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Abstract

:

This study investigated the frictional properties of HPMC under different load and concentration conditions through friction experiments and surface characterization. The study aimed to explore and reveal the influence of load and concentration on the frictional properties of HPMC, as well as its anti−wear mechanism. The results of the study indicated that under the same solution concentration, the effect of load on the friction coefficient of HPMC was not significant. Specifically, for samples with low concentration (C−0.2), the wear ratio of HPMC under a 4 N load (1.01 × 10−11 mm3·N−1·m−1) was significantly lower than the wear ratio under a 2 N load (1.71 × 10−10 mm3·N−1·m−1). The orientation−driven formation of graphite−like carbon nanosheets, initiated by the decomposition of HPMC short chains, created a tribofilm−containing organic−chain mixed nanosheet on the sliding contact surface, which prevented direct contact between the upper and lower friction pairs. This achieved the anti−wear mechanism of two−body wear (tribo−film of an mDLC−coated ball and tribo−film of a GLC−coated Si wafer), ultimately leading to a state of ultra−low wear at the interface. The excellent anti−wear performance of HPMC suggests its potential as a candidate for the next generation of environmentally friendly bio−based solid lubricants.
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1. Introduction


Friction and wear, which can cause serious damage to component surfaces, considerable energy consumption, and significant economic losses, have been regarded as the most urgent problems to be solved in modern industry. According to statistics, friction and, thus, induced wear constitute a large proportion of global energy consumption and component failures, which has become the main bottleneck restricting the reliability of current equipment and the development of a high−end manufacturing industry [1,2,3]. With the gradual improvement of environmental awareness worldwide and the continuous strengthening of government policies on environmental protection, the development of green solid lubricants has received widespread attention. Traditional lubricants contain a large number of harmful chemicals, such as lead, which can pose a significant threat to the ecological environment and human health. Green solid lubricants can replace traditional lubricants to a certain extent, reduce the use and release of toxic substances, reduce environmental pollution, and protect nature and human health. In addition, green solid lubricants can be degraded or recycled, reducing resource consumption, energy emissions, and maintenance costs. As a common raw material for the green processing industry, cellulose is a naturally renewable, biodegradable, and environmentally friendly polymer compound, as well as one of the most widely distributed and abundant polysaccharides in nature [4,5,6]. With the rapid development of green industrial technology, scholars are gradually deepening their research on cellulose processing by exploring the intrinsic properties of cellulose. At present, there is a wide range of cellulose types available, such as dietary fibers, hydroxypropyl methylcellulose (HPMC), and lignin fibers [7,8,9]. Among them, HPMC is commonly used as the raw material or filler additive and is highly susceptible to rubbing against the inner wall of the barrel, which can lead to wear and tear of the inner wall, with excellent film−forming and hydrophilic properties [9,10,11]. Accordingly, a series of preliminary explorations on the tribological properties of cellulose have been carried out by pioneer researchers to help achieve the reduction of friction and wear via surface design.



The exceptional wear resistance of HPMC, combined with its ability to maintain long−term wear stability under high loads, makes it a highly sought−after material in various industries. Its environmentally friendly solid−lubricant properties further enhance its appeal, making it a versatile option for use in different environmental conditions. With HPMC, companies can rely on a durable and efficient solution for reducing wear and extending the lifespan of their equipment, ultimately saving time and money in the long run. Its exceptional properties make it a valuable investment for any business looking to improve performance and longevity in its operations. In previous studies, HPMC [12,13] was shown to be an effective lubricant that can reduce the friction coefficient and protect the underlying material from wear through tribological experiments. Specifically, the reduction of both friction coefficients and wear rates of the silicon wafers coated with HPMC exceeded more than 50% compared with that of pure silicon wafers. This can be attributed to the fact that HPMC possesses outstanding film−forming properties and a degree of evenness, i.e., when the HPMC coating on the wafer surface undergoes abrasion, a transfer layer can be formed at the interface under the action of friction force to reduce the friction coefficient and effectively protect the silicon substrate. The above studies show that HPMC possesses remarkable friction−reducing and anti−wear capabilities and has the giant potential to become a new type of industrial lubricant material. However, up to now, the research on the influence and regulation of HPMC tribological properties is still insufficient. So far, only the thickness has been explored for its influence on the tribological properties of HPMC by Shi et al. [13]. The main factors known to affect the friction and wear of cellulose include environmental atmosphere, sliding speed, load, concentration, etc. Among them, concentration has been considered to be one of the important factors in characterizing the scale of cellulose. In addition, the wear mechanism and tribological behavior of raw materials or fillers in the extruder have also been suggested to be closely related to the external loads at which the machine operates [14,15,16]. Nevertheless, the influences of concentration and load on the lubrication performance of HPMC are rarely discussed in the previous studies, and the underlying mechanism is still unclear. So, further in−depth investigations are urgently needed for the realization and mastery of the low friction and wear of HPMC.



