significantly with increasing laser power, reaching approximately 4.809×103 

Ω cm2 for LIG16, which is about one order of magnitude higher than that of the 

substrate (102 Ω·cm2). In the low-frequency region, the Bode modulus increase from 

about 103 Ω·cm2 for the substrate to nearly 104 Ω⋅cm2 for LIG16, indicating a markedly 
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enhanced long-term anti-corrosion performance. In addition, the phase-angle peak 

increase from approximately 40-50° for the substrate to 75-80° for the LIG-coated 

samples, and the corresponding frequency range become noticeably broader, suggesting 

a more ideal capacitive response and improved structural integrity of the coating. 

Considering both tribological and anti-corrosion performance, 16 W was selected as the 

optimized laser power for LIG fabrication in this study and was therefore used for the 

subsequent investigation of the epoxy-infiltrated structure. 

 

Fig. 4 (a) The COF of the LIG samples under a condition of 1 N, 2 Hz. (b) The COF of the LIG 

samples under a condition of 3 N, 2 Hz. (c) Wear profiles of LIG16 under loads of 1 and 3 N. (d) 

Water contact angles of the LIG samples. (e) Polarization curves of the LIG samples. (f) Nyquist 

plots of the LIG samples. (g) Bode plots of the LIG samples. (h) Phase-angle plots of the LIG 

samples. (i) Equivalent circuit used for EIS fitting. 
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3.2 Tribological and anti-corrosion performance of E-LIG 

The surface was gradually polished with abrasive paper to expose the complete 

LIG layer after epoxy infiltration, thereby facilitating the subsequent tribological and 

anti-corrosion performance tests. Fig. S8 shows the surface morphology of epoxy 

infiltration laser-induced graphene (E-LIG). As can be seen, the epoxy had fully 

infiltrated the LIG framework. The corresponding EDS spectra after coating are shown 

in Fig. S9. A slight decrease in the C content, together with increased N and O contents 

and a uniform elemental distribution, confirmed the integrity of the epoxy coating. Figs. 

5(a) and 5(b) show the COF of the E-LIG samples prepared at different laser powers 

under loads of 1 and 3 N, respectively. The experimental frequency was 2 Hz and the 

test environmental temperature was 25 °C. Under a load of 1 N, the steady-state COF 

of E-LIG16 was approximately 0.36 , representing a reduction of about 35% compared 

with pure epoxy, whereas E-LIG8 showed a relatively higher value of about 0.50. 

Compared with the unencapsulated LIG samples (approximately 0.19-0.25), the COF 

of E-LIG increased slightly, mainly because the epoxy layer bore most of the applied 

load and reduced the direct sliding contribution of graphene; however, the friction 

fluctuations were markedly suppressed. When the load was increased to 3 N, the COF 

of all samples increased by 5-12%. Among them, E-LIG12, E-LIG14, and E-LIG16 

remained relatively stable within the range of 0.40-0.50, indicating that the samples 

prepared at medium laser powers maintained more stable tribological behavior under 

different loading conditions. This result may be related to the degree of graphene sheet 

formation. As shown in Fig. 5(c), the maximum wear depth of E-LIG16 under 1 and 3 
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N is only about 8-12 μm, which is significantly lower than the value of approximately 

100 μm observed for the LIG, indicating that the epoxy layer effectively protected the 

LIG framework and improved the wear stability. This behavior is consistent with the 

general understanding of polymer composite coatings, in which the resin matrix bears 

the major load, while the filler framework disperses local stress and enhances interfacial 

integrity [43]. 

Fig. 5(d) shows the water contact angles of the E-LIG samples prepared at different 

laser powers. With increasing laser power, all E-LIG samples exhibited contact angles 

above 90°(E-LIG16 approximately 100°), indicating good hydrophobicity. Compared 

with the LIG samples (approximately 46-73°), the water contact angles increased by 

about 30-70%, which is beneficial for reducing electrolyte retention and suppressing 

corrosion. 

