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Abstract: Oil-containing self-lubricating composite material is an effective approach 

to address the wear issues of polymer materials. In this work, the traditional lubricant 

500SN was encapsulated within melamine-formaldehyde (MF) resin shells through in-

situ polymerization to prepare 500SN@MF microcapsules. Comprehensive 

characterizations confirmed that the 500SN@MF microcapsules have a well-defined 

spherical morphology, improved thermal stability, and excellent compatibility with 

phenolic epoxy resin. The 500SN@MF microcapsules were mixed with phenolic epoxy 

and cured at room temperature to form a composite self-lubricating coating. 

Tribological performance tests demonstrated that the composite coating exhibited 

exceptional anti-wear and friction-reducing properties, with a friction coefficient (COF) 

of ~0.038 and a notably low wear rate of 0.077×10−6 mm³/(N·m) under 5 N load and 

20000 friction cycles. Significantly, the 500SN@MF microcapsules could be produced 

in small batches while maintaining an intact core-shell structure, which offers a scalable 

material solution for achieving efficient, long-term lubrication in mechanical 

components and significantly extending their service life. 
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1.  Introduction 

Friction, a universally existing physical phenomenon that occurs at contact 

surfaces where there is relative motion or a tendency for motion, impedes the relative 

motion and simultaneously induces wear, which causes an energy penalty and material 

wear-out failure[1, 2]. So, the development of effective lubrication techniques to reduce 

friction and wear is a central research objective in the field of tribology[3]. Polymeric 

composite coatings have drawn considerable interest owing to strong adaptability to the 

substrate, easy processing and low comprehensive usage cost[4-6]. However, the 

inherent softness of polymer coatings results in poor frictional properties, particularly 

wear resistance, which fails to meet operational requirements. To enhance its wear 

resistance, various technical approaches have been extensively explored, among which 

the incorporation of lubricating fillers is regarded as an effective strategy[7]. To date, 

solid particles with anti-wear property, such as alumina, carbon nanotubes, CaF2 

crystals, BN, WS2, PTFE, graphite and molybdenum disulfide, have been extensively 

investigated[8-14]. Generally, the friction-reduction and anti-wear capacities of the 

composites are enhanced simultaneously owing to the generation of a seamless, 

uniform transfer film derived from such solid lubricants within the frictional contact 

zone[15]. Although introducing solid lubricants into polymeric systems demonstrates 
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certain friction-reducing effects, a superior lubrication performance comparable to that 

of liquid lubricants cannot be achieved because liquid lubricants establish a stable 

"solid-liquid-solid" interface for hydrodynamic lubrication[16, 17]. However, liquid 

lubricants are still confronted with several challenges in polymeric systems, such as 

poor compatibility with the coating matrix, difficulties in being retained on the friction 

surface for extended periods, and a tendency to leak during operation, which 

collectively limit their application in some situations[18, 19].  

Microencapsulation technology, enabling liquid lubricant stability and uniform 

dispersion in coating matrix by encapsulation with microcapsules, stands out as a 

promising approach for overcoming these aforementioned issues[20]. When surface 

wear occurs, the microcapsules rupture and release lubricant, achieving the "on-

demand" supply[21]. This controllable release delivers a sustained supply of lubricant 

at the contact region, remarkably enhancing the lubrication performance of the 

composites[22, 23]. Recently, microencapsulation technology has gained extensive 

research interest with common microcapsule preparation methods including solvent 

evaporation, interfacial polymerization, in-situ polymerization and emulsion 

polymerization[24-27]. In terms of shell material selection, organic or inorganic shell 

materials are primarily categorized. Inorganic shell materials mainly include silica, 

titanium dioxide, calcium carbonate, etc.[28-30], while organic shell materials cover 

polystyrene, polyurethane, urea-formaldehyde resin, melamine-formaldehyde (MF) 

resin, and so on[30-33]. In contrast to inorganic shells, organic shells generally possess 
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superior sealing performance and thermal stability, which was more extensively studied 

in previous reports[34, 35]. And among organic shell materials, MF resin can not only 

afford excellent structural stability, but also feature low cost and simple preparation 

process, endowing it with broad application in microcapsule shell materials[36]. As for 

lubricant materials, 500SN, a typical mineral base oil, presents favorable lubricating 

properties and stable film-forming ability, which can generate a lubricating film on 

contact surfaces to lower sliding resistance and alleviate wear. Meanwhile, 500SN has 

excellent compatibility and rheological properties which make it an ideal carrier for 

lubrication systems and contribute to the development of a durable lubricious layer. 

