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Introduction

Polyamide 66 (PA66) is a well-known engineering plastic with interesting properties including heat resistance, high strength, good toughness, and high wear resistance [START_REF] Lee | Effect of carbon-nanotube length on friction and wear of polyamide 6,6 nanocomposites[END_REF][START_REF] Lates | Temperature, pressure, and velocity influence on the tribological properties of PA66 and PA46 Polyamides[END_REF][START_REF] Gebretsadik | Friction and wear characteristics of PA 66 polymer composite/316L stainless steel tribopair in aqueous solution with different salt levels[END_REF][START_REF] Chen | The effect of double grafted interface layer on the properties of carbon fiber reinforced polyamide 66 composites[END_REF]. PA66 is often employed in sliding parts, including various types of gears [START_REF] Sarita | Effects of lubricant on the surface durability of an injection molded polyamide 66 spur gear paired with a steel gear[END_REF][START_REF] Senthilvelan | Fiber reinforcement in injection molded nylon 6/6 spur gears[END_REF][START_REF] Tavčar | Accelerated lifetime testing of reinforced polymer gears[END_REF][START_REF] Zhang | A physical investigation of wear and thermal characteristics of 3D printed nylon spur gears[END_REF], bearing retainers [START_REF] Oh | Failure mechanisms of ball bearings under lightly loaded, non-accelerated usage conditions[END_REF][START_REF] Kohout | Strength changes of moulded polyamide composite caused by thermal oxidation[END_REF], and rollers [START_REF] Harrass | Tribological behavior of selected engineering polymers under rolling contact[END_REF] for automobiles or industrial machines. In particular, plastic worm gears are used as worm reducers in automobile electric power steering systems under grease lubrication to reduce friction and heat generation during sliding [START_REF] Kunishima | Clarification of tribological behavior on tooth surface of resin worm gear for electric power steering[END_REF][START_REF] Kim | Durability characteristics analysis of plastic worm wheel with glass fiber reinforced polyamide[END_REF][START_REF] Bormuth | Lubrication of plastic worm gears[END_REF].

Downsizing or decreasing the weight of these plastic automotive components would allow improved fuel efficiency, and the ability to use plastic sliding parts under more severe conditions could widen their applications. Therefore, improvements in the mechanical properties of these plastic materials are required. To improve the mechanical properties and wear resistance of PA66, reinforcement fibers, such as glass fibers (GFs) or carbon fibers (CFs) are generally added [START_REF] Chen | The effect of different metallic counterface materials and different surface treatments on the wear and friction of polyamide 66 and its composite in rolling-sliding contact[END_REF][START_REF] Kim | Tribological properties of short glass fiber reinforced polyamide 12 sliding on medium carbon steel[END_REF][START_REF] Kukureka | Effect of fibre reinforcement on the friction and wear of polyamide 66 under dry rolling-sliding contact[END_REF][START_REF] Kim | Friction and wear of monolithic and glass-fiber reinforced PA66 in humid conditions[END_REF]. In practical applications, both the wear and creep resistance of a composite part and the wear resistance of its steel counterpart must be considered, as wear or creep of either material can lead to severe part deformation, insufficient part durability, and increased friction between the parts.

In the case of worm gears, the machining and heat treatments (quenching and tempering) applied to the teeth of the steel worm shafts can affect the product performance and manufacturing costs. For example, heat treatment of a steel worm shaft before forming the teeth makes tooth formation much more difficult. However, heat treatment after tooth formation reduces the dimensional accuracy of the shaft due to the distortion caused by the treatment, reduces the meshing accuracy of the gears, and has an undesirable effect on product performance [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF].

In a previous study, we investigated the tribological properties of a GF-reinforced PA66 composite in contact with carbon steel under high-contact-pressure, grease-lubricated sliding conditions. Sliding induces characteristic damage to the surface of the composite (peeling of the fibers and scratching of the PA66) and degradation of its mechanical properties, which in turn leads to an increase in the friction and creep of the composite. In addition, the GFs have an aggressive effect on the steel counterpart via a two-body abrasive wear mode. Furthermore, the effects of the hardness of the steel counterpart on the tribological properties of the system were investigated, and the use of a relatively harder steel counterpart was found to decrease the wear of the steel, but increase the wear and creep of the composite. These results indicated that the properties of the steel counterpart affect the wear resistance of both the composite and the steel counterpart itself [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF]. In another paper from the same authors [START_REF] Kunishima | Effects of temperature and addition of zinc carboxylate to grease on the tribological properties of PA66 in contact with carbon steel[END_REF], the temperature dependence of the tribological properties of the GF-reinforced PA66 in contact with carbon steel was studied. The mechanical properties of the PA66 composite surface and the tribofilm formation related to the additives of grease at different temperatures well explained the temperature dependence of the tribological properties. However, the previous studies were conducted using a single type of GF-reinforced PA66 composite, and the effects of the composition of the composite were not investigated.

Therefore, the development of guidelines for the formulation of GF-reinforced PA66 composites with good wear and creep resistance and low aggressive effects on their steel counterpart is necessary.

The interfacial shear strength between the PA66 and the GFs, the diameter of the GFs, and the molecular mass of the PA66 are the most important parameters in terms of the properties of the GF-reinforced PA66 composite, as these parameters directly influence its mechanical properties. The surface of the fibers is often treated with a coupling agent or compatibilizer to increase the interfacial shear strength between the matrix resin and the fibers [START_REF] Yu | The effect of amino-silane coupling agents having different molecular structures on the mechanical properties of basalt fiber-reinforced polyamide 6,6 composites[END_REF]. The reaction between the reactive functional groups on the surface agent and the polymer ensures good adhesion between the fibers and polymer. Aminosilane coupling agents are a representative class of surface agents used to ensure adhesion between GFs and several types of polymers [START_REF] Yu | The effect of amino-silane coupling agents having different molecular structures on the mechanical properties of basalt fiber-reinforced polyamide 6,6 composites[END_REF][START_REF] Frihi | Crystallization of glass-fiber-reinforced polyamide 66 composites: Influence of glass-fiber content and cooling rate[END_REF]. Polyurethane resins are also used as surface treatment agents for reinforcement fibers [START_REF] Liao | Mechanical performance of glass woven fabric composite: Effect of different surface treatment agents[END_REF][START_REF] Zhao | Influence of polyurethane dispersion as surface treatment on mechanical, thermal and dynamic mechanical properties of laminated woven carbon-fiber-reinforced polyamide 6[END_REF]. The effects of the adhesion between the fibers and the matrix resin of composites on their tribological properties have been studied [START_REF] Karsli | Effects of coupling agent addition on the adhesive wear, frictional and thermal properties of glass fiber-reinforced polyamide 6,6 composites[END_REF][START_REF] Karsli | Thermal aging and reinforcement type effects on the tribological, thermal, thermomechanical, physical and morphological properties of poly (ether ether ketone) composites[END_REF][START_REF] Sharma | Influence of fiber-matrix adhesion and operating parameters on sliding wear performance of carbon fabric polyethersulphone composites[END_REF][START_REF] Sharma | Wear performance of PEEK-carbon fabric composites with strengthened fiber-matrix interface[END_REF].

Karsli et al. [START_REF] Karsli | Effects of coupling agent addition on the adhesive wear, frictional and thermal properties of glass fiber-reinforced polyamide 6,6 composites[END_REF] found that the addition of 2 wt% 1,4-phenylene-bis-oxazoline as a coupling agent increases the interfacial adhesion between GFs and PA66 and improves the adhesive wear resistance of a GF-reinforced PA66 composite in contact with a ceramic ball under dry conditions. Karsli et al. [START_REF] Karsli | Thermal aging and reinforcement type effects on the tribological, thermal, thermomechanical, physical and morphological properties of poly (ether ether ketone) composites[END_REF] also reported that thermal aging of GF-or CF-reinforced polyether ether ketone composites at 360 °C improves the interfacial adhesion between the fiber-matrix surface as measured by dynamic mechanical analysis (DMA) due to the formation of a transcrystalline phase between the fibers and the matrix resin during aging. However, few studies have focused on the effects of the interfacial strength between fibers and polymer matrices on the wear resistance of composites under grease lubrication. In particular, the effects of the two-body wear resistance of the steel counterpart caused by the presence of GFs have not been investigated. Therefore, the quantitative discussion on the effect of the interfacial shear strength of GF and PA66 on the tribological properties under grease lubrication should be conducted.

