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Abstract


This study investigates the effect of fiber weight fraction on the tribomechanical behavior of basalt fiber-reinforced polymer (BFRP) composites under dry sliding conditions. Composite specimens with 50%, 65%, and 70% basalt fiber contents were manufactured and tested through tensile, flexural, and pin-on-disc tribological evaluations. Key tribological parameters, including the coefficient of friction (COF), specific wear rate (K), and contact temperature, were measured under various applied loads and sliding speeds. Statistical analysis was performed using a generalized linear model (GLM) to identify significant factors and their interactions. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analyses indicated that abrasive wear, matrix cracking, and fiber–matrix interfacial failure were the dominant wear mechanisms. The experimental results revealed that the fiber weight fraction had the most significant influence on COF (42.78%), while the sliding speed had the predominant effect on the specific wear rate (77.69%) and contact temperature (32.79%). These findings highlight the potential of BFRP composites for applications requiring enhanced wear resistance and mechanical stability under varying loading conditions.
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1. Introduction


Fiber-reinforced polymer (FRP) composites have gained widespread industrial use in sectors such as aerospace, automotive, civil engineering, and marine applications due to their high specific strength, corrosion resistance, and design adaptability [1,2]. Among the various types of reinforcement fibers, basalt fibers, derived from natural volcanic rocks, have recently garnered increasing interest as an environmentally friendly and cost-effective alternative to conventional glass and carbon fibers [3,4]. Basalt fibers exhibit higher tensile strength, improved thermal stability, better chemical resistance, and lower moisture absorption compared to glass fibers, while offering a production process that is less energy-intensive and more sustainable [5,6].



The use of basalt fibers in polymer matrix composites has proven to enhance mechanical integrity and thermal performance, particularly in environments requiring resistance to wear, impact, or fluctuating temperatures [7,8]. Basalt fibers possess a high elastic modulus and intrinsic thermal resistance, making them suitable for high-temperature and high-stress environments [9]. Nevertheless, while the mechanical behavior of BFRP composites has been extensively studied, their tribomechanical performance, particularly under dry sliding conditions, remains less thoroughly investigated compared to glass fiber-reinforced polymer (GFRP) composites [10].



Several comparative studies have attempted to benchmark the wear resistance of BFRP composites against glass or hybrid composites. Raajeshrishna et al. [11] compared the adhesive and abrasive wear performance of BFRP and GFRP composites under dry sliding conditions against steel counterparts. Their findings revealed that while BFRP composites displayed slightly higher wear rates under adhesive conditions, they outperformed GFRP composites under erosive wear conditions, suggesting better resistance in aggressive environments. Similarly, Arputham et al. [6] studied basalt fiber-reinforced PEEK composites and noted a significant reduction in wear rate at an optimal fiber content of 20 wf%, beyond which wear increased due to fiber agglomeration. Sujon, Wang et al. [12,13] observed that copper matrix composites reinforced with basalt fibers exhibited minimum wear at approximately 1.5% fiber content, highlighting the importance of optimal fiber loading.



In addition to fiber content, researchers have explored the role of fillers and hybridizations to enhance the tribological performance of BFRP composites. Danilova et al. [14] incorporated nano-SiO2 particles into basalt/epoxy composites, leading to improvements in wear resistance and stability of COF. Birleanu et al. [10,15] investigated the incorporation of metallic powders, such as copper and bronze, into BFRP matrices. Their results indicated a significant reductions in wear rate and COF, which were attributed to the formation of protective tribofilms at the sliding interface.



Control factors such as applied load and sliding speed have also been reported to critically influence tribological outcomes. Raajeshrishna et al. [11] found that increasing the load led to higher wear rates for both BFRP and GFRP composites. Arputham et al. [6] similarly demonstrated that BFRP composites experienced a significant increase in wear rate when the load increased from 20 N to 40 N. Regarding sliding speed, researchers such as Birleanu et al. [15] reported complex behavior: moderate increases in speed favored the formation of protective films and a reduced COF, while excessively high speeds promoted matrix softening and increased wear.