These characteristics further justify the rational selection of 500SN as the core material 

in microcapsule[37, 38]. 

Although the microcapsule technique is widely reported for fabricating self-

lubricating composite materials, controlling the morphology and uniformity of 

microcapsules remains a challenge, and meanwhile, the large-scale preparation of these 

microcapsules is still restricted. To address above issues, a reliable and scalable method 

was reported for fabricating 500SN@MF microcapsules in this work, which feature a 

500SN lubricant core and a MF resin shell. The shape and size of 500SN@MF 

microcapsules was controlled by optimizing the core-shell ratio of the microcapsules 

during their preparation. The as-prepared microcapsules exhibit not only favorable 

thermal stability but also excellent compatibility with the phenolic epoxy resin matrix. 

Thus, the uniform composite self-lubricating coating was fabricated by incorporating 
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500SN@MF into the phenolic epoxy resin. As shown in Fig. 1, the composite coating 

facilitates the rapid release of 500SN lubricant to generate a liquid lubrication film 

when mechanically worn, thereby imparting a minimized coefficient of friction 

alongside a reduced wear rate to the matrix, and significantly enhances its wear 

resistance. 

 

 

Fig. 1 Illustrative schematics for the preparation of 500SN@MF microcapsules and 

the self-lubricating behavior of the 500SN@MF composite coating. 

 

2. Experiment 

2.1 Materials and Reagents 

Melamine (99%) and citric acid were supplied by Shanghai Macklin Biochemical 

Co., Ltd., while Chongqing Chuandong Chemical Group Co., Ltd. provided the 
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formaldehyde solution (37 wt.%). Triethanolamine (99%) was sourced from Aladdin 

Biochemical (Shanghai, China). Nanjing Yinxin Chemical Co., Ltd. (Nanjing, China) 

offered the styrene maleic anhydride (SMA) (95%). Lanzhou Institute of Chemical 

Physics (CAS) provided the lubricant oil 500SN. Xylene was acquired via Shanghai 

Denuo Chemical Co., Ltd., and the phenolic epoxy resin was procured from Shandong 

Jinhong New Materials Technology Co., Ltd.. Without undergoing additional 

purification, all analytical-grade chemicals were utilized directly as delivered. 

2.2 Preparation of 500SN@MF microcapsules 

Firstly, the MF prepolymer was synthesized through the following steps: 

melamine (80 g), formaldehyde solution (172 g), and deionized water (800 mL) were 

mixed in a single-neck round-bottom flask. After adjusting the pH of the mixture to 8-

9 using triethanolamine solution, continuous stirring was maintained at 70 °C for 1 h, 

yielding the desired prepolymer solution. Then, 500SN was added to a 2 wt.% SMA 

solution, and a high-speed homogenizer running at 10,000 rpm was applied for 10 

minutes to transform the mixture into an oil-in-water (O/W) emulsion. Finally, the 

aforementioned prepolymer and emulsion were combined in a flask, and mechanical 

agitation was applied at 300 rpm and 80 °C. The pH value was adjusted to 

approximately 6 by adding citric acid, followed by 2 h of continuous heating and 

stirring for the solidification of the MF shell. At last, the powdery 500SN@MF 

microcapsules were obtained by spray drying. During spray drying, the atomization 

pressure was maintained in the range of 0.2~0.6 MPa, and the feed rate was controlled 
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at 5~10 mL·min⁻¹. The inlet and outlet temperatures were maintained at 180~200 °C 

and 80~90 °C, respectively, ensuring efficient solvent evaporation and intact 

microcapsule formation. 

2.3 Fabrication protocol for self-lubricating coatings 

To fabricate self-lubricating coatings with a range of mass fractions (0, 10, 15, 20, 

25, 30 wt.%), various amounts of 500SN@MF microcapsules were ultrasonically 

dispersed in 5 g of phenolic epoxy resin diluted with xylene. Thereafter, the 

incorporation of 1 g of curing agent was executed, followed by a homogenization 

treatment. A series of self-lubricating coatings with 500SN@MF microcapsules mass 

fraction of 0, 10, 15, 20, 25, and 30 wt.% were obtained after curing at room temperature. 

