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This paper reports the thermally activated ultralow friction of 100% cellulose nanofiber (CNF) molding. The mechanism of friction reduction was investigated using a laboratory-built in-situ Raman tribometer. Our experimental results showed that a CNF molding exhibited an ultralow friction coefficient of below 0.04 in a CNF ring and steel disk tribopair under high-temperature conditions (T > 100°C). The results of the temperature-rise friction test showed that the friction coefficient of the CNF molding strongly depended on the temperature and decreased linearly with increasing temperature. The in situ tribo-Raman monitoring results, during friction, indicated a change in the structure of the CNF molding. Therefore, the crystallinity indices and lengths of the CNF fibers gradually changed as the temperature increased. Moreover, transfer tribofilms were observed on the counter-steel surface against the CNF rings. When the CNF molding exhibited thermally activated ultralow friction, the tribofilm was mainly composed of cellulose and graphitic carbon. Our results suggest that the thermal and friction-activated structural transformations of CNF molding and CNF-derived transfer film formation are pivotal factors contributing to the ultralow friction phenomenon observed in CNF molding at high temperatures.
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1 INTRODUCTION
Cellulose nanofibers (CNFs) have recently been studied and developed as next-generation industrial biomass material (Posada et al., 2020). CNF is a biomass material with a fiber-like structure composed of cellulose microfibrils, which are aggregates of cellulose molecules. These molecules are five times stronger than steel and has a low specific density of 1/5. Owing to these excellent properties, CNFs are increasingly used as substitutes for petroleum-derived materials in industries. Especially, CNF offers a wide range of applications in many fields, including sensor technology, cosmetics, catalysis, energy production, water remediation, near-paper industry, petroleum industry and applications, and medicine (Zhang et al., 2019; Sanad et al., 2023) A novel use of CNF is a “100% CNF molding” (hereafter referred to as “CNF molding”), which is composed entirely of CNF. CNF molding is a biomass molding material characterized by high strength, light weight, high thermal conductivity, and high processability. It is fabricated by pressurizing and dehydrating CNF dispersion liquids (Chuetsu Pulp and Paper Co, 2021). Although CNF moldings have strengths comparable to those of typical mechanical materials, such as steel and plastics, few studies have been conducted on the application of a CNF molding to fabricate mechanical elements, especially sliding mechanical elements that are expected to be used under severe operating conditions. However, the green transformation of sliding mechanical elements can be accelerated if CNF moldings are used to fabricate them.
A previous study reported the tribological properties of a CNF molding under various sliding conditions (Okubo et al., 2023a; Okubo et al., 2023b). In particular, the authors showed that a CNF molding exhibited a superlow friction coefficient of less than 0.01 when lubricated with a fatty-acid-containing oil, owing to the formation of a specific CNF swollen layer (Okubo et al., 2023b). Hence, controlling the structural transformation of a CNF molding at the frictional interface plays an important role in achieving ultralow friction in the molding. CNF moldings exhibit considerable potential as a ultralow-friction biomass material for various industrial applications. Numerous studies regarding low-friction materials, such as diamond-like carbon (DLC) and other carbon-related materials, have shown that conventional low-friction phenomena are often triggered by “thermal factors” (Enke, 1981; Zeng et al., 2015; Okubo et al., 2017; Zhu et al., 2021). In DLCs, sp3 bonds transition to the more energetically stable sp2 bonds with increasing thermal energy (Enke, 1981). In particular, under high-temperature conditions, DLC films at frictional interfaces undergo rapid structural evolutions owing to the complex interaction of the thermal, mechanical, and chemical effects due to friction. This results in ultralow friction owing to the formation of sp2-rich tribofilms (Enke, 1981; Zeng et al., 2015; Agustin,et al., 2016; Okubo et al., 2017; Zhu et al., 2021). Several researchers have reported the thermal responses of CNFs under static conditions (non-friction) (Rubentheren et al., 2016; Okubo et al., 2019; Yang et al., 2019; Gan et al., 2020; Niskanen et al., 2022), and it is well known that high-temperature conditions cause changes in the crystalline structure of cellulose and in the breakdown of its networked structure. In our previous study, we confirmed that the amortization of a CNF molding was accelerated at tribological contacts under high-temperature conditions (Okubo et al., 2023a). However, the effects of temperature on the tribological properties of CNF molds are unclear.