As shown in the polarization curves in Fig. 5(e), the corrosion potentials of the E-

LIG samples shift positively by approximately 100-200 mV. The corrosion current 

densities were 10-6 A·cm-2 (E-LIG16 was 1.507×10-6 A·cm-2), which was about one 

order of magnitude lower than those of the unencapsulated LIG samples. The Nyquist 

plots in Fig. 5(f) further indicate a pronounced increase in the interfacial charge-transfer 

resistance of E-LIG, and the maximum impedance arc radius reached approximately 

3.2×104 Ω·cm2, which was about 3-5 times higher than that of the LIG samples. As 

shown in Figs. 5(g) and 5(h), the low-frequency impedance modulus reached 

approximately 105 Ω·cm2, which was about one order of magnitude higher than that of 

the LIG samples. Meanwhile, the phase angles were mainly distributed in the range of 
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60-80°, indicating the formation of a stable and compact protective layer. 

Although epoxy infiltration significantly improved the structural stability and anti-

corrosion performance, the COF of E-LIG remained slightly higher than that of the LIG 

(0.25 increased to 0.4), mainly because the epoxy layer bore the applied load and 

thereby weakened the intrinsic self-lubricating effect of graphene. In addition, 

prolonged sliding could still induce local wear. To further improve the tribological 

performance and service stability, it is therefore necessary to introduce a micropore 

structure while maintaining the integrity of the epoxy layer, so as to provide lubricant 

storage and sustained release at the interface, thereby reducing the COF and enhancing 

interfacial stability. Considering the friction, wear, and electrochemical corrosion tests 

results comprehensively, E-LIG16 was selected as the representative sample for 

subsequent structural optimization. 
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Fig. 5 (a) The COF of the E-LIG samples under a load of 1 N, 2 Hz. (b) The COF of the E-LIG 

samples under a load of 3 N, 2 Hz. (c) Wear profiles of E-LIG16 under loads of 1 and 3 N. (d) Water 

contact angles of the E-LIG samples. (e) Polarization curves of the E-LIG samples. (f) Nyquist plots 

of the E-LIG samples. (g) Bode plots of the E-LIG samples. (h) Phase-angle plots of the E-LIG 

samples. (i) Equivalent circuit used for EIS fitting. 

3.3 Tribological performance of LST@E-LIG 

Laser micro-texturing generally provides lubricant storage, debris trapping, and 

stress redistribution under boundary or mixed lubrication conditions, and its friction-

reducing effect is closely related to the texture area density, pore depth, and 

arrangement pattern[44]. Figs. 6(a)-6(c) show the surface morphologies of micropore 

arrays with pore-area densities of 20%, 40%, and 50%, respectively. The size of each 

individual pore remained nearly unchanged (diameter is 400µm), indicating that the 

laser process enabled stable and controllable fabrication of the microstructures. The 

corresponding three-dimensional surface morphologies are shown in Figs. 6(d)-6(f), 

where regularly distributed dimple-like structures can be clearly observed. The pore 

depths were essentially the same for all samples (approximately 100µm), suggesting 

that only the number of micropores changed under different area densities, whereas the 

pore geometry remained stable. This provided a reliable structural basis for the 

subsequent analysis of the effect of area density on tribological behavior. 

Fig. 6(g) shows the SEM morphology of the sample with a 40% area density. The 

micropores exhibited clear boundaries, and layered textures generated by laser scanning 

were retained inside the pores, which is beneficial for enhancing the adhesion and 
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retention of lubricants within the pores. Combined with the cross-sectional morphology 

shown in Fig. 6(h), it can be further confirmed that the depth of laser-fabricated 

micropores extended exactly to the bottom of the epoxy layer (approximately 100 µm, 

total thickness is approximately 200 µm), resulting in the local exposure of the LIG 

structure at the pore bottom, while the surrounding regions remained fully covered by 

the epoxy layer. Fig. S10 presents the EDS elemental content and distribution across 

the micropore cross-section. Such a structure can maintain the overall integrity of the 

coating while locally providing a lubricating-active LIG phase, thereby enabling solid 

lubrication during sliding. 

 

Fig. 6 Optical micrographs of samples with different pore-area densities: (a) 20%, (b) 40%, and (c) 

50%. Three-dimensional surface profiles of samples with different pore-area densities: (d) 20%, (e) 

40%, and (f) 50%. (g) SEM image of the sample with a 40% pore-area density and its enlarged view. 