Mechanism-wise, wear in BFRP composites under dry sliding conditions is typically characterized by matrix cracking, fiber–matrix debonding, fiber pull-out, and abrasive ploughing [11,12,16,17]. SEM analyses in various studies have confirmed that at lower fiber contents, matrix wear dominates, whereas at higher fiber fractions, fiber breakage and interfacial failure become prevalent [18]. Raajeshrishna et al. [11] further showed that BFRP composites tend to form a more stable transfer film compared to GFRP composites under certain conditions, which could mitigate adhesive wear to some extent.



Comparative studies have suggested that although GFRP composites sometimes offer marginally lower wear rates under specific adhesive sliding regimes, BFRP composites demonstrate superior thermal stability and erosion resistance, making them more suitable for harsh operational environments [11,19]. Moreover, the ecological advantages of basalt fibers—derived from abundant natural resources and produced with lower environmental impact—make BFRP composites attractive for sustainable engineering solutions [3,18].



Although progress has been made in characterizing basalt fiber-reinforced composites, there is still a notable shortage of comprehensive studies that examine how variations in fiber weight fraction affect tribomechanical performance. In particular, few investigations have quantitatively linked fiber content with critical tribological outcomes—such as the coefficient of friction, specific wear rate, and contact temperature—within statistically designed experimental frameworks.



In this work, we investigate the tribomechanical behavior of epoxy composites reinforced with basalt fibers at three weight fractions (50%, 65%, and 70%). Specimens are tested under dry sliding conditions using a pin-on-disc tribometer across varying loads and speeds. A generalized linear model (GLM) is applied to assess the significance of each factor and their interactions on key tribological outputs—coefficient of friction, wear rate, and temperature. SEM, EDS, and 3D profilometry are used to elucidate the dominant wear mechanisms. The study aims to bridge the knowledge gap about the tribological performance of BFRP composites and support the material’s integration in sustainable engineering applications.




2. Materials and Methods


2.1. Materials


In recent years, basalt fibers have attracted the attention of researchers as a cost-effective alternative to E-glass fibers, with slightly superior mechanical properties and thermal and chemical stability. Derived from basalt rock, basalt fibers have become an alternative to traditional materials such as glass and carbon fibers, as basalt fibers offer unique advantages that have attracted widespread interest among researchers and manufacturers



Basalt fibers are high-performance inorganic fibers produced by melting natural volcanic rocks such as basalt or andesite at temperatures between 1400 and 1500 °C. The resulting fibers exhibit high tensile strength (2800–4800 MPa), a relatively high elastic modulus (85–110 GPa), and excellent thermal and chemical stabilities. Compared to conventional glass fibers, basalt fibers offer improved mechanical properties and superior resistance to environmental degradation, while remaining more cost effective than carbon fibers. They are also environmentally sustainable, as their production involves minimal processing, no chemical additives, and relies on abundant natural raw materials. These characteristics make basalt fibers an attractive reinforcement option for polymer matrix composites, particularly in applications requiring enhanced durability, heat resistance, and ecological compatibility.



The composites studied in this research were manufactured using a combination of basalt fiber fabric and epoxy resin, without the addition of metallic fillers. The reinforcement material was a 2/2 twill woven basalt fabric with an areal density of 220 g/m². The matrix was an epoxy system consisting of EPIKOTE™ MGS LR 135 resin and EPIKURE™ MGS LH 136 hardener, mixed in a 100:35 weight ratio, as recommended by the supplier (Hexion, Duisburg, Germany).



Basalt fibers provide superior thermal and chemical stabilities, and their compatibility with epoxy matrix ensures good fiber impregnation and interfacial adhesion. The composites were manufactured targeting fiber weight fractions of 50%, 65%, and 70%, corresponding to the different sample groups analyzed.




2.2. Fabrication Method


The fabrication process consisted of manual lamination, followed by vacuum bag sealing and thermal curing inside an autoclave unit provided by Maroso (Veneto, Italy), as follows:




	-

	
Initially, the epoxy resin and hardener were thoroughly mixed.