The time-resolved observation of frictional surfaces is a promising method for understanding the lubrication mechanisms of tribological materials (Okubo and Sasaki, 2017; Okubo et al., 2020a; Okubo et al., 2020b). In our previous studies, we conducted “in-situ tribo-Raman spectroscopic measurements,” which can be used to monitor the tribochemical reactions at the frictional interfaces during friction processes, to reveal the lubrication mechanisms of tribological materials (Okubo and Sasaki, 2017; Okubo et al., 2020a; Okubo et al., 2020b). The in situ tribo-Raman method can be used to effectively reveal the lubrication mechanisms of a material because the time-resolved Raman signals derived from the frictional interface can provide the degree of structural and compositional changes in materials during operation. Therefore, the operando tribo-Raman method has the potential to reveal the lubrication mechanism of CNF moldings.
In this study, the effect of test temperature on the tribological properties of a CNF molding was investigated. Tribological tests were performed using a ring-on-disk tribometer for a CNF ring and steel disk tribo-pairs under dry sliding conditions. To elucidate the effect of temperature on the tribological properties of the CNF molding, temperature rise and fall tests were conducted using a lab-built in-situ Raman tribometer (Okubo and Sasaki, 2017; Okubo et al., 2020a; Okubo et al., 2020b) that monitors frictional behavior. Additionally, time-resolved Raman spectra were obtained from the CNF ring under friction. Our results suggest that the thermal and friction-activated structural transformations of CNF molding and CNF-derived transfer film formation are pivotal factors contributing to the ultralow friction phenomenon. Moreover, our results accelerate the social implementation of the CNF molding as 100% biomass tribological materials for the sliding components.
2 MATERIALS AND METHODS
2.1 Materials
AISI52100 bearing steel (HV750, Sa:0.05 µm) was used for the steel disk (20 mm square) specimen. A CNF molding (nanoforest-CMB, JP, density = 1.41 g/cm3, Sa = 0.05–0.1 µm, nanoindentation hardness = 0.37 GPa, XRD crystallinity = 80%, molecular weight Mw = 133,000) was made from CNF water dispersions, which were prepared via the aqueous counter collision method (nanoforest, Chuetsu Pulp and Paper Co, 2021). The molding was used as a ring specimen (φ 20 mm × t 5 mm). The procedure for preparing the CNF molding has been described in previous studies (Okubo et al., 2023a; Okubo et al., 2023b).
2.2 Test apparatus and test procedures
A ring-on-disk friction tester equipped with a Raman spectroscope (Raman Touch YNU, Nanophoton Co., JP) was used for the friction tests, as shown in Figure 1A. To investigate the effects of the test temperature on the frictional properties and structure of the CNF molding, two friction tests were conducted: a constant-temperature friction test and a temperature-rise in-situ Raman friction test. The constant-temperature friction test was conducted under the following experimental conditions: load = 10 N, temperature: 30°C and 100°C, Hertz maximum contact pressure ≈0.15 GPa, relative humidity = 50–70%, sliding speed = 10 mm/s, and sliding time = 30 min. For the temperature-rise friction test, the friction test and Raman imaging analysis were performed alternately and intermittently at each of the following temperatures: 30, 50, 60, 70, 80, 90, 100, 110, and 120°C, as shown in Figure 1B. The friction test conditions (S1–S9 in Figure 1B) were as follows: load = 10 N, Hertz maximum contact pressure ≈0.15 GPa, relative humidity = 50–70%, sliding speed = 10 mm/s, and sliding time = 60 s at each temperature. Raman imaging (R0–R9 in Figure 1B) was performed on the CNF ring using a laser line scanning system (wavenumber: 532 nm, glid: 600 g/mm, exposure time: 1.0 s, and accumulated time: 1). Each image of the Raman spectrum consists of 5,000–6,000 pixels, with the pixel dimensions of height × width = 1.9 µm × 1.6 µm, as shown in Figure 1C. Atomic force microscopy (AFM) measurements (MultiMode8, Bruker Co., United States) were conducted on the worn steel surfaces to characterize the tribofilm using a pyramidal cantilever (PPP-NCHR AFM Probe, Nanosensor Co., CHE).