In this study, the friction−reducing and anti−wear performance of HPMC were explored by a ball−on−disc tribometer operating in a linear reciprocating mode under air conditions. The multilayered diamond−like carbon (mDLC, has higher hardness than standard DLC) and graphite−like carbon (GLC, has good anti−friction and −wear compared with standard DLC) films, which are both inert amorphous carbon films that can effectively isolate the direct contact between the counterparts in the friction process [17], are coated on the surfaces of the upper (steel ball) and lower (Si substrate) counterpart, respectively. The tribo−couples made up of carbon−based films have weak tribological performances (their friction coefficients are above 0.1, and wear ratios are above 10−6 mm3/(N·m) in the common conditions) in the previous research [18]. The aim of this study is to investigate how concentration and load impact the tribological properties of HPMC in carbon−based films. By understanding the wear mechanisms of HPMC, we hope to provide valuable insights for enhancing the tribological performance of this material. Ultimately, this research can offer theoretical and technical recommendations for optimizing the use of HPMC in tribology, thus expanding its potential applications in engineering.




2. Experimental Section


2.1. Materials and Methods


Graphite−like carbon (GLC) films, and multilayered diamond−like carbon (mDLC) films were prepared by ion vapor deposition, which was reported in our previous work. [19] The surface roughness of the GLC−coated steel ball and the mDLC−coated disc is 22 nm [20]. Hydroxypropyl methylcellulose (HPMC) powders with 100 mPa·s of concentration were purchased from Shanghai Aladdin Bio−Chem Technology Co., Ltd. (Shanghai, China). Isopropyl alcohol (IPA) was purchased from Shanghai Aladdin Bio−Chem Technology Co., Ltd.



For the preparation of modified GLC films, there were two steps as follows. (1) Fifty mg HPMC powders were dissolved in 250 mL IPA under ultrasound for 60 min and short−range distillation for 10 min; after still standing for 4 h in the sealed environment, the supernatant liquid was removed by pipette from the mixed solution to obtain the HPMC solution (named C−0.2, 0.2 is the weight ratio of HPMC to IPA). Meanwhile, the high ratio of the HPMC solution was named C−10, with 100 mg HPMC powders and 10 mL IPA, which was referred to in the preceding step. (2) Finally, the HPMC solution was added slowly to immerse the whole surface of the GLC films in the ambient environment. These samples were then stored at room temperature to form HPMC coatings until the solution was volatilized, leaving HPMC deposited on the surface of the GLC film. The chemical structure and microstructure of HPMC are shown in Figure 1. To ensure the uniformity and reproducibility of the HPMC coating on the surface, the following measures can be taken. (1) To ensure the uniformity of the HPMC coating, first of all, it is necessary to control the concentration of the coating solution, and secondly, to ensure that the HPMC coating can be slowly and with unchanging drops deposited on the substrate surface. (2) To ensure the reproducibility of the HPMC coating, it is necessary to ensure the ambient temperature and humidity of the preparation, that is, the same day and the same time period.