2.4 Characterizations 

The micromorphology of 500SN@MF microcapsules and the microstructural 

profiles of the coating surfaces as well as fractured cross-sections were analyzed via 

field emission scanning electron microscopy (CLARA GMH) at 10 kV. Fourier 

transform infrared spectroscopy (FTIR, Nicolet IS10) was employed to identify the 

chemical functional groups of 500SN, 500SN@MF microcapsules, and raw MF resin, 

aiming to verify the successful synthesis of microcapsules. Thermogravimetric analyzer 

(TGA, Mettler Toledo) was utilized for assessing the thermal decomposition of 

500SN@MF microcapsules. During the test, the sample was heated at 10 °C/min within 

the temperature span of 20~900 °C under continuous nitrogen flow. Nanoindentation 

measurements were carried out on individual coatings with a KLA iMicro nanoindenter. 
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To evaluate the mechanical properties, tensile evaluations were carried out via a 

universal testing machine (Instron 5944, 2 kN). Samples were cut into a dumbbell shape 

with an active region of 10×2×0.5 mm. A minimum of three replicates were tested for 

each group with the stretching velocity of 50 mm/min.  

2.5 Tribological tests 

To evaluate the coatings’ friction and wear behaviors, a CSM TRB3 reciprocating 

tribometer was used to investigate the prepared coatings in a ball-on-flat contact mode. 

The sliding counterpart was a 3-mm-radius AISI 304 stainless steel ball. Under 

constant-load conditions, the load was maintained at 5 N. The reciprocating movement 

had an amplitude of 3 mm and a frequency of 2 Hz. A total of 20,000 cycles were 

completed, equivalent to a cumulative sliding distance of 120 m. To further elucidate 

the effects of external parameters on tribological behavior, load- and frequency-

dependent tests were performed. For the load-dependent measurements, the frequency 

and amplitude length were fixed at 2 Hz and 3 mm, respectively, with a total of 500 

cycles (sliding distance: 3 m), while the applied load was varied from 2 to 10 N (2, 4, 

6, 8, and 10 N). For the frequency-dependent tests, the normal load (5 N) and stroke 

length (3 mm) were kept constant, and the tests were carried out for 500 cycles (sliding 

distance: 3 m) with frequencies ranging from 1 to 5 Hz. To evaluate the contact pressure 

during the friction tests, Hertzian contact theory was adopted to calculate the Hertzian 

contact stress under different loads. For a ball-on-flat contact configuration, the reduced 
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Young’s modulus (𝐸𝐸∗ ), contact radius (𝑎𝑎 ), and mean contact pressure (𝑃𝑃𝑚𝑚 ) were 

determined as follows[39]: 

1
𝐸𝐸∗

= 1
2
�1−𝑣𝑣1

2

𝐸𝐸1
+ 1−𝑣𝑣22

𝐸𝐸2
�            (1) 

𝑎𝑎 = �3𝑅𝑅𝐹𝐹𝑛𝑛
2𝐸𝐸∗

�
1
3�                   (2) 

𝑃𝑃𝑚𝑚 = 𝐹𝐹𝑛𝑛
𝜋𝜋𝑎𝑎2

                      (3) 

in which 𝐸𝐸∗ represents the reduced Young’s modulus; the Young's moduli for the 

AISI 304 stainless steel ball and the 25 wt.% microcapsules-loaded coating are denoted 

as 𝐸𝐸1  (193 GPa) and 𝐸𝐸2  (0.919 GPa), respectively; 𝑣𝑣1  (0.30) and 𝑣𝑣2  (0.35) 

correspond to the Poisson’s ratios of the steel ball and the composite coating with 25 

wt.% microcapsules, respectively; 𝑎𝑎  is the contact radius; 𝐹𝐹𝑛𝑛  signifies the applied 

normal load; the steel ball radius is given by 𝑅𝑅 (3 mm); and 𝑃𝑃𝑚𝑚 acts as the mean 

contact pressure. Table S1 compiles the computed Hertzian contact stress values 

obtained across various loading conditions. All experiments were conducted under 

ambient conditions. 