[image: Figure 1]FIGURE 1 | (A) Schematic of the developed apparatus for in situ Raman spectroscopy for observing frictional processes, (B) procedure of the temperature-rise friction test, and (C) a representative Raman-imaging result.
In this study, all friction tests and surface analyses were conducted more than three times to confirm the repeatability.
3 RESULTS
3.1 Constant temperature friction test
Figure 2 shows the friction and wear properties of the CNF ring and steel disk tribopair at the temperatures of 30°C and 100°C. As shown in Figures 2A, B, the frictional properties of the CNF molding considerably differ between the temperatures of 30°C and 100°C. At 30°C, the friction coefficient exhibits an almost stable value of 0.095 during the tests. The friction coefficient is also stable at 100°C but has a value of 0.035 during the test, which is in the ultralow friction regime (below 0.04).
[image: Figure 2]FIGURE 2 | (A) Frictional behavior of the CNF/steel tribopair at test temperatures of 30°C and 100°C, (B) the average friction coefficient over 600 s calculated for each type of frictional behavior shown in Figure 1A, (C) the wear width of the CNF molding and steel surface.
Figure 2C shows the wear widths of the CNF ring and steel disk under each condition. No significant difference is observed between the wear properties of each specimen (CNF ring and steel disk) at the temperatures of 30°C and 100°C, although the frictional performance strongly depended on the temperatures, as mentioned above. In the subsequent sections, we focus only on the friction properties of CNF molding because the wear performance is independent of the test temperature.
3.2 Temperature-rise friction test
Figures 3A, B show the frictional behavior and average friction coefficient of the CNF ring and steel disk tribopair, respectively, at each temperature in the temperature-rise friction test (the procedure is shown in Figure 1B). As shown in Figures 3A, B, the friction coefficient of the CNF ring and steel disk tribopair strongly depends on the test temperature, decreasing gradually from 0.09 to 0.025 as the temperature increases from 30°C to 120°C. The results of the temperature-rise friction test show that the frictional performance of CNF molding strongly depends on the test temperature, and thermal effects play a crucial role in achieving ultralow-friction performance of CNF molding.
[image: Figure 3]FIGURE 3 | (A) Frictional behavior of the CNF/steel tribopair at test temperatures of 25°C and 100°C, (B) average friction coefficient over 600 s calculated for each type of frictional behavior shown in Figures 1A, C the wear width of the CNF molding and steel surface.
3.3 In situ Raman monitoring
Figure 4 shows the representative in situ Raman spectra of the as-molded and worn surfaces of the CNF molding at each temperature. As shown in Figure 4A, the shifts in the Raman spectrum from 200 to 1,200 cm–1 indicate the presence of CNF-derived peaks. The peaks observed at 380, 430–450, 510, 891, 990, 1,057, and 1,090 cm–1 are assigned to CCC, CCO, and CO ring deformations, CCC and CCO ring deformations, COC glycosidic link deformation, vibration of the cellulose lateral unit at the crystal regions, CH2 deformation, CO2 alcohol stretching, and COC glycosidic link deformation, respectively (Li and Renneckar, 2011). Moreover, as shown in Figure 4B, the peaks observed at 2,890 and 3,200 cm−1 are assigned to the CH and CH2 stretching vibrations and the OH stretching vibrations of water and cellulose, respectively (Li and Renneckar, 2011; Rossetti et al., 2023). Cellulose is a crystalline polymer, and its higher-order structure consists of a crystalline component with a regular arrangement and an amorphous component with a disordered structure. Raman analysis can be used to evaluate the factors related to the crystalline regions of cellulose using several methods (Agarwal et al., 2010). Following previous studies, the Raman-peak-height intensity ratios I370/I1057 and I3200/I2892 were used as indices of the crystallinity of the CNF-molded surfaces. Moreover, the peak intensities at 510 cm−1 and 890 cm−1 correspond to the lengths of the COC glycosidic chains (Li and Renneckar, 2011). Hence, the Raman-peak-height intensity ratios I510/I1057 and I891/I1057 were used as indices for the length of the COC glycosidic chains on the CNF molding surfaces.