2.2. Characterizations


The tribo−tests−were carried out in air at room temperature via a ball−on−disc tribometer (Bruker UMT−3 platform) operating in a linear reciprocating mode at room temperature under an atmosphere environment (temperature of 25 ± 2 °C and relative humidity of 20−30%). The GLC film−coated silicon wafers (15 × 15 × 1 mm3 in size) were clamped upon a rotating sample platform to be tested. Simultaneously, the bare and GLC−coated bearing steel balls (diameter = 6.0 mm) were performed on as counterparts, respectively. In our experiments, the normal load was set to 2 N and 4 N at 2 Hz for reciprocating frequency, with repeating the amount experiments three times, respectively, and the stroke distance was set to 4 mm. The calculated initial maximum Hertz contact pressure of 0.71 GPa and 0.9 GPa was obtained, respectively. The computational formula of Hertz contact pressure is listed as follows:


    σ   m a x   = 0.388   P   E   2     1     R   2       3    



(1)







In the equation, σmax (GPa) represents the maximum Hertz contact pressure, P (N) represents the normal load, E (GPa) represents the elasticity modulus, and R (mm) represents the radius of the frictional ball.



For the surface morphology and structure, 3D white−light interference topography (ZYGO NewViewTM 8000, ZYGO NewView, Oklahoma City, OK, USA) and an optical microscope (Nikon optical microscopy, Nikon, Melville, NY, USA) were used for the characterization of the targeted surface morphology before and after the tribo−tests. The equation calculates the wear rates the ball scar and disc track allow:


  w e a r   r a t e =   S × L   F × C    



(2)







Here, S means the cross−section of the wear track derived from 3D white−light interference topography for a square millimeter unit; L means the stroke distance derived from the ball−on−disc tribometer for a millimeter unit; F means load set from the ball−on−disc tribometer for Newton unit; C means the whole stroke distance derived from the ball−on−disc tribometer for a meter unit. The unit of wear rate is mm3·N−1·m−1.



The structures of contact surfaces are detected via Raman spectra before and after the tribo−tests. Raman spectra were collected by a Horiba Jobin−Yvon HR800 system with an Ar+ laser of 514.5 nm wavelength. After tribo−testing, the contact centers of the ball scar and the wear track are the detection focus.



For the interfacial structure, after tribo−testing, the contact surface is cut by an electron beam to obtain laminated specimens. The focused ion beam–scanning electron microscope (SEM/FIB, FEI Quanta 3D FEG, FEI Company, Hillsboro, OR, USA) dual−beam system equipped with the function of low−kV Ga+ ion milling was conducted for preparing lamellar samples. Before FIB −milling, a protective Cr layer in the ion sputtering system was first coated on the contact surfaces, and a thick Pt supporting layer successively, which could prevent the frictional contact interface from implanting artifacts and structural damage. After tribo−testing, to accurately analyze the cross−sectional structures of the tribofilms via a high−resolution transmission electron microscope (HRTEM, JEOL−2010F, JEOL, Tokyo, Japan) operating at 200 kV, the thickness of lamellar samples was kept below 100 nm. The energy−dispersive X−ray spectra (EDS, JEOL−2010F) equipped in the HRTEM were utilized to detect elemental mappings.





3. Results and Discussion


3.1. Tribological Behaviour


The 2 N and 4 N loads, corresponding to initial maximum Hertz contact stresses of 0.71 GPa and 0.90 GPa, respectively, are shown in Figure 2a, along with the friction coefficient–−sliding cycles plot of HPMC coated on a GLC silicon surface and a DLC−coated steel ball. It can be observed that the changing trend of all curves is generally similar. That is, the friction coefficient increases rapidly to a peak in the initial sliding stages, then drops abruptly, and finally reaches a steady state after the running−in stages of 2351 (C−0.2, 2 N), 1225 (C−0.2, 4 N), 4078 (C−10, 2 N), and 4393 (C−10, 4 N) cycles. The results show that, under the same load, the friction coefficient of low concentration (i.e., C−0.2) HPMC is smaller, and the average friction coefficient of all conditions is below 0.1, reaching the range of ultra−low friction. It is worth noting that, at a load of 2 N (0.71 GPa) in a C−0.2 system, the friction coefficient of HPMC is the smallest, μ = 0.055 ± 0.005, approaching ultralow friction (μ below 0.1) or ultralow wear (wear ratio below 10−7 mm3/(N·m) [21,22,23,24]). In the uncoated tribological systems, the friction coefficients and wear ratios were all above 0.1 and 10−7 mm3/(N·m), as shown in Figure 2b. Therefore, it can be considered that the type of friction pair can also significantly affect the frictional performance of HPMC in tribological tests. In addition, under the same solution concentration, the influence of load on the friction coefficient of HPMC is not significant. Specifically, for the low−concentration samples(C−0.2), the friction coefficient of HPMC under a 2 N load (μ = 0.055 ± 0.005) is lower than the friction coefficient under a 4 N load (μ = 0.072±0.012).