The molecular mass of PA66 is also known to affect the tribological properties of polymers or composites with a PA66 matrix [START_REF] Shin | Friction and wear of polyamide 66 with different weight average molar mass[END_REF][START_REF] Kunishima | Reactive extrusion mechanism, mechanical and tribological behavior of fiber reinforced polyamide 66 with added carbodiimide[END_REF][START_REF] Kurokawa | Performance of plastic gear made of carbon fiber reinforced polyamide 12[END_REF]. Shin et al. [START_REF] Shin | Friction and wear of polyamide 66 with different weight average molar mass[END_REF] reported that the wear of unreinforced or GF-reinforced PA66 in contact with carbon steel under dry conditions is dominated by the adhesion of PA66 to the counter surface. The wear rate and friction coefficient of the unreinforced PA66 and GF-reinforced PA66 increase with the increase in the molecular mass of PA66 as a result of its increased adhesion to the counter surface at high temperatures due to the low tensile strength of high-molecular-mass PA66. The authors also reported that the addition of GFs decreases the wear and friction coefficients due to the reduced adhesion of PA66 to the steel counterpart.

Kunishima et al. [START_REF] Kunishima | Reactive extrusion mechanism, mechanical and tribological behavior of fiber reinforced polyamide 66 with added carbodiimide[END_REF] reported the tribological properties of GF-and aramid fiber (AF)-reinforced PA66 composites containing the additive carbodiimide in contact with steel in the presence of barium complex grease.

Unlike Shin, they found that the toughness and wear-resistance of the PA66 composite are improved by increasing the molecular mass of PA66 due to the reactive extrusion process between PA66 and the poly-carbodiimide compounds. Therefore, in their study, the effect of increasing the molecular mass of PA66

was different than in the study of Shin et al. However, neither the mechanism by which the higher molecular mass improved the tribological properties of the composite nor the mechanism of the wear of the steel counterpart were discussed in this study. Therefore, a detailed investigation of the tribological behavior of the composite and steel under grease-lubricated conditions is necessary.

The diameter of the GFs also affects the mechanical properties of PA/GF composites. Ramsteiner et al. [START_REF] Ramsteiner | The influence of fibre diameter on the tensile behaviour of short-glass-fibre reinforced polymers[END_REF] investigated the effect of the GF diameter on the static mechanical properties of GF-reinforced polyamide; in this study, the GFs were treated using the same surface agent and exhibited the same interfacial shear strength with the polyamide; only their diameter was varied. The diameter of the fibers (10-24 µm) does not have a strong influence on the Young's modulus of the composite, which is only affected by the amount of fibers. In contrast, the fracture strength of the composite was found to be significantly influenced by the diameter of the GFs. The diameter of the fibers influences the stress concentration of the fibers, with increasing fiber diameter decreasing the strength of the composite. Ozawa et al. [START_REF] Ozawa | Influence of fiber diameter on impact tensile properties of injection-molded long glass fiber reinforced polyamide[END_REF] reported that the static tensile strength and impact strength of GF-reinforced PA66 increases with decreasing GF diameter under the same fiber orientation conditions. They found that the strength value predicted using a modified Kelly-Tyson model correlates well with the measured value when the strain rate of the test is taken into account. They showed that the load that can be borne by the entire interface when the strain rate of the test is taken into account increases with decreasing GF diameter due to the resulting increase in the interfacial area between the GFs and PA66, and that decreasing the critical fiber length can allow the fibers to bear higher loads. Murakami et al. [START_REF] Murakami | Research work for the improvement of the durability of glass fiber-reinforced nylon 66 by modifying the glass fiber diameter[END_REF] reported that the static strength, impact strength, and fatigue properties of GF-reinforced PA66 with small-diameter GFs are superior to those of normal-diameter-GF composites. The small-diameter GFs mitigate the stress concentration, which improved the durability of a composite worm gear for an electric power steering system. However, very few studies have reported the effects of GF diameter on the tribological properties of GF-reinforced composites under either dry or grease-lubricated conditions.

To address the gaps in knowledge highlighted above, the present study focuses on the effects of the molecular mass of PA66, the diameter of the GFs, and the interfacial strength of the GFs and PA66, which is determined by the GF surface treatment agent, on the tribological properties of GF-reinforced PA66 in contact with steel under grease lubrication. Composite specimens were designed specifically to clarify the effects of each of these material parameters separately, and the effects of these parameters on the wear or creep resistance of the composite, the wear resistance of the steel counterpart, and the friction coefficient were elucidated and explained in terms of the mechanical properties and the condition of the sliding surface.

Experimental

Experimental set-up and testing conditions

Traction tests were conducted according to the standard ISO527 to measure the tensile mechanical properties of each sample; Table 1 presents the test conditions. The Young's modulus of the sliding surface of the steel cylinder, and the Young's modulus and hardness of the GF-reinforced PA66 composite ring according to the standard JIS K 7218 (testing methods for sliding wear resistance of plastics) were measured via a micro-indentation process. Table 2 lists the measurement conditions. Sliding tests in which the composite ring was in contact with four steel cylinders under grease-lubricated conditions were conducted to evaluate the tribological properties of each composite sample. This is an original test method developed by us that allows a high contact pressure to be applied; the test was carried out in the same way as in our previous work [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF][START_REF] Kunishima | Effects of temperature and addition of zinc carboxylate to grease on the tribological properties of PA66 in contact with carbon steel[END_REF][START_REF] Kunishima | Reactive extrusion mechanism, mechanical and tribological behavior of fiber reinforced polyamide 66 with added carbodiimide[END_REF]. A schematic of the test specimens and tribometer is shown in Fig. 1. The sliding tests were performed under grease-lubricated conditions using 0.85 g of grease for each test. The height and weight decrease of each specimen were measured.

In this way, the creep and wear could be estimated separately, and the individual contributions of creep and wear could be discussed. The total height decrease (htotal, the difference in the height of a specimen before and after tests) is the sum of the wear and creep of the composite. The wear height loss (hwear) can be estimated using the following equation:

ℎ = ( 1 
)
where Mwear is the wear mass of the composite, d is the density of the composite (1.23 g/cm 3 in 15% GF reinforced PA66 composite), and s is the area of the sliding surface (approximately 200 mm 2 ). The creep height loss (hcreep) was calculated by subtracting hwear from the total height decrease.

ℎ = ℎ -ℎ (2) 
In addition, the vertical displacement of the holder of the four steel cylinders was measured in situ during the tests.

In these tests, a thermocouple measured the temperature of the steel cylinder holder. A friction torque sensor measured the friction torque, and the friction coefficient was calculated using the following equation:

= ( 3 
)
where T is the friction torque, N is the normal load, and r is the mean radius of the ring (11.4 mm). The friction coefficient was recorded as the average for each 1 s interval. One cycle in this test corresponded to one rotation of the ring specimen. Table 3 lists the conditions of the sliding test. Optical microscope and scanning electron microscopy (SEM) images of the sliding surfaces of the ring specimens were acquired after the sliding tests. The wear scars on the cylinders were observed using interferometry and used to estimate the wear volume. 

Steel cylinders

The steel cylinders were composed of S45C steel, which contains 0.45% carbon, and met the standard JIS G 4051. Centerless grinding of the cylinders was conducted to achieve a surface roughness (Sa) of 0.18 µm. The Young's modulus of S45C and hardness of the steel cylinders measured through micro-indentation are listed in Table 4. 