[image: Figure 4]FIGURE 4 | (A) In situ Raman spectra from 200 to 1,200 cm−1 for each temperature in the temperature-rise friction test, and (B) in situ Raman spectra from 2,800 to 3,400 cm−1 for each temperature in the temperature-rise friction test.
Figure 5 shows the optical images and Raman imaging results of all indices obtained from the worn surface of the CNF molding for each temperature in the temperature-rise friction test. Figure 6 shows the temperature-dependent behavior of the average value of all indices obtained from the intensity ratio of the Raman spectrum for each pixel in the Raman images. As shown in Figure 5, the higher the intensity ratio in the images, the higher the crystallinity or the longer the COC glycosidic chain length in the CNF molding, and vice versa. As shown in Figure 5, the values of all the indices in the image uniformly and gradually decrease with increasing test temperature, indicating that the crystallinity and COC glycosidic chain length in the CNF molding gradually decrease with increasing test temperature. Hence, thermally activated structural changes in CNF molding occur at frictional interfaces, and these changes occur easily at relatively high temperatures.
[image: Figure 5]FIGURE 5 | (A) Optical images of the as-molded and worn surfaces of the CNF molding, and in situ Raman-imaging results of (B) I380/I1095, (C) I510/I1095, (D) I890/I1095, and (E) I3200/I1095 for each temperature in the temperature-rise friction test.
[image: Figure 6]FIGURE 6 | Temperature-dependent behavior of the averaged value of all indexes: (A) I380/I1095, (B) I510/I1095, (C) I890/I1095, and (D) I3200/I1095 (the blue plot is the value for the as-molded surface) in the temperature-rise friction test.
Figure 7 shows the optical images of the worn surfaces of the steel disk after the temperature-rise friction test and the Raman spectrum of the transfer region. As shown in Figure 7A, a transfer film is formed on the steel surface. Figure 7B shows the CNF-derived Raman peaks observed at 1,057 (similarly to the Raman spectra in Figure 4) and 1,430 cm−1. These peaks are related to the CH deformation of the CNF (Li and Renneckar, 2011) and indicate that the tribofilm is a transfer film derived from the CNF molding. Two specific peaks, a D peak induced by disorder sp2 carbon and a first-order graphite-induced G peak at 1,352 and 1,580 cm−1, respectively, which are assigned to carbon crystals (Zeng et al., 2015; Okubo et al., 2017), are observed, although these peaks were not observed for the CNF molding surfaces. Details of the composition of the transfer film are discussed later.
[image: Figure 7]FIGURE 7 | (A) Optical images of the worn surfaces of the steel disk after the temperature-rise friction test, and (B) the Raman spectrum of the transfer region.
3.4 AFM measurement
In the previous sections, the transfer film formation was observed on the steel surface. Therefore, AFM measurements were performed on the CNF-derived transfer films to evaluate their characteristics. Figure 8 shows the AFM topographical images and distance curves of the out-of-the-transfer and transfer-film regions. As shown in Figures 8A, B, the transfer film has a thickness of approximately 300 nm. Moreover, as shown in Figures 8C, D, the AFM force-distance curve derived from the transfer film region indicates that the approach and retraction curves are separated because of the positive and negative squeeze forces. However, such behavior is not observed outside the tribofilm region. Miklozic and Spikes also observed this phenomenon in tribofilms derived from zinc dialkyl dithiophosphate on steel surfaces. Additionally, from the squeeze behavior in the force-distance curve (Miklozic and Spikes, 2005), the tribofilms on the outermost layer were inferred to exist as a viscous film. According to a previous report, a CNF-derived transfer film exists as a viscous film on a frictional surface.