A confocal laser scanning microscope (CLSM) was employed to inspect the wear 

scar morphology, which yielded the 3D topographies of the worn area, from which the 

volume ( 𝑉𝑉 ) of material loss was directly determined. Based on the data, the 

quantification of the wear rate (𝑊𝑊 , mm³/(N·m)) was achieved according to the 

mathematical expression itemized below[40]: 

𝑊𝑊 = 𝑉𝑉
𝐹𝐹×𝐿𝐿

              (4) 
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where V is the wear volume loss (mm³), 𝐹𝐹 is the applied normal load (N), and 𝐿𝐿 

is the sliding distance (m). Through this approach, the wear resistance can be 

quantitatively analyzed, thereby guaranteeing highly precise and comparable data 

outputs.  

3. Results and discussion 

3.1 Preparation and characterization of 500SN@MF microcapsules 

To prepare 500SN@MF microcapsules, the in-situ polymerization mechanism 

involving MF prepolymers was triggered along the phase boundary of an O/W emulsion 

to achieve highly efficient encapsulation, as illustrated in Fig. 1. The anionic surfactant 

SMA tends to accumulate at the phase boundary to stabilize the O/W emulsion. 

Meanwhile, hydrophilic carboxyl side chains stretch outward toward the surrounding 

aqueous continuous medium, while the hydrophobic aryl moieties are tightly embedded 

in the 500SN oil phase, forming stable polymeric micelles. Subsequently, the MF 

prepolymers are adsorbed onto the surface of oil colloidal particles. Under acidic 

conditions, these adsorbed MF prepolymers undergo in-situ polycondensation and 

gradual crosslinking (Fig. S1), ultimately forming a dense and robust shell on the oil 

droplet surface[32]. To achieve the optimal synthesis method of microcapsules, the 

mass ratio of MF prepolymer solution to 500SN was systematically adjusted. As 

depicted in Fig. 2a, with the mass proportion between shell and core fixed at 4/1, only 

a small quantity of 500SN is successfully encapsulated into spherical microcapsules, 

and the majority of 500SN lubricant remains unencapsulated because of the insufficient 
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dosage of prepolymer. When the mass ratio is increased to 8/1, excess prepolymer 

causes excessive crosslinking reaction, which results in the fusion and adhesion of the 

shell of adjacent microcapsules (Fig. 2b). Under the optimal mass ratio of 6/1, the 

prepared 500SN@MF microcapsules exhibit a smooth surface and regular morphology. 

Specifically, the micrographs (Fig. 2c) reveal that these fractured microcapsules 

possess an average shell thickness of approximately 301 nm, while statistical analysis 

(Fig. S2) indicates a corresponding diameter distribution ranging from 3.66 to 31.17 

μm. 

 

Fig. 2 SEM images of 500SN@MF microcapsules with different mass ratios of MF 

prepolymer solution to 500SN: 4/1 (a), 8/1 (b), 6/1 (c). 

After determining the optimal core-to-shell ratio, large-scale preparation of 

500SN@MF microcapsules was further attempted. As shown in Fig. 3, approximately 
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4.5 L of microcapsule emulsion was obtained by increasing the ratio of reactants, 

followed by spray drying to yield 426.57 g of 500SN@MF microcapsules powder (Figs. 

3a-c). The morphology of the 500SN@MF microcapsule surfaces is shown in Fig. 3d. 

The 500SN@MF microcapsules exhibit a consistent spherical morphology, and the 

distinct core–shell structure is evident in fractured specimens with a shell thickness of 

320 nm. The statistical results indicated the microcapsule diameter under this condition 

ranged from 11.51 to 51.51 μm, with an overall slightly increased size (Fig. S3). To 

verify the functional structures, Fourier transform infrared spectroscopy evaluation was 

carried out (Fig. 3e). The MF resin spectrum displays a prominent band centered near 

3339 cm−1, reflecting the stretching vibrations of N–H and O–H groups. The signal at 

1491 cm−1 is attributed to the bending mode of the –CH₂– linkage. The bending modes 

of the triazine ring correspond to the two absorption bands at 1554 and 811 cm−1. 