(h) Cross-sectional profile of the micropore. 
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Figs. 7(a)-7(c) indicate that the pore-area density played a significant role in 

regulating the tribological response of the E-LIG surface. Tribological performance 

tests were conducted on samples of different densities at loads of 3 N, 5 N, and 10 N 

respectively. The experimental frequency was 2 Hz and the test environmental 

temperature was 25 °C. Under loads of 3 and 5 N, all three textured samples exhibited 

lower COF than the untextured surface, among which the samples with 40% and 50% 

pore-area densities showed relatively lower steady-state COF. In the 40% pore-area 

density, the COF is 50% lower than E-LIG and 66% lower than epoxy (Reduced to 

around 0.2). This suggests that, with increasing pore coverage, more lubricant-storage 

units were introduced, making it easier for the interface to establish a relatively 

continuous lubricating state. By contrast, although the sample with a 20% area density 

also exhibited a reduced COF (approximately 0.24), its lubricant-storage and release 

capacities were still limited due to the smaller number of micropores. 

When the load was further increased to 10 N, the differences among the samples with 

different pore-area densities became more pronounced. The samples with 20% and 40% 

pore-area densities both reached a relatively stable state after a short running-in period, 

with the COF remaining at approximately 0.25-0.26, whereas that of the 50% pore-area 

density sample continuously increased to about 0.44. This indicates that, under high-

load conditions, although a higher pore coverage is beneficial for lubricant storage, it 

also markedly reduces the continuous load-bearing area, resulting in increased local 

contact stress and a consequent weakening of the stability of the surface framework, 

thereby making the friction process more prone to instability. Therefore, the lubricant-
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storage advantage introduced by increasing the pore-area density does not always 

translate into more stable friction-reducing performance, as the final effect is also 

jointly governed by the load-bearing area and the structural integrity of the surface. 

Fig. 7(d) further compares the original cross-sectional profile of the dimples with 

that measured after sliding under a load of 5 N for the sample with a 40% area density. 

Periodic dimple-like undulations could still be clearly distinguished after wear, 

indicating that the micropore structure was not completely destroyed during the friction 

process and that a certain number of lubricant-storage units were still retained. This 

suggests that the micropore structure was capable of effectively storing lubricants while 

maintaining a certain degree of structural stability, thereby facilitating the formation of 

a stable lubricating state and mitigating surface wear. 

To further quantitatively evaluate the lubrication property of the micropore 

structure, its lubricant-storage capacity can be assessed by calculating the volume 

available for lubricant retention. For a regularly arranged array of cylindrical 

micropores, the storage volume of a single micropore can be expressed as:  

𝑽𝑽𝑷𝑷 = 𝝅𝝅𝒓𝒓𝟐𝟐𝒉𝒉 (1) 

where r is the radius of the micropore and h is the depth of the micropore. When 

the number of micropores per unit area is n, the total lubricant storage volume per unit 

area can be expressed as:  

𝑽𝑽𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = 𝒏𝒏𝒏𝒏𝒓𝒓𝟐𝟐𝒉𝒉 (2) 

The calculated total lubricant-storage volumes are summarized in Table S4. As the 

area density increased, the volume of lubricant that could be stored per unit area 
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increased markedly. However, when the pore-area density became excessively high, 

although the lubricant-storage capacity was further enhanced, the effective load-bearing 

area of the surface was significantly reduced. Therefore, a balance must be achieved 

between lubricant-storage capability and interfacial load-bearing capacity in the design 

of the micropore structure. The nominal Hertzian contact pressure was further estimated 

to evaluate the contact degree during sliding, and the detailed calculation is provided in 

Table S7. Although the laser-textured surface exhibits a higher corrected nominal 

contact pressure due to the reduced effective load-bearing area, its COF is lower than 

that of the untextured E-LIG surface. This indicates that the tribological behavior is not 

governed solely by Hertzian contact pressure. The reduced COF of LST@E-LIG is 

mainly attributed to the structural effects of the micropores, including debris trapping, 

contact-state regulation, reduced effective contact area, and partial exposure of the 

underlying LIG phase. The locally exposed LIG can provide graphitic lubricating 

species through slight wear and transfer-film formation, thereby lowering the interfacial 

shear resistance. Meanwhile, the micropores also provide reserved storage sites for the 

infiltration of paraffin wax. 