Composite material

To prepare the GF-reinforced composite test specimens, unreinforced PA66 was prepared for extrusion as described in our previous work [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF][START_REF] Kunishima | Effects of temperature and addition of zinc carboxylate to grease on the tribological properties of PA66 in contact with carbon steel[END_REF]. The effects of the molecular mass of PA66, the GF surface treatment agent, and the GF diameter were investigated individually. Table 5 lists the compositions of the tested composites and the Hertzian contact pressures in the sliding tests with a normal load of 350 N. To investigate the effects of molecular mass, unreinforced PA66 pellets with three different molecular mass values were used as the raw PA66 material. E-glass fiber strands with different diameters (6.5-19 µm) were bundled and treated with a surface agent. Generally, the diameter of GFs added to engineering plastics (including PA66) is mainly in the range of 9-15 µm [START_REF] Kim | Tribological properties of short glass fiber reinforced polyamide 12 sliding on medium carbon steel[END_REF][START_REF] Kim | Friction and wear of monolithic and glass-fiber reinforced PA66 in humid conditions[END_REF][START_REF] Yamamoto | Friction and wear of water lubricated PEEK and PPS sliding contacts: Part 2. Composites with carbon or glass fibre[END_REF][START_REF] Li | Mechanical and tribological properties of polyamide 6polyurethane block copolymer reinforced with short glass fibers[END_REF][START_REF] Wongpajan | Interfacial shear strength of glass fiber reinforced polymer composites by the modified rule of mixture and Kelly-Tyson model[END_REF]. In the present work, GFs with much smaller (6.5 µm) and larger diameter (19 µm) were used additionally to evaluate the effect in a wider range of GF diameter. The GF strands were then cut to a length of 3 mm. In this study, commercially available chopped GF strands were treated with one of two different GF surface treatment agents (type A and type B) to evaluate the effect of the interfacial shear strength between the GFs and PA66 on the tribological properties of the composite. GF surface treatment agent type A was specifically developed for the adhesion of PA66 and GFs, while type B was developed for the adhesion of another polymer and GFs. Extrusion of PA66 and the chopped GF strands was carried out using a twin-screw extruder (TEM-26SX, Toshiba Machine Co., Ltd.). PA66 was fed from the root of the extruder barrel, and the GFs were fed from the middle of the extruder barrel. The tensile test specimens and sliding test specimens described in Section 2.1 were prepared through injection molding of the extruded pellets with an injection molding machine (ROBOSHOT S-2000i 100B, Fanuc Corporation). Furthermore, sample 4 was subjected to solid-state post-condensation to increase the molecular mass of the test specimen; the post-condensation was conducted at 220 °C for 10 h and under vacuum conditions to avoid the oxidation of PA66. The viscosity number (VN), which serves as a measure of the molecular mass of PA66, was measured using the relative viscosity method according to the standard ISO307. The ring specimens were cut by 3 mm in the height direction using a lathe. Additionally, the sliding surface of the ring was polished using #600 emery paper to simulate the exposure of the GF on the sliding surface of actual worm gear teeth due to the hob-cutting method used to prepare such gears. 

Grease

PAO8 (Polyalphaolefin 8) was used as the base oil of the grease in this study. The thickener consisted of urea-type compounds. Zinc carboxylate was added to decrease friction. A sulfur-type anti-oxidation agent was also added to prevent oxidation in high-temperature environments.

Image analysis of the sliding surface of the GF-reinforced PA66 composite

In order to understand the aggressive effects of the GFs on the steel counterpart, the fiber orientation at the sliding surface of the composite ring was evaluated quantitatively using image analysis in the same way as in our previous work [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF]. First, the sliding surface of the ring specimen was polished using #4000 emery paper, and three SEM images of the inner/center/outer positions were obtained at a magnification of ×300 in backscattered electron (BSE) mode, as shown in Fig. 2 (composite sample 1 is used as an example). Next, the PA66 and GF areas were separated by binarization using the software imageJ by Wayne Rasband (Fig. 3), and the total area of the GFs and total perimeter of the GFs (which is a measure of the total contact area between the GFs and PA66) were calculated. The circularity of each GF was calculated using the following equation:

= 4 ( 4 
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where C is the circularity of the GF particle, S is the surface area of the GF particle, and L is the perimeter of the GF particle. Circularity is an indicator of the orientation of the GF at the sliding surface. Circularity values close to 1 correspond to a circular shape, which in turn indicates that the GF is oriented perpendicular to the sliding surface. In contrast, lower circularity values correspond to elliptical or fibrous shapes, which indicate that the 

Results and Discussion

Effects of the interfacial shear strength between the GFs and PA66 on the mechanical and tribological properties

First, the effect of the interfacial shear strength between GF and PA66 on the mechanical properties was studied, using the GF composites with fixed GF diameter (6.5 µm) and molecular mass of PA66 (VN: 145 ml/g) to investigate only the effect of the GF surface treatment agent. Table 6 compares the effect of the two different GF surface treatment agents (i.e., composite samples 1 and 2) on their tensile mechanical properties (tensile strength, Young's modulus, tensile elongation at break, and tensile breakage energy, along with the integral of the stress-strain curve obtained in the tensile test, which serves as a measure of the toughness of composites).

The tensile strength, tensile elongation at break, and tensile breakage energy of the composite in which the GFs were treated with the type A surface treatment agent were higher than those of the type B sample by 8.1%, 43.3%, and 78.7%, respectively. In contrast, no difference was observed among the Young's moduli of the composites. These results indicate that the choice of GF surface treatment agent only affected properties related to the breakage of the composite. This tendency is also reported in [START_REF] Laura | Effect of glass fiber surface chemistry on the mechanical properties of glass fiber reinforced, rubber-toughened nylon 6[END_REF]. The Young's modulus was calculated from the initial slope of the stress-strain curve; thus, it was not affected by the GF surface treatment agent, but was instead determined exclusively by the GF content of the composite. Tensile breakage energy 10.9 +/-0.2 J 6.1 +/-0.6 J Next, the effect on the tribological properties was investigated. Fig. 4 shows the evolution of the friction coefficient, temperature, and vertical displacement during the sliding tests of samples 1 and 2. Using the type B sample, which exhibited poorer mechanical properties, sudden increases in the friction coefficient were observed after 4,100/6,100 cycles, 14,200/21,000 cycles, and 48,700/61,600 cycles in the first and second repetitions of the sliding test, respectively. Little increase in the vertical displacement was observed after the first increase in the friction coefficient at 4,100/6,100 cycles; however, the displacement increased significantly following the friction coefficient increase at 14,200/21,000 cycles. The displacement then increased gradually until another large increase in the displacement was observed after the final friction coefficient increase at 48,700/61,600 cycles. In contrast, the friction coefficient and temperature of the type A sample were lower than those of the type B sample, particularly after 6,000 cycles, and no sudden increases in the friction coefficient or displacement were observed until 66,400 and 80,000 cycles in the first sliding test and 80,000 cycles in the second, respectively. Based on these results, the tribological properties of the composite in which the GFs were treated with type B were worse than those of the type A sample; this tendency was in agreement with the results of the tensile mechanical property tests. was observed for either of the samples at either of the measurement points; most of the height decrease was due to creep. These results confirmed that the significant increase in the displacement observed in Fig. 4 was mainly due to creep via plastic deformation. This increase in the vertical displacement which is considered to be the creep (plastic deformation which accompanies small weight loss due to wear) was also observed in the authors'