Meanwhile, the distinct peak at 1007 cm−1 is assigned to overlapping C–O stretching 

vibrations[41-43]. In the case of 500SN lubricant, distinct symmetric and asymmetric 

C–H stretching vibrations appear at 2850 and 2924 cm−1. These typical absorption 

signals can be clearly observed in the FTIR spectra of 500SN@MF microcapsules, 

which strongly prove that the MF polymer shell fully covers the inner 500SN core. To 

further investigate the thermal decomposition behavior of the 500SN@MF 

microcapsules, thermogravimetric tests were performed, with the corresponding curves 

compiled in Fig. 3f. The thermal decomposition temperature of pure 500SN was 

approximately 288 °C under a nitrogen atmosphere, while that of the MF resin was 

Ju
st

 A
cc

ep
te

d



 

14 

 

around 400 °C. Notably, the heat resistance of the fabricated 500SN@MF 

microcapsules was significantly enhanced after microencapsulation, with the main 

thermal weight loss process occurring at approximately 400 °C. This result indicates 

that the encapsulation effect of the MF resin effectively improves the thermal stability 

of 500SN, enabling it to adapt to a wider temperature range in practical applications, 

especially to withstand higher service temperatures. The encapsulation efficiency of 

500SN in 500SN@MF microcapsules was measured via solvent extraction, which 

allowed quantification of the core mass percentage in the microcapsules. After the 

microcapsules were thoroughly ground, the core material was repeatedly extracted 

using n-hexane, and the remaining shell residues were washed and dried to a constant 

weight. Based on these results, the actual mass fraction of 500SN was calculated to be 

53.89%, indicating that a relatively high core loading capacity was achieved in the 

microcapsule. As shown in Fig. S4, the original microcapsules were observed to exhibit 

intact spherical morphologies, whereas the spherical structures completely disappeared 

after grinding, and no intact microcapsules were detected. These observations indicate 

that the shell structures were effectively destroyed, thereby ensuring that the 

encapsulated core material could be fully released and efficiently extracted. This result 

further confirms the validity and reliability of the determined core content. The most 

significant advantage of microcapsules is that the encapsulation transforms the liquid 

lubricant into a solid powder (Fig. 3g), which greatly avoids the leakage of liquid 
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lubricant, while improving the interfacial dispersion within the resin matrix and 

eliminating phase segregation during the curing procedure[44]. 

 

Fig. 3 Optical photograph of (a) the as-prepared 500SN@MF microcapsule emulsion; 

(b) the spray-drying process; (c) the spray-dried 500SN@MF microcapsule powder 

with large production. (d) SEM images of the large‑scale preparation of 500SN@MF 

microcapsules with the mass ratio of MF prepolymer solution to 500SN: 6/1. Fourier 

transform infrared (FTIR) spectra (e) and TGA curves (f) of MF resin, 500SN, and 

500SN@MF microcapsules. (g) Optical photographs of 500SN and 500SN@MF 

microcapsules. 

3.2 Preparation and characterization of self-lubricating coatings 
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To achieve the self-lubricating coating, the 500SN@MF microcapsules were 

doped as additives into a phenolic epoxy resin by rapid dispersion with various mass 

fractions, after which an appropriate amount of solvent as well as a curing agent were 

incorporated. Then uniform liquid film was coated on a glass substrate and thermally 

cured at room temperature (Fig. 4a). SEM was adopted to analyze the surface and cross 

-section morphological structures, as shown in Figs. 4b and S5. A smooth surface was 

observed for the pure phenolic epoxy coating (0 wt.% 500SN@MF microcapsules 

addition). And as the microcapsule content increased, intact spherical microcapsules 

were uniformly distributed inside the coating without any agglomeration, which 

illustrates a good compatibility between 500SN@MF microcapsules and the resin 

matrix. 

Mechanical characteristics are key factors that dominate the tribological behaviors 

of coatings, as these properties directly influence the bearing capacity, deformation 

coordination, and wear resistance mechanisms inherent during frictional contact. 