Overall, the 40% pore-area density achieved a more favorable balance between 

lubricant-storage and load-bearing capacity, and therefore exhibited relatively low and 

stable COF under different loading conditions. Accordingly, it was selected as the 

optimal structural parameter for the subsequent paraffin wax infiltration experiments. 
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Fig. 7 The COF of samples with different pore-area densities under conditions of (a) 3 N, 2 Hz, (b) 

5 N, 2 Hz, and (c) 10 N, 2 Hz. (d) Cross-sectional profile of the dimples with a 40% pore-area 

density before and after sliding under a load of 5 N. 

3.4 Tribological and anti-corrosion performance of PW@LST@E-LIG 

3.4.1 Tribological performance of PW@40LST@E-LIG16 

Fig. 8(a) shows the SEM morphology of solid paraffin wax, which exhibits a 

bird’s-nest-like network structure internally, resembling an interwoven assembly of soil 

and branches. This morphology enables strong mechanical interlocking with the interior 

of the micropores, making it less prone to detachment. Owing to its unique three-

dimensional interconnected architecture, the applied load can be effectively dispersed 

and local stress concentration can be reduced, thereby significantly improving the 

mechanical stability and durability of the surface coating. Fig. S11 shows the cross-
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sectional morphology after paraffin wax infiltration, indicating that the paraffin wax 

fully filled the micropores and was well interlocked with the internal structure. Fig. 8(b) 

schematically illustrates the friction process after paraffin wax infiltration.  

Figs. 8(c) and 8(d) compare the tribological responses of the 40PW@40LST@E-

LIG16 system under solid-state and liquid-state conditions under a load of 3 N. The 

experimental frequency was 2 Hz. The test temperature under solid condition was 25 °C, 

and the test temperature under liquid conditions is 45 °C. After paraffin wax infiltration, 

the COF decreased further, and the COF of the liquid-state condition (approximately 

0.11) was 20% lower than that under the solid-state condition (approximately 0.13). 

This suggests that the friction-reducing effect of paraffin wax originated not only from 

pore filling, but was also closely associated with the formation of a continuous low-

shear lubricating film at the sliding interface after melting. To further support the 

thermally responsive lubrication mechanism, we conducted a solid-liquid phase-

transition tribological test and added infrared thermal imaging measurement data, as 

shown in Fig. 8(e). The process can be divided into three stages: solid state, solid-liquid 

transition state, and liquid state. In the initial solid-state stage, the near-contact surface 

temperature remained at approximately 27-28 °C, below the phase-transition 

temperature of paraffin wax. At this stage, the paraffin wax mainly acted as a filling 

and protective phase, and the COF gradually decreased and stabilized after running-in. 

After heating was applied, the temperature increased at an average rate of 5 °C·min-1 

and reached the phase-transition temperature. When the temperature near the wear track 

reached approximately 40 °C, the COF decreased markedly, indicating that the softened 
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paraffin wax formed a low-shear lubricating film. The temporary COF fluctuation 

during the solid-liquid transition stage may be attributed to the dynamic redistribution 

of paraffin wax and reconstruction of the lubricating film. In the final liquid-state stage, 

the temperature remained above the phase-transition temperature, and the COF 

stabilized at a low level of approximately 0.08, suggesting continuous spreading and 

replenishment of liquid paraffin wax at the sliding interface. It should be noted that the 

infrared thermal images reflect the near-contact surface temperature rather than the 

instantaneous flash temperature at real asperity contacts. Overall, the infrared thermal 

imaging results, together with the corresponding COF evolution, provide strong 

evidence for the thermally responsive lubrication mechanism involving paraffin wax 

melting, release, spreading, and replenishment. In addition, we added comparative 

macroscopic optical morphology images of 40PW@40LST@E-LIG16 before and after 

the solid-liquid phase-transition tribological test (Fig. S12). Before the test, the solid 

paraffin wax covered the textured surface and filled and covered the  micropores, 

indicating that the micropores could act as storage and confinement sites. After the 

solid-liquid transition and sliding, obvious paraffin wax redistribution and a visible 

wear track were observed, suggesting that the melted paraffin wax participated in the 

sliding process and migrated toward the contact region rather than being simply 

removed from the surface. In addition, the dynamic motion of the surface paraffin 

during the solid-to-liquid transition and subsequent re-spreading process was recorded 

by video, as shown in Video S1. 