previous study [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF], and this creep was caused by the decrease in the surface mechanical properties related to the damage through cyclic loading of the sliding, such as the scratching of PA66 or peeled off of fibers. The creep height loss values for the type B sample were much greater than those of the type A sample at both cycle numbers, whereas the wear height loss values were relatively similar for both samples. Fig. 6 shows SEM images of the center position of both composite surfaces after 6,500 cycles and 22,300 cycles. At both measurement points, greater amounts of interfacial GF peeling, peeled GFs, and holes originating from GFs, which were also observed in the previous study [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF], were observed for the type B composite than for the type A composite. Additionally, particularly after 22,300 cycles, no severe GF breakage was observed on the type B composite; the GFs remained intact with long fiber length, but gaps between the GFs and PA66 were present due to poor adhesion of the fibers to the PA66. In contrast, the GFs used in the type A composite were shortened and damaged; however, good adhesion between the GFs and PA66 was maintained. These observations indicate that the interfacial adhesion of the GFs treated with type A to PA66 was stronger than that of those treated with type B, and that peeling of the type B GFs from the PA66 by the shear force during sliding occurred more readily than breakage of the GFs themselves due to the weak GF/PA66 adhesion. Therefore, the mechanical properties of the type B composite surface were easily degraded, leading to scratching of the PA66. Additionally, based on the wear and creep mechanisms of the composite in this tribosystem, which were elucidated in our previous study [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF], we concluded that propagation of the scratches and creep-related height loss occurred earlier due to the low toughness of the type B composite. The effect of the adhesion between the PA66 and GFs on the wear of the steel counterparts was also investigated. Fig. 7 presents the wear volumes of the steel counterparts (total wear of the four steel cylinders, measured through interferometry) after the sliding tests with composites fabricated using different GF surface treatment agents, and Fig. 8 presents the interferometry images themselves and central longitudinal 2D profiles.

At both 6,500 cycles and 22,300 cycles, the wear volume of the steel counterparts used with the type B composite was larger, while the wear morphology of the steel was the same for both composites. These results indicate that the adhesion between the PA66 and GFs influences the aggressive effects of the GFs on the steel counterparts. In our previous work [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF], we found that the wear volume of the steel counterparts increases when the GFs are oriented perpendicularly to the sliding surface compared to when they are oriented in the parallel direction. This is because the edges of the GF, which have a strong aggressive effect on the steel counterparts, are exposed more easily in this orientation. In addition, the wear mode of the steel counterparts is two-body abrasion rather than three-body abrasion, and the aggressive effects of GFs that remain adhered to the sliding surface are greater than those of GFs that have completely detached from the composite surface and are present as a contaminant in the grease. Therefore, the type B composite, with its lower interfacial shear strength between PA66 and the GFs, exhibited earlier interfacial peeling and gap formation between the PA66 and the GFs, and exposure of the GF edges occurred in earlier cycles, leading to the high wear volume of the steel counterparts. In order to discuss their aggressive effect on the steel counterparts, the orientation of the GFs on the composite surface was estimated using the surface image analysis method presented in Section 2.5. Fig. 9 shows the total areas and perimeters of the GFs in the composites fabricated using the two GF surface treatment agents.

The total area of the GFs treated with the type A surface agent was slightly larger than that of the GFs treated with type B, while no clear trend in the total perimeter of the GFs was observed. These results do not explain the different wear on the steel counterparts, because the wear in the tests using the type A composite, which had a larger total GF area on the sliding surface, was smaller than that in the tests using the type B composite. Fig. 10 shows the relationship between the circularity of the GFs and the cumulative frequency of the GF area, as well as the average value of C50 at different positions (C50 is the circularity value at which the cumulative GF area frequency is 50%). The results indicate that the circularity at the center position was much lower than that at the inner/outer positions for both composites, indicating that the majority of the GFs at the center position were aligned parallel to the sliding direction. However, the relative orientations of the GFs at the inner, center, and outer positions was the same regardless of the type of surface agent used. In order to discuss the interfacial shear strength between the PA66 and GFs in the two composites quantitatively, a version of the Kelly-Tyson model was introduced [START_REF] Kelly | Tensile properties of fiber-reinforced materials: Copper/tungsten and copper/molybdenum[END_REF] that was modified to consider the orientation of the reinforcement fibers [START_REF] Fukuda | A probability theory of the strength of short-fibre composites with variable fibre length and orientation[END_REF][START_REF] Wongpajan | Interfacial shear strength of glass fiber reinforced polymer composites by the modified rule of mixture and Kelly-Tyson model[END_REF]. This model is frequently used to understand the mechanism of adhesion between resins and fibers, and takes into consideration the strength of the composite, fiber orientation, and fiber length distribution of the tensile specimens. The modified Kelly-Tyson model is presented below:
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where σt is the tensile strength of the composite, f0 is the fiber orientation efficiency factor, σf is the strength of the fibers (3.2 GPa for E glass), σm is the tensile strength of the matrix resin (82 MPa for unreinforced PA66), lc is the critical fiber length, li is a fiber length below the critical fiber length, lj is a fiber length above the critical ). The fiber orientation can be measured through SEM image analysis, and the fiber orientation efficiency factor f0 can be determined using the following equation:

! " = $ : ; <= > ? ; [START_REF] Senthilvelan | Fiber reinforcement in injection molded nylon 6/6 spur gears[END_REF] ;

where an is the proportion of fibers that form an angle θn with respect to the flow direction of injection molding as presented in Fig. 11. The critical fiber length lc is defined as the minimum fiber length necessary for the fiber stress to reach the maximum strength of the fiber σf at the fiber ends [START_REF] Wongpajan | Interfacial shear strength of glass fiber reinforced polymer composites by the modified rule of mixture and Kelly-Tyson model[END_REF]. The interfacial shear strength τ can be calculated using the following equation:
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where d is the fiber diameter (6.5 µm). Therefore, the interfacial shear strength τ can be estimated using the values of the fiber orientation efficiency factor f0 and critical fiber length lc using equations ( 5), [START_REF] Senthilvelan | Fiber reinforcement in injection molded nylon 6/6 spur gears[END_REF], and [START_REF] Tavčar | Accelerated lifetime testing of reinforced polymer gears[END_REF].

The fiber length distribution of the GFs in the tensile test specimens was measured through the following process. First, 30 mg of the molding of the composite was cut from the center position of the specimens (Fig. 12). This fragment was then combusted using a TG-DTA (thermogravimeter-differential thermal analyzer) at 650 °C for 2 h, and the residual GFs were retrieved. Finally, the length distribution of the GFs (total number: 425-912) with a length of 0.07 mm or greater was measured automatically using an optical microscope and image analysis software. Fig. 13 presents the relationship between the length and cumulative frequency of the length of the GFs from the composites prepared using the two surface treatment agents. No significant differences in their fiber length distributions were observed, and the number average fiber lengths of the type A and type B composites were 0.199 mm (+/-0.005 mm) and 0.210 mm (+/-0.001 mm), respectively. The similar fiber length distributions were attributed to the fact that these two GF-based composites were fabricated using PA66 with the same molecular mass, the same amount of GFs, and the same GF diameter through the same extrusion and injection molding process. These results indicated that the surface treatment agent did not affect the fiber length distribution. The fiber orientation efficiency factor f0 was then estimated using the following process. First, the test specimen was embedded in epoxy resin and cured. Then, specimens with 4 mm thickness of the skin layer (0.3 mm depth from the top surface of the specimen) and core layer (2 mm depth from the top surface of the specimen) surfaces were obtained by polishing, as presented in Fig. 12. Subsequently, each surface was observed using SEM in BSE mode to obtain images of the GF orientation, which are presented in Fig. 14. The average orientation angle θ relative to the base axis (direction of the tensile test) was estimated by image analysis of the binarized images using the software package image J. Image analysis was conducted using six SEM images with different fields of view; as in the fiber length measurement, only fibers with a length of over 0.07 mm were analyzed. The transverse direction is the direction of the injection molding and of the tensile test. Fig. 15 shows the relationship between the orientation angle θ and the cumulative frequency of the GF orientation. As in the fiber length distribution, no significant difference in GF orientation was observed between orientation angles θ for the type A composite were 17.6° (core surface) and 14.3° (skin surface), while those of the type B composite were 13.6° (core surface) and 16.5° (skin surface). Table 7 lists the estimated fiber angle relative to the injection (tensile) direction (θn, average values for the core layer and skin layer), the fiber orientation efficiency factor f0 estimated from equation [START_REF] Senthilvelan | Fiber reinforcement in injection molded nylon 6/6 spur gears[END_REF], and the critical fiber length lc estimated from equation (5) for the composites prepared using the two surface treatment agents.