Therefore, the mechanical properties of coatings with different microcapsule contents 

were further systematically characterized and analyzed. The tensile strength and 

elongation at break of the neat phenolic epoxy coating were measured to be 55.3 MPa 

and 9.02%, respectively. Whereas, as the dosage of 500SN@MF microcapsules rose 

stepwise, both tensile strength and breaking elongation of the composite coatings 

declined steadily (Fig. 4c). This tendency arises mainly from the two factors. Firstly, 

500SN@MF microcapsules fail to form strong interfacial bonds with the surrounding 
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resin matrix. Although the microcapsules were well dispersed in the coating, as 

evidenced by cross-sectional electron microscopy in Fig. S5, a significant majority of 

the microcapsules delaminated from the coating matrix rather than fractured themselves. 

The weak interaction between microcapsules and resin matrix induces the generation 

and expansion of microcracks, which eventually weakens the overall load resistance of 

the coatings. Moreover, the premature initiation and rapid propagation of microcracks 

lead to earlier failure under tensile loading, thereby reducing the elongation at break 

and limiting the deformation capacity of the coatings. In addition, microcapsules, as 

dispersed phases within the matrix, disrupt the original continuous structure of the resin 

matrix. This disruption impedes uniform stress transfer under loading, thereby reducing 

the toughness of the coatings and further contributing to the decrease in the coatings’ 

breaking elongation[45-47]. 

The introduction of microcapsules has also exerted a significant influence on the 

elastic modulus and hardness of the coatings (Figs. 4d and 4e). To investigate the effect 

of microcapsule content on the mechanical properties of the coatings, nanoindentation 

tests were performed, where the hardness is expressed as nanoindentation hardness (H, 

GPa). As 500SN@MF microcapsule loading increases, both the coatings’ elastic 

modulus and hardness show a gradual decreasing trend from 7.18 to 4.82 GPa and from 

0.55 to 0.38 GPa, respectively. This result is inherently consistent with the variation 

trend of tensile strength properties, and it is speculated that the main reason lies in the 

fact that the core material of 500SN@MF microcapsules (500SN) is a liquid oily 

Ju
st

 A
cc

ep
te

d



 

18 

 

substance with inherently low hardness and elastic modulus. Meanwhile, as 

microcapsule dosage rises, the share of the low-modulus component in the coatings 

increases accordingly, further impairing the bulk mechanical properties to a greater 

extent[48, 49].  

 

Fig. 4 (a) Schematic representation of the preparation route for self-lubricating 

coatings. (b) Surface micrographs of coatings at different microcapsule loadings. 
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Stress-strain curves (c), elastic modulus (d), and hardness (e) of coatings with varied 

500SN@MF microcapsule fractions. 

3.3 Tribological Properties of Self-Lubricating Coatings 

To systematically elucidate the evolution of friction and wear characteristics 

across different 500SN@MF microcapsule loading, the reciprocating tribological 

measurements were carried out (Fig. 5a). Figs. 5b and 5c are the friction curves and 

mean friction values for composite coatings filled with varying microcapsule dosages 

during 20000 reciprocating friction cycles under a 5 N load at a frequency of 2 Hz. 

From the above results, the pure phenolic epoxy coating exhibited a high friction 

coefficient and reached ~0.78. In contrast, the friction coefficients of coatings 

incorporated with 500SN@MF microcapsules were significantly reduced, exhibiting a 

distinct content-dependent behavior. Specifically, for coatings with 10 wt.% as well as 

15 wt.% microcapsule contents, the COF initially decreased to 0.03 and 0.01, 

respectively, then gradually increased to about 0.28 and 0.23. Their mean friction 

coefficients were remained at 0.18 and 0.11. This unstable trend, with an early reduction 

and a later rebound, is primarily caused by the imbalance between lubricant supply and 

consumption. For coatings with low microcapsule contents, a small amount of 500SN 

lubricant can be released during the early stage of the sliding process, with the friction 

coefficient decreasing briefly. However, the limited core material reserve is inadequate 

to compensate for lubricant loss across the contact interface, so a stable oil film cannot 

be established. As a result, the friction coefficient subsequently rebounds. At a 
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microcapsule loading of 25 wt.%, the coating exhibited the lowest COF and remained 

relatively stable at approximately 0.038, approximately 4.87% of that measured for neat 

phenolic epoxy coating. Variations in the friction coefficient are ascribed to 

transformation of the friction state from traditional solid-solid dry friction to solid-

liquid interface lubrication because a sufficient number of microcapsules ruptured 

under frictional stress, continuously releasing 500SN lubricant to form an oil 

lubrication film (Fig. 5d). However, when the microcapsule content was further 

increased to 30 wt.%, the average friction coefficient of the coating increased to 0.084. 