In addition, tribological tests were conducted under higher load and frequency 
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conditions (10 N and 3 Hz) without ambient-temperature control to determine whether 

the actual contact temperature during sliding could reach the melting point of the 

paraffin wax. Real-time infrared thermal images and optical images were recorded, as 

shown in Fig. S13. As shown in Fig. S13(a), the initial temperature of the sample was 

controlled at approximately 16 °C, at which the paraffin wax with a phase-transition 

temperature of 20 °C still remained in the solid state. After a short period of sliding, the 

surface temperature approached the melting point after approximately 5 min under the 

combined effects of ambient temperature and frictional heating. After 30 min of sliding, 

the surface temperature increased to 27.5 °C, and the paraffin wax completely 

transformed into the liquid state. As shown in Fig. S13(b), for the sample containing 

paraffin wax with a melting point of 40 °C, the surface temperature reached 

approximately 30 °C after about 20 min of sliding and increased to 31.2 °C at the end 

of the 30 min test. The surface temperature increased by approximately 5 °C, but it did 

not reach the melting point; therefore, the paraffin wax in the wear track remained in 

the solid state. As shown in Fig. S13(c), for the sample containing paraffin wax with a 

melting point of 60 °C, the frictional heat generated during sliding was relatively lower, 

which may be associated with its slightly lower solid-state COF. Accordingly, the 

temperature-rise rate was also relatively slower. The surface temperature reached 

28.1 °C after approximately 25 min and increased to 29.9 °C at the end of the 30 min 

test. The surface temperature increased by approximately 4 °C, which was still below 

the melting point of this paraffin wax. These results indicate that, under higher load and 

frequency sliding conditions, frictional heat was indeed generated during sliding, 
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leading to a certain increase in surface temperature. However, paraffin wax with a 

higher melting point requires more severe testing conditions to trigger the solid-liquid 

phase transition. 

Moreover, to simulate the property under harsh working conditions, we tested the 

tribological performance of PW@40LST@E-LIG16 at varying loads and frequencies 

(Load: 2 N-10 N, Frequency: 2 Hz-5 Hz). The frequency was kept constant at 2 Hz for 

the tests under different loads, while the load was kept constant at 2 N for the tests with 

different frequencies. As shown in Figs. 8(f) and 8(h), the average COF generally 

increased with increasing frequency (0.12 to 0.17). This indicates that a higher number 

of cycles per unit time accelerated the disruption of the lubricating film, making it 

difficult for the paraffin wax replenishment rate to keep pace with film consumption. 

Nevertheless, the overall friction level remained relatively low and stable. (the COF 

remains at 0.14). Figs. 8(g) and 8(i) show the COF and the average COF under different 

loads, all of which exhibited distinct running-in and steady-state stages. With increasing 

load, the COF gradually decreased and became more stable. In particular, the average 

COF slightly decreased from about 0.13 to approximately 0.09 as the load increased, 

suggesting that an appropriate increase in the normal pressure facilitated paraffin wax 

extrusion, compaction of the transfer film, and the rapid establishment of the interfacial 

lubricating layer. 

Overall, the low-friction behavior of this system did not arise from the texture 

effect alone, but was governed by a dynamic and adaptive lubrication process involving 

micropore storage, paraffin wax release, and interfacial film formation. As a result, the 

Ju
st

 A
cc

ep
te

d



lubrication performance was significantly improved, and the system was endowed with 

good environmental adaptability. 