The critical fiber length lc for the type A composite was lower than that of the type B composite, which indicates that when the type A agent is used, many more fibers contribute to building up the axial fiber stress to the maximum strength of the fiber σf at the fiber ends than when the type B agent is used.

Based on the obtained values, the interfacial shear strength τ was estimated using equation ( 7), these values are also listed in Table 7. The τ values of the type A and type B composites were 33.6 +/-0.8 MPa and 25.7 +/-0.5 MPa, respectively, i.e., the interfacial shear of the type A composite was 7.9 MPa (30.6%) higher than that of the type B composite. These values are similar to those previously reported for PA/GF composites (39-40 MPa [START_REF] Ramsteiner | The influence of fibre diameter on the tensile behaviour of short-glass-fibre reinforced polymers[END_REF], 24.0 MPa [START_REF] Fukuda | A probability theory of the strength of short-fibre composites with variable fibre length and orientation[END_REF], and 33.5-48.4 MPa [44]). Therefore, the interfacial shear strengths of the tensile test specimens exhibited the expected tendency based on the results of the sliding test and the SEM images of the sliding surfaces. 

Effects of the molecular mass of PA66 on the mechanical and tribological properties

The effects of the molecular mass of PA66 on the mechanical and tribological properties of the GF-reinforced PA66 composites were evaluated using composite samples that were prepared using PA66 matrices with four different molecular mass values (samples 1, 3, 4, and 5, see Table 5). These samples contained the same type and content of GFs (surface treatment agent: type A, GF diameter: 6.5 µm, GF amount: 15 wt%). Fig. 16 shows the wear and creep height losses of these composites after various numbers of sliding test cycles; the wear and creep height losses were calculated individually as detailed in Section 2.1. The results indicated that the wear or creep at a given cycle number decreased with increasing molecular mass of the PA66 composite. This tendency in the wear resistance is the same as the one observed in [START_REF] Kunishima | Reactive extrusion mechanism, mechanical and tribological behavior of fiber reinforced polyamide 66 with added carbodiimide[END_REF] which used the GF or aramid fiber reinforced PA66 under grease lubrication in which the molecular mass of PA66 was increased through the reactive extrusion using poly-carbodiimide additives. Fig. 17 presents the evolution of the friction coefficient, temperature, and vertical displacement with the cycle number. The sudden increases in the friction coefficient, temperature, and vertical displacement were observed at later cycle numbers for the composites with greater PA66 molecular mass values; for example, a sudden increase in the vertical displacement occurred at 22,000 cycles for the composite with a VN of 145 ml/g, 80,000 cycles for the 193 ml/g composite, and 125,000 cycles for the 235 ml/g composite, whereas no increase in the vertical displacement was observed until 140,000 cycles for the composite with a VN of 356 ml/g. . Fig. 18 shows the optical microscope and SEM images of the sliding surfaces of the 145 ml/g and 193 ml/g composites after 22,500 cycles. Peeling was observed at the center region of the 145 ml/g composite.

Additionally, scratching of the PA66 and several holes related to detached GFs were observed via SEM, even in regions of the surface where peeling was not observed in the optical microscope images. In contrast, no severe peeling or damage was observed on any part of the sliding surface of the 193 ml/g composite. To study the wear phenomena of the composite samples with high VN values (>145 ml/g), longer tests were conducted. Fig. 19 presents the optical microscope and SEM images of the sliding surfaces of the 145 ml/g composite after 61,500 cycles and those of the 193 ml/g and 235 ml/g composites after 65,500 cycles, along with the wear and creep height loss after each test. In contrast to the limited wear observed after 22,500 cycles, the entire sliding surface of the 145 ml/g sample was worn after 61,500 cycles, and severe peeling of the PA66 resin was observed via SEM. The wear height loss was greater than the creep height loss. In the case of the 193 ml/g sample, peeling of the center region and hole formation on the composite surface were observed after 65,500 cycles. In contrast, no severe peeling was observed on any part of the sliding surface of the 235 ml/g composite after 65,500 cycles, although weak sliding marks were present. The wear height losses of the 193 ml/g and 235 ml/g samples were significantly lower than that of the 145 ml/g sample. The creep height losses of these high-molecular-mass samples were greater than their wear height losses; however, their creep values were much lower than that of the 145 ml/g sample. Consequently, increasing the molecular mass of PA66 was concluded to decrease the damage to the sliding surface, leading to improved wear and creep resistance in the composites.

Fig. 19 Optical microscope and SEM images of the sliding surfaces of composites that differed only in their PA66 molecular mass (VN) after 61,500-65,500 cycles.

The effect of the molecular mass of the PA66 on the wear resistance of the steel counterparts was also investigated. Fig. 20 shows the wear volume of the steel counterparts (total wear volume of the four steel cylinders, measured using interferometry) after different numbers of sliding test cycles with the composite samples with different molecular masses of PA66. The wear volume of the steel counterparts increased proportionally with increasing cycle number. Similarly to the wear resistance of the composite, the wear of the steel counterparts also decreased with increasing PA66 molecular mass for any given cycle number. This indicates that not only the wear and creep resistance of the composite, but also the wear resistance of the steel counterparts, are improved by increasing the molecular mass of the PA66 in the composite. In our previous study [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF], the wear mode of the steel counterparts was reported to be two-body abrasion caused by the GFs on the surface of the composite. This was confirmed in the current study by comparing the wear rate and mode of the steel counterpart using new grease and contaminated grease (grease containing wear debris accumulated over 61,500 cycles under the same test conditions) in 61,500 cycle sliding tests with composite sample 3, as shown in Fig. 21. Therefore, the mechanism by which the use of higher-molecular-mass PA66 in the composite decreases its aggressive effect on the steel counterpart via this wear mode is discussed later in this section in terms of the GF orientation on the sliding surface and mechanical properties of the composite. The effect of the fiber distribution and orientation on the sliding surface was summarized quantitatively to discuss the aggressive effects of the reinforcement fibers to the steel counterpart. Fig. 22 shows the results of image analysis (calculated total GF areas, total GF perimeters, relationship between the GF circularity and cumulative area, and average value of C50) at different positions of the composite rings with different PA66 molecular mass values. Image analysis was conducted as described in Section 2.5. No significant differences among the GF areas or total perimeters were observed at the different positions, nor was a significant difference in the circularity (GF orientation) observed between composites with different molecular masses for a given position on the composite ring. These results demonstrate that the effect of the PA66 molecular mass on the wear or creep resistance of the composite and the wear resistance of the steel counterpart cannot be explained in terms of the orientation of the GFs relative to the sliding surface. To discuss the reason why the increase in the molecular mass of the PA66 can reduce the wear of the steel counterpart, the effect of the mechanical properties of the PA66 or composite was investigated. Fig. 23 shows the Young's modulus and the hardness at the surfaces of the composite rings fabricated using PA66 with two different molecular mass values, which were measured using micro-indentation. No differences between the Young's moduli or hardness values of the samples were observed, which indicated that the PA66 molecular mass did not affect the elasticity or plasticity of the composite. Based on these results, we then focused on the toughness of the PA66 as a possible origin of the effect of its molecular mass on the wear resistance of the steel counterpart and composite. Evaluation of the toughness of the composite using the composite rings (sliding test specimens) was difficult. Therefore, the toughness of the composites was evaluated using tensile test samples from the tensile elongation at break or tensile breakage energy. Fig. 24 presents the stress-strain curves obtained in the tensile tests using unreinforced PA66 samples with different molecular mass values (raw PA66 of composite sample 3 (VN: 150 ml/g) and 4 (VN: 302 ml/g)). Although their Young's moduli in the initial stage of the test and their yield strength values were very similar, the elongation at break of the high-molecular-mass PA66 sample was 3.5 times higher than that of the normal-molecular-mass sample. This result indicates that increasing the molecular mass of PA66 does not improve its strength and stiffness, but does greatly improve its toughness. Additionally, the effect of the molecular mass of PA66 on the tensile mechanical properties of the GF-reinforced PA66 composites were investigated. Fig. 25 shows the stress-strain curves obtained in tensile tests using GF-reinforced PA66 composite samples with different PA66 molecular masses (samples 1, 3, 4, and 5). Fig. 26 shows the relationship between the PA66 molecular mass of the GF-reinforced PA66 samples and their tensile mechanical properties. Similarly to in the case of the unreinforced PA66, and as observed in the mechanical properties of the composite with added poly-carbodiimide which presented high molecular mass of the PA66 [START_REF] Kunishima | Reactive extrusion mechanism, mechanical and tribological behavior of fiber reinforced polyamide 66 with added carbodiimide[END_REF], the molecular mass of PA66 had only a weak influence on the tensile strength and Young's modulus (confirming the micro-indentation results); however, the toughness (tensile elongation at break and tensile breakage energy) increased with the molecular mass.