This phenomenon may be mainly dictated by the deterioration of the coating’s 

mechanical performance. Specifically, a sharp decline in both hardness and elastic 

modulus occurred under excessively high microcapsule loading, which caused the 

coating to fail under contact stress during friction cycles and consequently deteriorated 

its tribological behavior. 
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Fig. 5 (a) Scheme of the friction testing machine. (b) Curves of the COF of coatings 

in 20000 cycles under a 5 N load at a frequency of 2 Hz. (c) Average COF of coatings 

in 20000 cycles under a 5 N load at a frequency of 2 Hz. (d) Schematic depiction of 

the lubricant release and friction-reduction mechanism in the self-lubricating coating. 

To explore the wear mechanism in depth, the morphologies of worn surfaces were 

analyzed using SEM images (Fig. 6). For the pure phenolic epoxy coating, the wear 

scar was wide and deep, and obvious crack propagation traces and a large number of 

agglomerated wear debris were clearly observed in the high-magnification images (Fig. 

6a), which indicated that the phenolic epoxy coating predominantly suffered from 

combined fatigue and abrasive wear. Under dry friction conditions, repeated frictional 

stress induced the generation of fatigue cracks on the coating surface. After crack 

propagation, spallation occurred, and the spalled particles acted as abrasives to 

aggravate the surface plowing damage, ultimately resulting in severe surface failure[50-

53]. In contrast, the composite coating with microcapsules suffered less severe surface 

deterioration during friction (Figs. 6b-f). Broken microcapsule shells could be observed 

in the high-magnification images (Fig. S6), which confirms that the "rupture-release-

lubrication" mechanism of microcapsules under frictional stress is effective in reducing 

wear. 
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Fig. 6 SEM images of wear scars on coatings with different 500SN@MF 

microcapsule contents after 20000 reciprocating friction cycles at 2 Hz under a 5 N 

load. 

CLSM measurements were performed to quantify the wear volumes of the 

coatings, while simultaneously revealing their microscale features and frictional 

damage states (Fig. 7). As shown in Figs. 7a-f, a clear wear mark can be observed for 

the pure phenolic epoxy coating. But for the microcapsule composite coatings, the wear 

marks became increasingly shallow with increasing microcapsule content and were 

difficult to discern on the composite coatings containing 20 wt.%, 25 wt.%, and 30 wt.% 

microcapsules. The change trend of wear mark depth and wear rate is similar (Figs. 7g 

and 7h). The wear mark depth and wear rate of pure phenolic epoxy coating reached 62 

μm and 1.23×10−4 mm³/(N·m), respectively. Raising the microcapsule fraction led to a 

progressive drop in wear depth and wear rate, with the best tribological performance 

achieved at 25 wt.% microcapsule content. The wear depth as well as wear rate was 
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only 3.4 μm and 0.077×10−6 mm3/(N·m), respectively, which demonstrated excellent 

wear resistance. Further raising the microcapsule dosage to 30 wt.% triggered a 

marginal expansion across the wear depth alongside wear rate, reaching 5.6 μm and 

1.67×10−6 mm³/(N·m), which is fully consistent with the variation trend of the friction 

coefficient. This result further confirms the synergistic regulation mechanism of 

"mechanical properties-lubricative effect"[54, 55]. The lubricative effect and 

mechanical properties synergistically result in superior wear resistance with an 

appropriate microcapsule content. Insufficient or excessive microcapsule content leads 

to deficient lubrication or poor mechanical performance issues, which reduces its wear 

resistance[54]. 
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Fig. 7 (a~f) Three-dimensional characterization of wear scar morphology on 

coatings with different 500SN@MF microcapsule contents. The wear mark depth (g) 

and wear rate (h) of coatings with different 500SN@MF microcapsule contents after 

20000 reciprocating friction cycles at 2 Hz under a 5 N load. 