[image: Figure 8]FIGURE 8 | AFM topographical images of (A) the transfer film region and (B) the out-of-the-transfer film region, and AFM force-distance curves of the (C) transfer film region and (D) out-of-the-transfer film region.
4 DISCUSSION
In this study, the thermally activated ultralow friction phenomena of CNF molding were observed, as shown in Figures 2, 3. The thermally activated structural changes in the CNF molding and transfer-film formation were observed using the in situ Raman monitoring method, as shown in Figures 5–7. In this section, the mechanisms of thermally activated ultralow friction in CNF molding are discussed.
As shown in Figures 5, 6, the Raman peak height intensity ratios I370/I1057, I510/I1057, I890/I1057, and I3200/I2892 gradually decrease with increasing test temperature, indicating the occurrence of amorphization and a decrease in the length of the COC glycosidic chains of the CNF molding at the frictional interface. These changes proceeded easily at higher temperatures. It is well known that the amortization of CNF, that is, their defibration, is caused by mechanical (Iwamoto et al., 2008; Liu et al., 2020), chemical (Azizi Samir et al., 2005; Bondeson et al., 2006), and thermal processes (Niskanen et al., 2022). Hence, the synergistic mechanical and thermal effects accelerated the amorphization of CNF molding at the frictional interfaces.
By contrast, a thick and viscous CNF-derived transfer film was observed on the steel surface, as shown in Figures 7, 8. For various tribological materials, transfer film formation is a key factor in reducing friction under dry sliding conditions because the transfer film acts as a sacrificial layer to disperse frictional energy at the frictional interface. The friction-reduction mechanisms of DLC coatings under dry sliding conditions have often been explained by the formation of a graphitization transfer layer on the counterface material against the DLC coating (Enke, 1981; Memming et al., 1986; Zeng et al., 2015; Okubo et al., 2017; Zhu et al., 2021). Memming et al. (1986) confirmed the formation of a carbon transfer film on the steel side when low friction was observed in the DLC/steel tribo-pair. This low friction was maintained by shifting from sliding between DLC and steel to sliding between DLC and the carbon transfer film. Erdemir et al. confirmed that such a carbon transfer layer was graphitized in the friction state and concluded that the continuous formation of the graphitization-transfer layer resulted in the low-friction behavior of the DLC coating (Erdemir et al., 1995). As shown in Figures 7B, D and G peaks are observed in the Raman spectra derived from the CNF-derived transfer layer, indicating that the CNF-derived transfer layer is also graphitized during the friction states in a manner similar to that of the DLC coatings (Zeng et al., 2015; Okubo et al., 2017). Figure 9 shows the Raman imaging of the I1352/I1057 and I1580/I1057 ratios of the relatively low frictional transfer film (µ < 0.03) and high frictional transfer film (µ > 0.08), which are defined by the amount of the sp2 carbon in the CNF-derived transfer film. The low and high frictional transfer films were obtained after the friction test at a test temperature of 120°C and 30°C, respectively. As shown in Figures 9A, B, the two transfer films exhibit different values for both the ratios, although the formation of the transfer film is observed in both the low- and high-friction cases. Both ratios of the low-friction transfer film are higher in a large part of the film than those of the high-friction transfer film, indicating that the low-friction CNF-derived transfer film contains a larger amount of sp2 carbon than the high-friction film.
[image: Figure 9]FIGURE 9 | Raman images of (A) I1352/I1057 and (B) I1580/I1057 for the low friction (120°C) and high friction (30°C) transfer film on the steel surface.