	-

	
The basalt fiber fabric was impregnated manually using the hand lay-up method, layer by layer, to ensure uniform resin distribution and fiber wetting.




	-

	
After stacking the impregnated layers, the laminate was enclosed in a vacuum bag and subjected to a vacuum of −0.9 bar to remove entrapped air and volatile compounds.









The vacuumed laminate was placed inside a Maroso autoclave and subjected to a controlled curing cycle at:




	-

	
120 degree curing temperature,




	-

	
vacuum pressure of −0.9 bar and 4 bar internal pressure,




	-

	
for a period of 180 min.









After curing, the laminate was allowed to cool gradually to room temperature (approximately 30 °C) over 60 min to minimize thermal stresses.



As a result of the fabrication process, several composite panels were obtained, each with dimensions of 500 mm × 300 mm × 2 mm and fiber reinforcement contents of 70%, 65%, and 50% (±0.5%). Following the curing stage, the plates were trimmed, machined, or surface-finished to match the required final geometries and tolerances. Any surface imperfections or localized defects were corrected using supplemental applications of resin and reinforcing fabric.



The specimens extracted for testing included the following:




	-

	
Tribological discs with a diameter of 50 mm and a thickness of 2 mm, used in wear resistance evaluations.




	-

	
Tensile specimens measuring 250 mm × 25 mm × 2 mm, prepared in compliance with the ASTM D3039-17 standard [20].




	-

	
Flexural specimens of 80 mm × 13 mm × 2 mm, fabricated according to the ASTM D7264/D7264M-15 standard [21].









In the wear tests, 12.7 mm diameter bearing balls made of 52100 chromium-alloyed steel (RKB Bearing Industries Group, Balerna, Switzerland) were employed as counterface elements, in accordance with the guidelines provided by the ASTM A295 standard [22]. These steel balls acted as counterparts to the composite disc specimens during the dry sliding evaluations. Their use ensured uniform and repeatable contact conditions, thereby contributing to the reliability and comparability of the tribological measures.



In addition to the tribological characterization, mechanical tests were carried out to evaluate the tensile and flexural properties of the fabricated BFRP composites.




2.3. Mechanical Testing


Tensile tests were conducted using an Instron 8801 (Instron, Norwood, MA, USA) servo-hydraulic testing machine, while flexural tests were carried out using an Instron 3366 universal testing machine (Instron, Norwood, MA, USA), both under the same environmental conditions.



All mechanical tests were conducted at the Accredited Mechanical Testing Laboratory of the Department of Mechanical Engineering, Technical University of Cluj-Napoca. Tensile tests were carried out at a crosshead displacement rate of 2 mm/min, conducted under ambient laboratory conditions of 18 °C and 50% relative humidity. For each material variant, a set of five specimens was tested. During each trial, the system automatically recorded the corresponding stress–strain response throughout the loading process.



Flexural performance was assessed using a three-point bending configuration, conducted using an Instron 3366 universal testing machine. The same displacement rate and environmental parameters used in the tensile tests were applied to ensure consistent testing conditions.




2.4. Tribological Testing


Tribological characterization was performed using a pin-on-disc tribometer (TRB3, Anton Paar GmbH, Graz, Austria) following the ASTM G99-23 standard [23,24].



The testing parameters were as follows:




	-

	
Counterface material: Hardened chromium steel ball (AISI 52100, hardness ~60 HRC).




	-

	
Loads: 10 N, 20 N, and 30 N.




	-

	
Sliding speeds: 0.10 m/s, 0.25 m/s, and 0.36 m/s.




	-

	
Sliding distance: fixed at 2000 m.




	-

	
Ambient conditions: 22 °C temperature and 45 ± 2% relative humidity.









During each test, COF was continuously recorded and the specific wear rate (K) was calculated using the formula:


   K  d i s c   =     V  d i s k      L  s l i d i n g   ⋅ F    ;    K  b a l l   =     V  b a l l      L  s l i d i n g   ⋅ F     



(1)




where it is noted that:




	-

	
Vdisk—wear volume of the disc (mm3);




	-

	
Vball—wear volume of the ball (mm3);




	-

	
F—normal force (N);




	-

	
Lsliding—total sliding distance (m);




	-

	
Kdisk, Kball—wear factors of the disc and ball (mm3/m·N), respectively.