Fig. 23 (a) Young's modulus and (b) hardness of the sliding surfaces of composite rings that differed only in their PA66 molecular mass (VN). Three measurements were conducted at each position. Given these results, we propose a mechanism to explain the effect of the molecular mass of PA66 on the wear of the steel counterpart and the composite. The interfacial shear strength between PA66 and GF should be the same in the composites with different PA66 molecular masses (i.e., samples 1, 3, 4, and 5) because the same GF surface treatment agent was used in their preparation, and the differences among their tensile strengths were small. In contrast, the elongation of the PA66 resin due to its shear strength increases with its molecular mass, and thus, the resin can more easily follow the deformation of the fibers due to the local shear induced by sliding.

Consequently, fewer interfacial gaps between PA66 and the GFs are generated during sliding. This reduces the exposure of GF edges, which have a highly aggressive effect on the steel counterpart, which in turn reduces the two-body abrasive wear of the steel counterpart. Additionally, the propagation of the scratching of PA66, which originates from gaps between PA66 and GF, is reduced due to the high toughness of the high-molecular-mass polymer. Fig. 27 illustrates the different wear modes during sliding contact for composites with different PA66 molecular masses. As shown, the damage to the sliding surface is decreased, as presented in Fig. 18 and19, and the wear and creep of the composite are reduced.

In terms of practical application, these results suggest that a composite worm gear in contact with a steel worm shaft could be fabricated using a GF-reinforced PA66 composite with a high PA66 molecular mass. This would obviate the need for expensive heat treatment of the steel to increase its hardness and wear resistance, as 

Effects of GF diameter on the mechanical and tribological properties

In order to investigate the effects of the GF diameter, composite samples containing GFs of different diameters were prepared. In these samples, the molecular mass of the raw PA66, the GF surface treatment agent (type A), and the GF content (15 wt%) were the same. First, the effect of the GF diameter on the tensile mechanical properties was investigated. Fig. 28 shows the tensile mechanical properties of these composites.

The tensile strength increased with decreasing GF diameter; the tensile strength of the composite containing 6.5

µm diameter GFs was 38.1 MPa (32.9%) higher than that of the composite with 19 µm GFs. The tensile elongation at break and tensile breakage energy also increased with decreasing GF diameter. The tensile elongation at break and tensile breakage energy of the composite with 6.5 µm GFs were 1.90 and 2.72 times higher than those of the composite with 19 µm GFs, respectively. In contrast, the Young's moduli of the composites were not affected by the GF diameter. Thus, the GF diameter affected only the mechanical properties related to irreversible deformation (plasticity and breakage) of the composite. The increased interfacial area between the GFs and PA66 in the smaller-diameter GFs allows them to bear higher stress without breaking;

these results are in agreement with those presented in previous studies [START_REF] Ramsteiner | The influence of fibre diameter on the tensile behaviour of short-glass-fibre reinforced polymers[END_REF][START_REF] Ozawa | Influence of fiber diameter on impact tensile properties of injection-molded long glass fiber reinforced polyamide[END_REF][START_REF] Murakami | Research work for the improvement of the durability of glass fiber-reinforced nylon 66 by modifying the glass fiber diameter[END_REF], as explained in Section 1. Next, the effect of the GF diameter on the tribological properties was investigated. Fig. 29 shows the evolution of the friction coefficient, temperature, and vertical displacement of the composite samples with different GF diameters during the sliding tests; the tests were stopped at 50,000 cycles. The friction coefficient increased with increasing GF diameter. The friction coefficient of the composite with 6.5 µm GFs remained low throughout the 50,000 cycles, and no sudden increase in its value was observed. The composites with GF diameters of 9.5, 13, and 19 µm did exhibit sudden friction coefficient increases; these sudden increases occurred at earlier cycle numbers with increasing GF diameter. The rate of temperature increase corresponded to the friction coefficient for each GF diameter, and the temperature increased with increasing GF diameter. No sudden increase in the displacement was observed during the 50,000 cycles for the composite with a GF diameter of 6.5 µm. In contrast, sudden increases in displacement were observed for the 9.5, 13, and 19 µm GF samples at the same cycle numbers as the sudden increases in the friction coefficient. Fig. 30 shows optical microscope images of the sliding surfaces after 50,000 cycles. No severe peeling was observed on the sliding surface of the composite with a GF diameter of 6.5 µm. In contrast, evident peeling occurred at the center region of the composite rings with GF diameters of 9.5, 13, and 19 µm. This difference was attributed to the decreased strength and toughness of the samples with larger GF diameters, which could accelerate the damage on the sliding surface. The plastic deformation (sudden increase in the displacement) and peeling on the sliding surface were believed to occur via the mechanism of sliding surface damage reported in our previous study [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF]. In order to clarify the mechanism by which GFs with a larger diameter accelerated the wear of the steel cylinders, the orientation of the GFs on the sliding surfaces of the composite ring before the sliding tests was investigated using image analysis. Fig. 34 shows the surface images of the composite rings with different GF diameters after being polished with #4000 abrasive paper. Image analysis was conducted at three different locations at each of the three positions (inner, center, and outer) of the sliding surface of the composite rings (36 images total) as described in Section 3.1. Fig. 35 shows the C50 values of the composites with different GF diameters at each position. The C50 values at the center positions were lower than those at the inner or outer positions, regardless of the GF diameter. This indicates that the GFs in the center region of the sliding surface were oriented more perpendicularly than those in the inner or outer regions. Additionally, the C50 values at the outer position tended to be higher than those at the inner position regardless of the GF diameter. This was attributed to the resin flow inside the metal die, which is determined by the injection molding conditions and the structure of the metal die [START_REF] Kunishima | Tribological behavior of glass fiber reinforced-PA66 in contact with carbon steel under high contact pressure, sliding and grease lubricated conditions[END_REF]. The C50 values at each position can explain the differences in the wear of the steel cylinders at different positions. Fig. 36 shows interferometry measurements of the steel cylinders after 50,000 cycles after the removal of cylindrical shape and central longitudinal 2D profile. The wear volumes of the steel cylinders at positions corresponding to the inner, center, and outer positions of the composite ring were estimated, and are presented in Fig. 37a. Fig. 37b presents the relationship between the C50 values on the sliding surface of the composite and the wear of the steel cylinders at each position. The C50 values correlated well with the wear of the steel cylinders after the sliding tests with the composites with different GF diameters, which indicated that the wear volume at each position of the steel cylinders could be explained by the fiber orientation on the surface of its GF composite ring counterpart. However, the overall trend of the GF orientation was the same regardless of the GF diameter; thus the effect of the diameter of the GFs on the wear of the steel cannot be explained by the fiber orientation. Fig. 38 shows the total GF area and total GF perimeter, which is correlated to the total contact area between the GF and PA66 on the sliding surface, for the composites with different GF diameter values. No difference in the total GF area was observed between the different positions on the composite surface. In contrast, the total GF perimeter decreased with increasing GF diameter. The total GF perimeter of the 6.5 µm diameter GFs was 2.00-2.48 times larger than that of the 19 µm diameter ones. This result can explain the difference in the wear of the steel counterpart by composites with different GF diameters. The interfacial shear strength between PA66 and the GFs was the same regardless of the GF diameter because the same PA66 and GF surface treatment agent was used for all the samples [START_REF] Kurokawa | Performance of plastic gear made of carbon fiber reinforced polyamide 12[END_REF]. Therefore, the total energy of the adhesion between the PA66 and GFs increased with increasing total GF perimeter (i.e., the contact area between the PA66 and GFs). With greater adhesion energy, more sliding cycles are required to induce interfacial peeling between the GFs and PA66, and the exposure of the GF edges due to the shear energy of sliding is reduced. Furthermore, the fracture strength of individual small-diameter GFs is lower than that of large-diameter fibers; thus, small GFs on the sliding surface of the composite are more easily damaged by the shear stress of sliding. GF debris was present in the grease at the end of test; however, this debris had little aggressive effect on the steel due to the two-body abrasion mode of the steel counterpart. In contrast, the larger GFs were less easily damaged or removed by the shear stress of sliding. Therefore, the effect of the two-body abrasion was more severe. Based on these two phenomena, we concluded that the steel wear can be reduced by decreasing the GF diameter. The wear debris from the steel counterpart was also analyzed. As shown in Fig. 39, the sliding surfaces of the composites with GF diameters of 6.5 µm and 19 µm were observed using SEM after 50,000 cycles.