Then, the tribological behaviors of the optimal constitution (25 wt.%) under 

different friction conditions were evaluated in detail. As shown in Figs. 8a and b, with 

friction frequency kept at 2 Hz, raising the normal load beginning at 2 N and reaching 

10 N induces a substantial reduction in the mean COF from an initial value of 0.06 to 

ultimately 0.015. The core reason for this phenomenon lies in the load-dependent 

lubrication release. At a low load, the frictional stress is insufficient to trigger the 

rupture of microcapsules rapidly and sufficiently, leading to a limited total amount of 

500SN lubricant released. Consequently, a continuous lubricating film can scarcely 

form across the friction interface, and local solid-solid contact still exists between the 

friction pairs, which results in high frictional resistance. In contrast, at a high load, the 

higher contact pressure enables microcapsules to be ruptured more easily, allowing 

500SN to be sufficiently released in the contact area and form an effective boundary 

lubricating layer. This layer can effectively isolate the surfaces of the tribopairs, thus 

endowing the composite with excellent friction reduction performance[56, 57]. In 

contrast, a higher applied load greatly increases the coating's volumetric loss and wear 

rate (Figs. 8c and S7). Specifically, the wear rate stands at 0.18×10-7 mm³/(N·m) at a 

low load of 2 N, whereas it rises sharply to 1.32×10−7 mm³/(N·m) at 10 N. The inverse 
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variation is attributed to the fact that the Hertzian contact stress between the friction 

pairs is significantly enhanced under high-load conditions, far exceeding the interfacial 

force observed at low loads (Table S1). Prolonged friction under high contact pressure 

easily triggers plastic deformation, microcrack initiation, as well as delamination on 

polymer-based composite coatings, which cannot counteract the friction coefficient-

reducing effect of lubricating film formation under high load conditions. After long-

term friction cycles, the damage accumulation effect on the coating surface becomes 

prominent, which in turn raises the wear rate drastically[58-60]. Subsequently, the 

frequency-related friction and wear traits of the composite coating were examined at 5 

N. As shown in Figs. 8d and 8e, the friction coefficient stands at 0.064 at a low 

frequency of 1 Hz, whereas it drops sharply to 0.008 at 5 Hz. The above trend further 

results from the more effective formation of the lubricating film. High sliding frequency 

triggers microcapsule breakdown and lubricant outflow, while boosting fluidity and 

spreadability of the lubricant at the contact interface, thereby significantly reducing the 

friction coefficient. Similarly, the coating’s wear volume and wear rate showed a 

continuous rising trend with the increase of friction frequency (Figs. 8f and S8), 

evidenced by a wear rate of 0.14×10-7 mm³/(N·m) at 1 Hz that sharply jumped to 

2.61×10−7 mm³/(N·m) when the frequency was 5 Hz, which can be attributed to the 

rapid heat accumulation under high friction frequency. The friction heat reduces the 

coating’s hardness, and the softened surface is more prone to damage under frictional 

action, thereby further raising the wear rate markedly[58, 61, 62]. 
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Fig. 8 Tribological properties of the composite coating with 25 wt.% microcapsule 

content. (a) dynamic COF curves, (b) average COF, and (c) wear rate under varying 

loads; (d~f) corresponding results under different sliding frequencies. 

4. Conclusion 

In summary, a large-scale preparation of 500SN@MF microcapsules was 

successfully achieved in this study via in-situ polymerization encapsulation with MF 

resin shells. The microencapsulation significantly enhanced the thermal stability of the 

lubricant, with the decomposition temperature increasing from 288 to 400 °C. More 

importantly, these microcapsules demonstrated excellent dispersibility within the 

phenolic epoxy resin matrix, effectively preventing oil leakage and the phase separation 

between the liquid lubricant and the polymer matrix. Tribological tests confirmed that 

the composite phenolic epoxy coatings containing 500SN@MF microcapsules were 

able to rapidly release the lubricant upon mechanical wear to form a continuous 
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lubricating film at the friction interface for anti-wear and friction-reduction. 

Specifically, with an ideal content of 25 wt.% 500SN@MF microcapsules, the coating 

demonstrated remarkable tribological properties under 5 N over 20000 cycles, 

acquiring a mean COF of 0.038 and a wear rate of 0.077×10−6 mm³/(N·m). Significantly, 

these outstanding friction and wear resistance characteristics can greatly extend the 

service life of self-lubricating materials, which presents a productive design for high-

performance materials and provides a feasible coating solution to safeguard mechanical 

components functioning under stringent lubrication conditions. 
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