The surface temperature generated during sliding was continuously monitored using a FLIR E5xt infrared thermal imaging camera (Teledyne FLIR Company, Wilsonville, OR, USA). Average temperature values were recorded throughout the testing period for each experimental condition.



After the tribological tests, the worn surfaces were subjected to detailed characterization. Scanning electron microscopy (SEM) using a JEOL JSM-5600LV microscope (JEOL Ltd., Tokyo, Japan) was employed to observe surface damage features, while energy dispersive X-ray spectroscopy (EDS) using an ULTIM MAX 65 detector (Oxford Instruments, Abingdon, UK) was used to assess elemental transfer and to elucidate the prevailing wear mechanisms.




2.5. Statistical Analysis


A full factorial design was employed to systematically evaluate the effects of fiber weight fraction, load, and sliding speed on the tribological outputs (COF, wear rate, temperature). The control factors and their levels are summarized in Table 1.



A generalized linear model (GLM) was applied and multifactorial analysis of variance (ANOVA) was performed using Minitab 19 software (Minitab, Coventry, UK) to identify the significance and contribution percentage (PC%) of each factor and their interactions [25]. Graphical analysis (main effects plots, interaction plots, and interval plots) was employed to interpret and visualize the experimental data. Assumptions of normality and homogeneity of variance were verified through residual analysis.



The percentage contribution (PC%) of each individual factor and their interactions was calculated to quantify their influence on the measured responses. The statistical significance of the control parameters was evaluated through ANOVA, using the F-statistic and p-values as criteria for relevance.



In addition, several graphical tools were employed, including main effects plots, interaction plots, and interval plots, to visually interpret the relationships between response variables and experimental factors. The underlying assumptions of ANOVA were subsequently verified to ensure the reliability and consistency of the statistical analysis.





3. Results and Discussion


3.1. Results of Mechanical Testing


The mechanical behavior of basalt fiber-reinforced polymer (BFRP) composites was evaluated through tensile and flexural tests for specimens containing 50%, 65%, and 70% fiber weight fractions.



3.1.1. Tensile Strength and Stiffness


The results of the tensile tests are summarized in Table 2 and illustrated in Figure 1. A clear correlation between fiber content and tensile strength was observed. The BFRP composite with 70% fiber content reached the highest tensile strength of 453.4 MPa, followed by the 65% fiber sample (393 MPa) and the 50% fiber sample (329.2 MPa). This progressive improvement reflected the effective load-bearing capability of basalt fibers, which contribute significantly to stress distribution and crack suppression. The variability of the results was expressed as the coefficient of variation (CV%).



Strain at maximum load decreased with increasing fiber content, from 2.87% for BFRP 70% to 1.84% for BFRP 50%, indicating reduced ductility and increased stiffness. Interestingly, the highest elastic modulus was recorded for the 50% fiber composite (20.84 GPa), contrary to typical trends. The elastic modulus values decreased for higher fiber contents: 18.74 GPa (BFRP 65%) and 17.99 GPa (BFRP 70%). This unexpected behavior may have resulted from matrix-rich regions in the 50% sample contributing more effectively to global stiffness, while high fiber content may have introduced fiber misalignment or matrix starvation, reducing structural uniformity.



Despite these differences, the coefficient of variation was relatively low for all samples (ranging from 1.57% to 10.73%), confirming the reliability of the measurements and the reproducibility of the composite manufacturing process.




3.1.2. Flexural Properties


The flexural behavior of the composites is presented in Table 3 and Figure 2. Like the tensile results, flexural strength increased with fiber content, with BFRP 70% achieving the highest value of 398 MPa, followed by 369.7 MPa for BFRP 65% and 284.3 MPa for BFRP 50%. These results confirmed the role of basalt fibers in reinforcing the composite structure, enhancing their resistance to bending stresses.