Energy-dispersive X-ray spectroscopy (EDX) analysis was conducted to observe the distribution of the attached Fe, which is related to the wear debris of the steel counterpart. Afterwards, binarization of Fe particles in the image and particle analysis were conducted using the software package image J. Only particles with surface areas of 5 µm 2 or more were considered due of the noisiness of EDX images. Fig. 40 shows the relationship between the size of the Fe particles and the cumulative frequency of the Fe particle area. The average size of the Fe wear debris for the composite with a GF diameter of 19 µm was much larger than that of the composite with 6.5 µm fibers. The area of the Fe wear debris at 50% cumulative frequency of Fe particle area for the 19 µm diameter composite was 34.2 µm 2 ; this value was 3.45 times higher than that of the 6.5 µm diameter composite (9.9 µm 2 ). This was attributed to the size of the GFs on the sliding surface of the composite, which had a significant effect on the two-body abrasion of the steel. 

Conclusions

The tribological properties of GF-reinforced PA66 composites in contact with carbon steel were studied under grease-lubricated conditions. The effects of the composition of the composite on the tribological properties were investigated with the aim of developing a composite with optimized tribological properties. The main findings have been highlighted below.

1) Effects of the interfacial shear strength between PA66 and GF

High interfacial shear strength between the PA66 matrix and the GFs reduced the friction coefficient and wear of the composite. Good adhesion between PA66 and GF prevented the degradation of the mechanical properties of the composite surface during sliding, which is related to the peeling of glass fibers and the initiation and propagation of the scratches. The wear resistance of the steel counterpart was also enhanced by increasing the interfacial shear strength, as high interfacial strength prevents the exposure of GF edges, which have a strongly aggressive effect on the steel counterpart. The difference in the interfacial shear strength resulting from the use of different glass fiber surface treatment agents was discussed quantitatively using a modified Kelly-Tyson model that accounts for the length and orientation of the fibers.

2) Effects of the molecular mass of PA66

The wear resistances of both the GF-reinforced PA66 composite and the steel counterpart were improved by increasing the molecular mass of the PA66. The high elongation of the high-molecular-mass PA66 reduced the interfacial peeling between GF and PA66 due to the shear stress induced by sliding and prevented the exposure of the GF edges, which have a strongly aggressive effect on the steel counterpart via a two-body abrasive wear mode. Additionally, the high toughness of the high-molecular-mass PA66 reduced the propagation of scratches on PA66, which originated at the interface between PA66 and the GFs, and enhanced the wear and creep resistance of the composite.

3) Effects of GF diameter

The wear of the steel counterparts reduced with decreasing GF diameter. Image analysis revealed that the total interfacial area between GF and PA66 increased when small-diameter GFs were used. This indicates that surfaces with high interfacial adhesion energy can bear higher sliding energies without interfacial peeling between GF and PA66. The wear and creep resistances of the composite also improved when smaller-diameter GFs were used because the strength and toughness of the composite were enhanced by the increase in the interfacial adhesion area.
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 1 Fig. 1 Schematic view of the test specimens and sliding test setup.
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 2 Fig. 2 SEM BSE images of the sliding surface of composite sample 1 at different locations: (a) Global view; (b) inner position; (c) center position; (d) outer position.
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 3 Fig. 3 Image analysis process: (a) Obtained SEM image; (b) binarized image; (c) image showing particle analysis.
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 4 Fig. 4 Evolution of (a) the friction coefficient, (b) temperature, (c) and vertical displacement of composite samples that differed only in the GF surface treatment agent used.
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 56 Fig. 5 Wear and creep height losses at different cycle numbers in composites that differed only in the GF surface treatment agents used.
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 7 Fig. 7 Wear volume of the steel counterparts at different cycle numbers using composites that differed only in the GF surface treatment agent used.
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 8 Fig. 8 Observation of the steel counterparts and central longitudinal 2D profiles using interferometry.
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 9 Fig.9(a) Calculated total area and (b) total perimeter of the GFs on composites that differed only in the surface treatment agent used. Three measurements were conducted at each position.

  fiber length, Vi and Vj are the fiber volume fractions of li and lj, respectively, and Vf is the volume fraction of the fibers (7.3%
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 11 Fig. 11 Fiber orientation angle θn [43].
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 1314 Fig.[START_REF] Kim | Durability characteristics analysis of plastic worm wheel with glass fiber reinforced polyamide[END_REF] Relationship between the GF length and the cumulative frequency of GFs for composites that differed only in the surface treatment agent used.
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 15 Fig.[START_REF] Chen | The effect of different metallic counterface materials and different surface treatments on the wear and friction of polyamide 66 and its composite in rolling-sliding contact[END_REF] Relationship between the GF orientation angle and the cumulative frequency of the GF orientation on the surfaces of composites that differed only in the GF surface treatment agent used.
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 16 Fig. 16 (a) Wear height loss and (b) creep height loss as a function of the cycle number in sliding tests of GF-reinforced composites that differed only in their PA66 molecular mass (VN).
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 17 Fig. 17 Evolution of (a) the friction coefficient, (b) temperature, (c) and vertical displacement with cycle number in the sliding tests of composites that differed only in their PA66 molecular mass (VN).
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 18 Fig. 18 Optical microscope and SEM images of the sliding surfaces of composites that differed only in their PA66 molecular mass (VN) after 22,500 cycles.
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 20 Fig. 20 Wear volume of the steel cylinders after different cycle numbers of the sliding test using composites that differed only in their PA66 molecular mass (VN).
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 21 Fig. 21 Photographs of (a) new grease and (b) contaminated grease, and interferometry measurements of the steel counterpart after sliding tests using the (c) new grease or (d) contaminated grease [19].
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 22 Fig. 22 (a) Total GF area; (b) total GF perimeter; (c) relationship between the circularity of the GFs and the cumulative frequency of GF area; (d) value of C50 at different positions of composite rings that differed only that differed only in their PA66 molecular mass (VN). Three measurements were conducted at each position.
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 2425 Fig. 24 Stress-strain curves from the tensile tests of unreinforced PA66 samples with different molecular mass values.
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 26 Fig. 26 Relationship between the VN of the composite and the (a) tensile strength and Young's modulus and the (b) tensile elongation at break and tensile elongation energy.