Many researchers have reported that the graphitization of cellulose is induced by its thermal activation energy (Erdemir et al., 1995; Chen et al., 2018; Morosawa et al., 2021; Romero Millán et al., 2023). Morosawa et al. reported that strong thermal and optical effects occurred during the graphitization of CNF films when they were irradiated with femtosecond laser pulses (Rubentheren et al., 2016). Romero Millán et al. (2023) also reported that an iron-catalysis assistance and high-thermal energy (test temperature of 1,000°C–2000°C) promoted the graphitization of cellulose materials (Snad et al., 2023). Chen also reported that high-pressure (test pressure: 20 MPa) conditions and metal catalysis accelerated the graphitization of cellulose materials (Chen et al., 2018). Previous studies have suggested that cellulose materials can easily transform into graphitic carbon under high-temperature and high-pressure conditions. Furthermore, this transformation is accelerated in the presence of a metal catalyst. In this study, the maximum contact Hertzian pressure was approximately 50 MPa, which is much higher than the applied pressure considered in most previous studies. The counter-faced material of the CNF molding, that is, the steel surface, might act as a catalyst. Moreover, the flash temperature, which is a friction-induced temperature increase, should be considered when discussing the thermal effects during friction. This is calculated using the following equation (Rabinowicz, 1965):
[image: image]
where ΔT is the change in the friction-induced temperature, µ is the friction coefficient, W is the applied load, V is the sliding speed, J is the heat equivalent, a is the contact radius, and k1,2 is the thermal conductivity of each sliding material. At the asperity contacts of the CNF/steel tribo-pair surfaces, the above equation can be rewritten as follows.
[image: image]
where ΔTCNF/steel is the change in the friction-induced temperature of the CNF/steel tribopair, µCNF/steel is the friction coefficient of the CNF/steel tribopair, areal is the real contact radius estimated from the AFM topographical image (Figure 8) and equals 10 nm, kCNF is the thermal conductivity of the CNF molding and equals 2.0 W/(m/K), and ksteel is the thermal conductivity of the bearing steel [80 W/(m/K)]. According to rough parameter estimations, ΔTCNF/steel was approximately 300°C–900°C, depending on the friction coefficient and asperity size. Therefore, the thermal energy input into the sliding surface is sufficient to graphitize the CNF molding surface.
Based on the above results and estimations, Figure 10 shows a schematic of the mechanisms by which the thermally activated ultralow friction was generated in the CNF/steel tribopair. Frictional shear or thermal energy breaks the hydrogen and glycosidic bonds in cellulose molecular chains, resulting in the formation of glucose monomers or oligomers (Wang et al., 2021). This tendency is illustrated in Figures 5, 6. The formed glucose is then aromatized, and C=O groups are formed by the dehydration of the hydroxyl groups in the monomer (Wang et al., 2021). C=C bonds are formed via keto–enol tautomerism or intramolecular dehydration, whereas aromatic molecules are formed via intramolecular condensation or aldol reactions (Wang et al., 2021). Finally, microcrystalline graphite and aromatic clusters are formed at the frictional interfaces. Based on the above pathway, the graphitization of CNF molding proceeds at the frictional interface, and a low-frictional transfer film forms on the counter-face steel surface, resulting in ultralow friction of the CNF/steel tribopair at relatively high temperatures.
[image: Figure 10]FIGURE 10 | Schematic of the formation of ultralow frictional graphitized CNF-transfer film.
Generally, many researchers have reported that the graphitization of cellulose requires large amounts of thermal activation energy (Chen et al., 2018; Morosawa et al., 2021; Romero Millán et al., 2023). On the other hand, in this study, the test temperature that the graphitization of cellulose is observed is just 120°C although the set temperature to cause the graphitization of cellulose is above 1,000°C in the previous study. This indicates that the friction-assisted graphitization method proposed in this study, which is efficient and requires low energy, has the potential to be a novel method for efficiently producing graphitic carbon from biomass.
5 CONCLUSION
In this study, the effect of the test temperature on the tribological properties of CNF molding was investigated using in situ Raman monitoring for friction-induced CNF structural changes. In particular, the mechanisms of thermally activated ultralow friction in CNF molding were examined. The conclusions are as follows.
1. A CNF molding exhibits an ultralow friction coefficient below 0.04 at temperatures exceeding 100°C.
2. The crystallinity and the length of the COC glycosidic chain of a CNF molding gradually decreases at the frictional interfaces as the test temperature increases.
3. The formation of a graphitized CNF transfer film plays an important role in achieving ultralow friction in a CNF molding at high temperatures.
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