The strain at maximum flexural load varied slightly among samples (between 2.22% and 2.74%), suggesting that even the stiffer composites retained a certain degree of flexibility. As with the tensile modulus, the highest flexural modulus was unexpectedly recorded for the 50% fiber composite (20.20 GPa), followed by the 65% fiber composite (18.59 GPa) and the 70% fiber composite (17.68 GPa). This inversion of expected trends was likely due to the influence of microstructural factors such as fiber distribution, interfacial adhesion, and internal voids.



The variability of flexural properties, expressed through the coefficient of variation, was lowest for the 65% and 70% composites, indicating higher consistency and structural homogeneity at elevated fiber contents.



The results demonstrated that increasing the basalt fiber content generally improved tensile and flexural strength, confirming the reinforcing role of basalt in the composite matrix. However, the elastic modulus did not increase linearly with fiber content and was influenced by fiber–matrix distribution and structural homogeneity. BFRP 70% provided the best compromise between strength and deformability, making it a promising candidate for structural applications. These findings also underlined the importance of optimizing fiber distribution to maximize mechanical performance without compromising stiffness or consistency.





3.2. Tribological Behavior


The tribological performance of the BFRP composites was assessed under dry sliding conditions using a pin-on-disc tribometer with a chromium alloy steel counterbody (AISI 52100, Ø 12.7 mm), in accordance with ASTM A295. The tests were designed to investigate the influence of three key parameters—fiber weight fraction (50%, 65%, 70%), applied normal load (10 N, 20 N, 30 N), and sliding speed (0.1, 0.25, 0.36 m/s)—on COF, specific wear rate, and surface temperature.



The experimental setup and parameter combinations presented in Table 4 ensured a comparative evaluation of the tribological behavior of the BFRP material with 50%, 65%, and 70% fiber weight fractions. The tribological responses were analyzed for steady-state conditions over the last 60 min of the 120 min testing interval.



3.2.1. Coefficient of Friction (COF)


The evolution of the coefficient of friction for the BFRP composites during dry sliding is illustrated in Figure 3, Figure 4 and Figure 5. Figure 3 shows the real-time variation in COF over the 120 min test period for all three fiber contents (50%, 65%, and 70%wf) under a constant load of 20 N and a sliding speed of 0.1 m/s. The BFRP 50% composite exhibited significant fluctuations in the initial run-in period, indicating unstable contact conditions and delayed formation of a tribolayer. By contrast, the BFRP 65% and especially the BFRP 70% samples transition more quickly into the steady-state regime, characterized by a more consistent COF. This difference highlighted the beneficial effect of higher fiber content on contact stability and load transfer efficiency.



Figure 4 compares the average steady-state COF values for each fiber fraction under a constant load of 20 N, providing a representative reference for comparative analysis. The results revealed a nonlinear relationship between fiber content and friction behavior. At 10 N, COF increased slightly with fiber content, suggesting that initial contact stresses were more effectively distributed in matrix-dominant compositions. However, under higher loads (20 N and 30 N), the BFRP 70% sample consistently demonstrated the lowest COF values, reflecting a more favorable tribological interaction. This could be attributed to enhanced interfacial bonding, better thermal conductivity, and reduced plastic deformation at the sliding interface.



Figure 5 provides a consolidated view of COF dependency on both fiber content and sliding speed. At low speed (0.1 m/s), all samples showed relatively higher COF values due to increased adhesion and insufficient frictional heating. As the sliding speed increased to 0.36 m/s, a noticeable reduction in COF was observed, particularly for the 65% and 70% fiber composites. This behavior suggested the formation of a more stable transfer film facilitated by frictional heat and increased surface activation. The BFRP 70% specimen exhibited the most consistent COF across all speeds and loads, supporting its superior tribological performance. The experimental results presented in Figure 3, Figure 4 and Figure 5 were selected under a normal load of 20 N to provide a representative and balanced overview of the tribological behavior of the BFRP composites. This intermediate load level was intentionally chosen for detailed graphical analysis for several reasons.