  Fig. 27 Schematic of the different wear modes of composites with different PA66 molecular mass values.

  Fig. 28 Tensile mechanical properties of GF-reinforced PA66 composites that differed only in GF diameter. (a) Tensile strength and Young's modulus; (b) tensile elongation at break and tensile breakage energy. Each value is the average value of five measurements.
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 29 Fig. 29 Evolution of (a) the friction coefficient, (b) temperature, and (c) vertical displacement of composites that differed only in GF diameter during a 50,000 cycle sliding test.
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 30 Fig. 30 Optical microscope images of the sliding surfaces of the composites with different GF diameters after 50,000 cycles.

Fig. 31

 31 Fig. 31 Evolution of (a) the friction coefficient, (b) temperature, (c) and vertical displacement of composites that differed only in GF diameter in the longer sliding test.
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 3233 Fig.32Relationship between the GF diameter and the cycle number at which the first sudden increase in the friction coefficient occurred. Each value is the average value of three values.
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 34 Fig. 34 SEM images of the surfaces of the composite rings with different GF diameters before the sliding tests.
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 3536 Fig. 35 C50 values at different positions of the surface of the composites with different GF diameters. Three measurements were conducted at each position.
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 38 Fig.38(a) Total GF area and (b) total GF perimeter on the sliding surfaces of composites that differed only in GF diameter. Three measurements were conducted at each position.
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 39 Fig. 39 SEM observation of the sliding surfaces of composites with different GF diameters after a 50,000 cycle sliding test and image analysis of the Fe wear debris.
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 40 Fig. 40 Relationship between the surface area of the Fe wear debris and the cumulative frequency of Fe area.

Fig. 41 schematically

 41 Fig.41schematically illustrates the effect of the GF diameter on the tribological properties of the GF-reinforced PA66 composite and steel system discussed above.
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 41 Fig. 41 Schematic of the effects of the GF diameter on the tribological properties.
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Table 1

 1 Test conditions for the tensile tests.

	Tensile test specimen	Dimensions	150 × 10 × 4 mm
	Test	Tensile speed		5 mm/s
	conditions	Temperature		25° C
			-Tensile strength
	Measured properties	-Young's modulus -Tensile elongation at breakage
			-Tensile breakage energy
		Table 2 Micro indentation test conditions.
	Measured sample	Steel cylinder		Composite ring
	Type of indenter	Vickers		Vickers
	Maximum normal load	300 mN		1,500 mN
		Load: 0→300 mN for 10 s	Load: 0→1,500 mN for 10 s
	Indentation test procedure	Creep: 300 mN for 5 s	Creep: 1,500 mN for 5 s
		Unload: 300 mN⇒40 mN for 4 s	Unload: 1,500 mN⇒40 mN for 4 s

Table 3

 3 Test conditions for the sliding tests.

	Steel cylinders	Diameter	3.5 mm
	(×4)	Length	30 mm
	Composite ring	Outer diameter	25.6 mm
	specimen	Inner diameter	20 mm
	(JIS K 7218)	Height	12 mm
		Rotation speed	790 rpm
		Mean sliding speed	1 m/s (Mean radius of the contact area: 11.4 mm)
		Normal load	350 N
	Test conditions	Total test duration	9.3-200 min: intermittent process (10 s sliding and 1 s stopping)
		Total sliding cycles	650-140,452
		Ambient temperature	25 °C
		Lubrication	Grease

Table 4

 4 Mechanical properties of the steel cylinders. Values of the hardness are the average values for 5

		measurements.
	Young's modulus	Hardness measured using micro-indentation
	205 GPa [35-37]	4.7 +/-0.1 GPa

Table 5

 5 Composition and properties of test specimens.

					GF surface	Solid-state			Hertzian
		VN of raw	GF	GF			VN of the	Tensile
	No.				treatment	post-condensa			maximum
		PA66	content	diameter			specimen	Young's modulus
					agent	tion			contact pressure
		235 ml/g	15 wt% 6.5 µm	Type A	-	193 ml/g	6.0 +/-0.4 GPa	191 MPa
		235 ml/g	15 wt% 6.5 µm	Type B	-	-	6.0 +/-0.4 GPa	191 MPa
		150 ml/g	15 wt% 6.5 µm	Type A	-	145 ml/g	5.9 +/-0.3 GPa	189 MPa
		302 ml/g	15 wt% 6.5 µm	Type A	-	235 ml/g	5.4 +/-0.6 GPa	181 MPa
		302 ml/g	15 wt% 6.5 µm	Type A	220 °C × 10 h	356 ml/g	6.0 +/-0.1 GPa	191 MPa
		235 ml/g	15 wt% 9.5 µm	Type A	-	-	5.9 +/-0.4 GPa	189 MPa
		235 ml/g	15 wt% 11 µm	Type A	-	-	6.3 +/-0.4 GPa	-
		235 ml/g	15 wt% 13 µm	Type A	-	-	6.5 +/-0.9 GPa	198 MPa
		235 ml/g	15 wt% 15 µm	Type A	-	-	6.2 +/-0.6 GPa	-
	10	235 ml/g	15 wt% 19 µm	Type A	-	-	5.8 +/-0.1 GPa	188 MPa

Table 6

 6 Effects of the GF surface treatment agent on the mechanical properties of composites that differed only in the GF surface treatment agent used. The values are averages of five measurements, representing the standard deviation.

		Type A	Type B
	Tensile strength	154.0 +/-0.4 MPa	142 +/-2.9 MPa
	Young's modulus	6.0 +/-0.4 GPa	6.0 +/-0.4 GPa
	Tensile elongation at break	5.1 +/-0.1 %	3.5 +/-0.2 %

Table 7

 7 Estimated values of θn, f0, lc, and τ for composites that differed only in the GF surface treatment agent used.

		θn	f0	lc	τ
	Type A	16.0° (0.278 rad)	0.855	0.305 mm	33.6 +/-0.8 MPa
	Type B	15.0° (0.262 rad)	0.870	0.410 mm	25.7 +/-0.5 MPa

Additionally, the sudden increases in the friction coefficient and vertical displacement occurred earlier for samples with larger GF diameters. The same pattern was observed for the increase in the displacement. For the composite with a GF diameter of 6.5 µm, the displacement increased suddenly at 66,000 cycles and then remained nearly constant until 80,000 cycles, after which it increased rapidly. In comparison, the rates of increase in the displacement were smaller for the composites with GF diameters of 9.5 µm or 13 µm. Fig. 32 presents the relationship between the GF diameter and the cycle number at which the first sudden increase in the friction coefficient occurred; these data were fitted using a power approximation. The same tendency was observed as in the 50,000 cycle test; i.e., the cycle number at which the first sudden increase in the friction coefficient occurred increased with decreasing GF diameter. Additionally, for the composite with 19 µm GFs, the rate of the increase in the displacement was much lower than that of the 9.5 µm and 13 µm GF samples. The absolute value of the displacement was also lower, despite the fact that the first sudden increase in the friction coefficient and displacement occurred at a lower cycle number. Hence, the order of the absolute values of the displacements of the samples with different GF diameters varied at different cycle numbers.

The changes in the order of the displacement values were related to the difference in contact pressure due to the wear of the steel cylinders. Fig. 33 presents the wear volume of the steel counterparts tested using composites with different GF diameters after different cycle numbers. Linear fitting of this data indicated that the wear of the steel cylinders increased proportionally with the cycle number; the fitting equations had high correlation coefficient values. The results also show that the wear of the steel counterpart increased with the diameter of the GFs. The wear volume on the steel using the 19 µm diameter GF composite was 3-6 times larger than that observed using the 6.5 µm diameter GF composite. Therefore, as the wear on the steel cylinders increases, the contact pressure becomes lower, which should reduce the rate of increase in the displacement (i.e., wear and creep of the composite). Summarizing the above, the use of small-diameter GFs is not usually effective to reduce the wear and creep of the composite over the entire sliding duration.