In experiments involving friction, the 3D white−light scanner is utilized to analyze the micro−morphology and texture of an object’s surface. This includes assessing surface roughness, convexity, and overall surface quality. By examining and comparing topographical data from various surfaces, researchers can uncover the origins and development of friction. Furthermore, this analysis can assist in evaluating the wear resistance and condition of friction surfaces. Figure 3 illustrates the wear rate of HPMC and the 3D white−light interference morphology after wear under different loads (2 N and 4 N) in C−0.2 and C−10 systems. It can be observed that all samples achieved an ultra−low wear rate, especially for the HPMC sample in the lower friction pair, which exhibited a wear rate as low as 10−10~10−11 mm3/(N·m), indicating a nearly zero wear state [25]. From the three−dimensional white−light interference morphology in Figure 3, it is also evident that the base scratches and ball wear marks after wear are relatively small (with the maximum depth of the base scratches at the level of 0.01 um and the maximum wear radius of ball wear marks at the level of 53 um, with a wear rate range of 10−11~10−7 mm3/(N·m)). Particularly for the base, except for slight scratches on the contact surface and its vicinity (with the depth of base scratches ranging from 0.01 um to 0.001 um), the rest of the surface morphology appears smooth. It is speculated that the excellent wear resistance of HPMC can primarily be attributed to its good film−forming ability and scratch self−healing capability, where HPMC forms a transfer film at the contact interface under the action of frictional force to effectively protect the silicon substrate. This has been confirmed in previous studies [12].



Comparing the tribological results, we found that the variation of the friction coefficient with an increase in load is not significant (Figure 2a). However, the wear rate of the contact surface decreases significantly with an increase in load. For example, in C−0.2, the wear rate of the lower friction pair decreased from 1.71 × 10−10 mm3/(N·m) to 1.01 × 10−11 mm3/(N·m), almost reaching an order of magnitude; in C−10, the wear rate of the upper friction pair decreased from 3.5 × 10−7 mm3/(N·m) to 3.22 × 10−8 mm3/(N·m), also almost reaching an order of magnitude. This indicates that HPMC exhibits stronger wear resistance under high loads (0.9 GPa) and long loading cycles (>10,000 cycles). Furthermore, under the same load conditions, as the concentration of HPMC increases, the difference in wear resistance on the surface is reduced. This suggests that, when the HPMC concentration reaches a critical point, the wear resistance is maximized. This is also related to the ability of HPMC molecular chains to move when subjected to frictional forces. In previous studies2, it was found that a polymer molecular weight that is too high can lock the molecular chain movement, leading to lubrication failure and significant wear. Similarly, a high HPMC concentration can also restrict molecular chain movement, leading to microdeposit, with minimal impact on further improving the wear resistance under high loads.




3.2. Anti—Wear Morphologies


Optical microscopy and Raman spectroscopy play crucial roles in analyzing friction surfaces. Optical microscopy allows us to observe the contact between surfaces during friction, leading to a better understanding of the friction mechanism. On the other hand, Raman spectroscopy provides valuable insights into the chemical composition, physical state, and molecular structure of the friction surface. It can also detect surface contamination, oxidation state, and other key information, allowing for a comprehensive analysis of friction surfaces. By utilizing both optical microscopy and Raman spectroscopy, researchers can gain a deeper understanding of the properties and behaviors of friction surfaces. This complementary approach is essential for advancing tribology research and studying the physicochemical properties of surfaces during friction. Ultimately, the combined use of these techniques provides crucial support for studying friction surfaces and their interactions.