 

Fig. 8. (a) SEM image of solid paraffin wax. (b) Schematic illustration of the tribological 

performance tests under solid-state and liquid-state conditions. (c, d) The COF of PW@40LST@E-

LIG16 under solid-state (25 °C) and liquid-state (45 °C) conditions (3 N, 2 Hz). (e) The COF of 

40PW@40LST@E-LIG16 during the solid-liquid phase-transition process under condition of 3 N, 

2 Hz. (f, g) The COF of 40PW@40LST@E-LIG16 under different frequencies (1-5 Hz) and loads 

(2-10 N). (h, i) Average COF of 40PW@40LST@E-LIG16 under different frequencies and loads. 

3.4.2 Surface stability of PW@40LST@E-LIG16 

To further evaluate the stability and durability of the paraffin wax lubricating layer 

under complex environmental conditions, anti-shear, anti-scouring, and anti-wear tests 

were conducted, and the self-healing ability and cyclic stability were analyzed. As 
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shown in Fig. 9(a), centrifugal shearing, deionized-water scouring, and reciprocating 

friction were employed to simulate shear stress, liquid impingement, and frictional wear 

encountered in practical service environments, respectively, thereby enabling a 

systematic evaluation of the stability of the paraffin wax reservoir layer. 

The stability of the lubricant under different test conditions was quantitatively 

assessed in terms of the mass retention ratio: 

𝑹𝑹 =
𝒎𝒎𝒕𝒕

𝒎𝒎𝟎𝟎
х𝟏𝟏𝟏𝟏𝟏𝟏% (3) 

where m₀ is the initial mass, mₜ is the remaining mass after testing, and R represents 

the mass retention ratio of the lubricant. 

As shown in Fig. 9(b), under centrifugal shearing, the mass retention ratio of liquid 

paraffin wax gradually decreased from 100% to approximately 63% with increasing 

centrifugation time due to its relatively high fluidity. However, the destruction of the 

surface oil film exposed the underlying micropore structure, creating anchor points that 

hinder the sliding of the droplets, whereas solid paraffin wax exhibited almost no mass 

loss throughout the entire process and remained close to 100%. This difference can be 

attributed to the mechanical interlocking effect of the micropore structure, which 

allowed the solid paraffin wax to be stably anchored within the pores and thus 

effectively resist the applied shear force. Correspondingly, as shown in Fig. 9(c), the 

sliding angle (SA) of liquid paraffin wax increased from about 5° to approximately 10°, 

indicating that continuous shearing weakened the continuity of the liquid lubricating 

layer, whereas the SA of solid paraffin wax remained around 90° throughout the test, 

suggesting stronger interfacial adhesion stability of the solid-state paraffin wax. 
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As shown in Figs. 9(d) and 9(e), when the amount of deionized water used for 

scouring increased to 100 mL, the mass retention ratio of liquid paraffin wax further 

decreased to about 54%, while the sliding angle increased from approximately 5° to 

around 15°. In contrast, solid paraffin wax still maintained a mass retention ratio close 

to 100% together with a stable wetting state. This indicates that, unlike liquid paraffin 

wax, which mainly relies on the adhesion of the interfacial lubricating film, solid 

paraffin wax was much less likely to be lost under external forces and liquid 

impingement, and therefore exhibited better environmental stability. To evaluate the 

wear resistance, reciprocating anti-wear tests were further performed, as shown in Fig. 

9(f). As the time increased from 0 s to 100 s, the mass retention ratio of solid paraffin 

wax decreased from 100% to approximately 74%, indicating that mechanical wear 

continuously consumed the paraffin wax on the outermost surface. However, the 

decrease remained relatively gradual, suggesting that the solid paraffin wax still 

possessed a certain resistance to wear. 

In addition, as shown in Fig. 9(g), the wear scratches generated during friction 

could be completely recovered after heating. This phenomenon indicates that the 

system exhibited a typical phase-transition-driven self-repair characteristic, in which 

the molten paraffin wax re-spread and repaired the damaged areas under the combined 

action of capillary force and surface tension. As shown in Fig. 9(h), the contact angle 

and sliding angle of the 20 °C paraffin wax exhibited stable periodic variations during 

repeated solid-liquid transitions. The peak and valley values remained essentially 

unchanged over multiple cycles, with no obvious attenuation observed, indicating that 

Ju
st

 A
cc

ep
te

d



the system was able to repeatedly reconstruct its surface wetting state under phase-

transition driving. The cyclic stability of paraffin waxes with different phase-transition 

temperatures is shown in Figs. S14 and S15, all of which exhibited good stability, 

thereby providing an effective strategy for constructing long-term stable self-

lubricating surfaces. Overall, the paraffin wax in this system not only provided 

lubrication, but also endowed the surface with good resistance to external disturbances 

and reversible self-healing capability. 