From Figure 4, it can be observed that the abrasion marks on the four samples’ substrates (silicon wafers coated with GLC) are smooth. However, there is evident gray–−brown transfer material on the surfaces of the steel balls coated with mDLC, indicating that the HPMC from the substrates transfers to the steel ball’s surface during sliding. When the HPMC concentration is low (i.e., C−0.2), dense transfer material is present around the abrasion marks of the upper friction pair. Moreover, there is more transfer material under a 4 N load compared to a 2 N load, as shown in Figure 4a,b. As the contact stress increases (from 0.71 to 0.9 GPa), the motion activity of the HPMC molecular chains induced by friction increases, reducing the accumulation of decomposed cellulose fragments and substrate debris on the friction track. As friction progresses, these accumulated materials transfer to the surface of the steel ball coated with mDLC as micro−protrusions, slowing down the friction−induced damage to the substrate surface. This is a typical adhesion−wear phenomenon. As the high concentration HPMC (C−10), the amount of transfer material on the surface of the upper friction pair significantly increases, as shown in Figure 4c,d. At higher HPMC concentrations, although there are more active molecular chains of HPMC during friction induction, under high contact stress (0.9 GPa), a large amount of HPMC accumulates at the contact point, intensifying the entanglement of HPMC molecular chains and causing the accumulation of cellulose fragments and substrate debris on the friction track. As friction progresses, these accumulations, acting as micro−protrusions, further damage the contact surface induced by friction, slightly reducing the anti−wear effect. This is a typical coexistence of adhesive wear and abrasive wear.



From Figure 5a, it can be observed that the HPMC signal peaks appear at 259, 1156, 1338, 1463, and 1614 cm−1, while the mDLC−coated ball and GLC−coated disc exhibit D− and G−peaks at 521 and 977 cm−1, respectively. Figure 5b shows the Raman curve of the ball spot, which is similar to the mDLC peak shape. However, in the C−0.2 sample under 4 N, the intensity of the D−peak weakens, and no characteristic peaks of HPMC can be observed. This indicates that, under this operating condition, HPMC disassembled the molecular chain to form short chains induced by friction to form a new crystalline phase structure, thereby compensating for the surface defects after the abrasion of the mDLC−coated ball and improving the wear resistance of the ball surface. Then, in the C−10 sample under 4 N, the signal peaks are similar to the test results under the low concentration condition (C−0.2 under 4 N). Figure 5c shows the Raman curve of the wear track, which is similar to the GLC peak shape, indicating that HPMC is disassembled from the molecular chain induced by friction, as evidenced by the presence of D− and G−peaks near 1344 and 1545 cm cm−1.




3.3. Anti—Wear Mechanism


Because the elements in HPMC are composed of C, H, and O, these elements overlap with the elements on the contact surface (C and H) and the elements in the air (O, C, H, etc.). Therefore, it is difficult to distinguish the element composition of the interface structure by X−ray energy spectrum. Therefore, the interfacial structure is the representational emphasis. Figure 6 displays the nanostructures of the as−formed nanostructured tribofilm of the tribo−couples coated by C−0.2 HPMC and tested under 4 N. The HRTEM images show the clear interfacial nanostructures of the wear scar and the transferred substance. As shown in Figure 6a, we can divide the large film applied on the ball mark into three representative parts, including the topmost transferred substance, middle sublayer (mDLC), and underlying interlayer (Fe layer). On the contact surface of the ball, the tribofilm shows a defined amorphous phase (Figure 6b). Interestingly, on another counterbody (Figure 6c), we observe that a unique phenomenon appeared in the enlarged image of the top area. As shown in Figure 6d, under the protective Cr layer, the thin transferred substance contains a likely crystalline structure along the contact surface. When interacting with graphite−like carbon, a new structure may be formed with the participation of disassembled HPMC molecular chains induced by friction force. This is the tribofilm we mentioned, which consists of organic−chain mixed nanosheets originating from the disassembled HPMC coating and has a thickness of 3.5 nm. Notably, cellulose materials undergo a structural transform to form hydrocarbons and coke under high−temperature (below 350 °C) and high−pressure (atmospheric pressure) conditions [26]. During the sliding process, the frictional instantaneous temperature will rise to 300 °C [27,28]. It is reasonable to infer that these organic−chain mixed nanosheets are favorable for achieving an ultralow wear state.