 

Fig. 9. (a) Schematic illustrations of the anti-shear, anti-scouring, and anti-wear tests. (b) Mass 

retention ratio during the anti-shear test. (c) Variation in the sliding angle (SA) during the anti-shear 

test. (d) Mass retention ratio during the anti-scouring test. (e) Variation in the sliding angle (SA) 

during the anti-scouring test. (f) Mass retention ratio during the anti-wear test. (g) Surface 

morphologies before and after the self-healing test. (h) Variations in the contact angle (CA) and 
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sliding angle (SA) of the 40 °C paraffin wax during repeated solid-liquid transitions. 

3.4.3 Tribological and anti-corrosion synergistic effect 

To further clarify the effects of different surface structures on the friction, wear, 

and corrosion behaviors, the wear-track morphologies and electrochemical corrosion 

were systematically characterized. Figs. 10(a) and 10(b) present the three-dimensional 

profiles and SEM images of the wear tracks on different surfaces under condition of 3 

N, 2 Hz. LIG16 exhibited a relatively wide and continuous wear track with clearly 

defined groove boundaries, indicating that bare LIG was more susceptible to direct 

shear and material removal during sliding. After epoxy infiltration, the wear track of E-

LIG16 became noticeably narrower, and the surface continuity was improved, 

suggesting that the infiltration layer could alleviate local stress concentration and 

enhance interfacial stability. Upon the further introduction of micropores with a 40% 

pore-area density, regular dimple contours could still be distinguished within the wear 

track of 40LST@E-LIG16, indicating that the textured units were not completely worn 

away during sliding. Its friction-reducing effect was mainly attributed to debris 

entrapment, reduction of the real contact area, and redistribution of contact stress. In 

contrast, the wear track of PW@40LST@E-LIG16 under a load of 3 N was much 

smoother, with significantly weakened groove features. A relatively continuous 

covering layer could be observed in the SEM image, indicating that paraffin wax 

formed a lubricating transfer film at the interface, thereby further suppressing adhesive 

wear and ploughing. Fig. S16 shows the three-dimensional wear-track profile under 

condition of 10 N,2 Hz. Even under relatively high loads, the textured surface still 
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maintained a certain degree of structural integrity. This indicates that a synergistic effect 

was established between the load-bearing micropore structure and the dynamic 

replenishment of paraffin wax. This suggests that a synergistic effect was established 

between the load-bearing micropore structure and the dynamic replenishment of 

paraffin wax. 

To evaluate the influence of paraffin wax infiltration on the anti-corrosion 

performance of the composite coating, electrochemical measurements were performed 

on the solid-state paraffin wax samples, as shown in Fig. 10(c). The polarization curves 

indicate that the corrosion current density decreased by about one order of magnitude 

relative to that of E-LIG (decreased to 10-7 A·cm-2), while corrosion potential shifted 

positively by approximately 300 mV, indicating that the corrosion reaction was 

effectively suppressed and the corrosion tendency was reduced. The Nyquist plots 

further demonstrate that the paraffin wax samples exhibited a significantly enlarged 

impedance arc radius, corresponding to a pronounced increase in the interfacial charge-

transfer resistance, which was approximately four times that of E-LIG (reached 105 

Ω·cm2). In the Bode plots, the paraffin wax samples exhibited a higher impedance 

modulus in the low-frequency region (107 Ω·cm2), indicating a stronger resistance to 

the diffusion of corrosive ions. Meanwhile, the phase angle remained at a relatively 

high level over a broader frequency range, suggesting a more stable capacitive response 

and a protective layer with higher integrity and compactness. 