Figure 7 shows the wear−mechanism diagram of the HPMC coating under different loads. In the unloaded state, HPMC is distributed on the surface of the silicon wafer coated with GLC, as shown in Figure 7a. With the application of normal load, HPMC is damaged by the action of frictional force, and these damaged HPMCs can act as micro−protrusions, promoting the formation of a quasi−crystalline structure of nano−thin films with an ordered arrangement of the amorphous carbon phase. At the same time, some broken HPMC is transferred to the surface of the steel ball coated with mDLC, which helps to slow down or even repair the substrate surface damage induced by friction, as shown in Figure 7b. As the sliding continues, the orientation of graphite−like carbon induced by the decomposition of short chains of HPMC drives the formation of a transfer film containing organic−chain mixed nanosheets on the surfaces of both the upper and lower friction pairs, preventing direct contact between them. This achieves a transition from three−body wear (mDLC−coated ball, HPMC, and GLC−coated Si wafer) to two−body wear (tribo−film of mDLC−coated ball and tribo−film of GLC−coated Si wafer), resulting in ultra−low wear at the interface, as shown in Figure 7c.





4. Conclusions


This study investigated the frictional behavior of HPMC under different load and concentration conditions through friction experiments, revealing the wear−resistance mechanism of HPMC. Therefore, it can be concluded that the type of friction pair significantly affects the frictional performance of HPMC in tribological tests. Moreover, the influence of load on the friction coefficient of HPMC is insignificant under the same solution concentration. Specifically, for the low−concentration samples (C−0.2), the wear ratio of HPMC under a 4 N load (1.01 × 10−11 mm3·N−1·m−1) is noticeably lower than the wear ratio under a 2 N load (1.71 × 10−10 mm3·N−1·m−1). This suggests that the excellent wear resistance of HPMC can be primarily attributed to its film−forming ability and scratch self−healing capability. When subjected to frictional force, HPMC forms a transfer film at the contact interface, effectively protecting the silicon substrate. As the sliding continues, the orientation of the graphite−like carbon nanoflakes, formed by disassembled HPMC chains, drives the formation of a crystal−like nanostructure. The HPMC on the upper and lower friction surfaces forms a transfer film containing organic−chain mixed nanosheets, preventing direct contact between the friction surfaces and achieving two−body wear (mDLC−coated steel ball and GLC−coated Si wafer). HPMC boasts exceptional wear resistance and can uphold long−term wear stability even under high loads. Additionally, HPMC possesses environmentally friendly solid−lubricant properties, making it suitable for various environmental conditions.
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Figure 1. (a) Chemical structure and (b,c) microstructure of HPMC. 
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Figure 2. Friction testing data of (a) coated and (b) uncoated friction pairs. (a) Friction curves of HPMC with different concentrations (C−0.2 and C−10) tested under different 2 N and 4 N normal loads. (b) Friction coefficient and wear ratio of uncoated friction pairs. 
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Figure 3. The wear ratios of friction pairs coated with different concentrations of HPMC (C−0.2 and C−10) tested under different normal loads (2 N and 4 N). (a) C−0.2 tested under 2 N, (b) C−0.2 tested under 4 N, (c) C−10 tested under 2 N, and (d) C−10 tested under 4 N. 
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Figure 4. Surface morphologies of ball scars and the wear tracks tested under different normal loads. (a) C−0.2 tested under 2 N, (b) C−0.2 tested under 4 N, (c) C−10 tested under 2 N, and (d) C−10 tested under 4 N. 
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Figure 5. Raman spectra of ball scars and the wear tracks were tested under different normal loads. (a) HPMC coating and tribo−couples (mDLC−coated steel ball against GLC−coated Si disc). (b) Ball scar. (c) Wear track. 
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Figure 6. As−formed nanostructured tribofilm of the tribo−couples coated by C−0.2 HPMC tested under 4 N. (a,b) Ball scar. (c,d) Wear track. (a) HRTEM images show the whole cross−sectional morphology of the tribofilm. One representative of the nub is marked as a color area. (b) HRTEM images show the nanostructure of the mDLC film from (a). (c) HRTEM images show the whole cross−sectional morphology of the tribofilm. One representative of the nub is marked as a color area. (d) HRTEM images show the nanostructure of the PLC film from one representative region in (c). 
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Figure 7. Wear mechanism diagram of HPMC coating under different loads. (a) Pre−loading process, (b) loading process, and (c) structure of tribofilm. 
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