To clarify the synergistic mechanism, the individual contribution of each structural 

component was further distinguished through a control matrix (Table S8). First, LIG 
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provides a graphitic solid-lubricating phase and a carbon-based barrier, which reduce 

interfacial shear and partially improve corrosion resistance. However, the bare LIG 

framework is mechanically fragile and can be worn through during sliding. Second, 

epoxy infiltration reinforces and seals the porous LIG framework, significantly 

improving wear resistance and corrosion protection, although the COF slightly 

increases because the epoxy layer bears most of the applied load and weakens the direct 

lubricating contribution of graphene. Third, laser surface texturing introduces ordered 

micropore arrays. By tuning the laser processing parameters, the ablation depth is 

optimized, enabling partial exposure of the underlying LIG layer, which facilitates the 

release of graphitic species during sliding, redistributes local contact stress, and 

provides additional lubricant storage sites. Fourth, paraffin wax serves as a low-shear 

lubricating phase and enables thermally responsive lubricant release, diffusion, and 

replenishment at the sliding interface. Therefore, the optimized PW@LST@E-LIG 

surface should not be regarded as a simple hydrophobic barrier; rather, its enhanced 

tribological and anti-corrosion performance arises from the synergistic coupling of LIG 

solid lubrication, epoxy infiltration, micropore-based lubricant-storage structure, 

paraffin wax lubrication, and hydrophobic/barrier protection. In Table S9, the 

PW@LST@E-LIG coating was compared with recently reported solid-lubricating 

materials, LIG-based coatings, graphene-containing textured surfaces, phase-change 

lubrication systems, and anti-corrosion/anti-wear composite coatings. This multilevel-

structured design overcomes the limitations of single-function coatings by integrating 

solid lubrication, structural reinforcement, lubricant storage, thermally responsive 
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replenishment, and corrosion protection into one hierarchical coating, thereby 

achieving synergistically enhanced tribological and anti-corrosion performance. The 

corresponding schematic diagram illustrating the tribological and anti-corrosion 

mechanisms is shown in Fig. 11. 

 

Fig. 10 (a) Three-dimensional wear-track profiles of LIG16, E-LIG16, 40LST@E-LIG16, and 

40PW@40LST@E-LIG16 under condition of 3 N, 2 Hz. (b) SEM images of the wear tracks. (c) 

Polarization curve, Nyquist plot, Bode plot, and phase-angle plot of 20, 40, 60PW@40LST@E-

LIG16. Ju
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Fig. 11 Schematic diagram of the tribological and anti-corrosion mechanisms. 

4. Conclusion 

In this work, a multilevel-structured phase-responsive solid-liquid composite 

lubricating coating was developed to address the synergistic failure caused by friction, 

wear, and corrosion under complex service conditions. The test results showed that the 

LIG at a laser power of 16 W (corresponding to a laser energy density of 20.38 J cm2) 

possessed a porous network with more uniform pore size and thinner pore walls, as well 

as a higher degree of graphitization. This structure provided a larger specific surface 

area and, through combination with epoxy, effectively improved the wear resistance of 

the coating, reducing the wear depth by approximately 90%, while also enhancing its 

anti-corrosion performance, with the inhibition efficiency reaching approximately 96%. 

After laser surface texturing, a favorable balance between lubricant-storage capacity 

and structural strength was achieved when the pore-area density of the micropore array 

was 40%. Under this condition, the COF was reduced by 50% compared with E-LIG 
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and by 66% compared with pure epoxy, reaching approximately 0.2. After the 

introduction of paraffin wax, a dynamically adaptive lubricating film with solid-liquid 

transition characteristics was formed on the surface, which effectively reduced the 

interfacial shear stress, resulting in low COF of 0.09. Meanwhile, the paraffin wax and 

epoxy layer synergistically formed a dense barrier, thereby significantly enhancing the 

anti-corrosion performance (the interfacial charge-transfer resistance reached 105 

Ω·cm2, the corrosion current density reached 10-7 A·cm-2, the corrosion current density 

decreased by more than two orders of magnitude compared with that of the substrate, 

resulting in an inhibition efficiency of 99.54%). Through this stepwise design strategy 

of “structural construction-parameter optimization-functional coupling,” the 

synergistic improvement of tribological and anti-corrosion performance was 

successfully achieved. 
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