First, 20 N offers a reliable balance between under-loading and overload conditions. At this load, the tribological system exhibits both run-in dynamics and steady-state stability without inducing excessive material failure or premature thermal degradation. Lower loads (e.g., 10 N) often result in less pronounced wear and insufficient frictional heating, which can obscure the differences in material performance. Conversely, high loads (30 N) tend to exaggerate wear mechanisms and accelerate surface breakdown, potentially masking the underlying trends of COF and temperature stabilization.



Second, the run-in and steady-state phases are more clearly observable at 20 N. The COF evolution at this load level shows a well-defined transition from initial surface adaptation (run-in) to stable contact conditions (steady-state), allowing for a consistent comparison across all fiber compositions. This transition is crucial for evaluating the formation of tribofilms, surface accommodation, and the material’s ability to stabilize friction over time.



Similarly, the temperature profiles recorded at 20 N reflect realistic heat generation conditions without reaching critical thermal thresholds that could damage the matrix or trigger anomalous responses. The heat accumulation observed during run-in and the thermal plateau in the steady-state provide meaningful insight into each composite’s thermal regulation capacity, an important parameter for applications involving repeated or prolonged dry contact.



In summary, selecting 20 N as the reference load for Figure 3, Figure 4 and Figure 5 enables the most representative and interpretable comparison of tribological responses, highlighting the material’s behavior in both the early dynamic phase and under stabilized frictional conditions.



In summary, the COF results indicated that both the fiber content and operating conditions significantly affected the tribological response of BFRP composites. A higher fiber content promoted early stabilization of friction, lower steady-state COF, and reduced sensitivity to changes in speed and load. These findings highlighted the effectiveness of basalt fiber reinforcement in improving frictional behavior under dry sliding conditions




3.2.2. Specific Wear Rate


The specific wear rate values of the BFRP composites were analyzed under varying loads and fiber weight fractions to assess the material’s volumetric wear resistance during dry sliding. The variation in the specific wear rate (K) as a function of fiber content and applied load is presented in Table 4. These data allowed for a comparative assessment of volumetric wear resistance across the tested BFRP composites under different frictional conditions.



Overall, the wear rate values exhibited a nonlinear dependency on both the applied load and the amount of reinforcement, indicating a complex interaction between fiber architecture, matrix behavior, and frictional conditions.



At 10 N, the BFRP 50% sample demonstrated a relatively low wear rate (3.25 × 10−5 mm3/Nm), but this increased significantly to 8.69 × 10−5 mm3/Nm at 30 N, reflecting the material’s limited ability to withstand high contact pressures. The pronounced increase suggested matrix softening, fiber pull-out, and poor energy dissipation at higher load levels. This behavior was consistent with SEM observations showing widespread delamination and matrix degradation in BFRP 50%.



For BFRP 65%, the wear rate followed a different trend: starting at 6.91 × 10−5 mm3/Nm (10 N), it rose slightly to 9.34 × 10−5 mm3/Nm at 20 N, then dropped to 7.69 × 10−5 mm3/Nm at 30 N. The reduction under maximum load suggested a more efficient load-bearing mechanism, possibly due to improved fiber distribution and the formation of a stable tribological film that protected the surface from further degradation. This result indicated a transitional behavior in which the reinforcement began to dominate over the matrix in terms of wear resistance.



The BFRP 70% specimen exhibited the most stable wear behavior across all load conditions, with values ranging between 4.08 × 10−5 mm3/Nm and 8.03 × 10−5 mm3/Nm. These results confirmed the superior wear resistance of the highly reinforced composite, especially at medium and high loads. The higher fiber volume contributed to increased structural rigidity and reduced the contact area of the soft matrix, thereby limiting material removal. Additionally, the enhanced thermal conductivity of the fiber-rich composite likely mitigated frictional heating, further improving performance under dry sliding conditions.



Comparative analysis of the wear rate data across fiber fractions revealed that the most significant improvement occurred when the fiber content increased from 50% to 65%, suggesting a threshold beyond which reinforcement dominated the tribological response. The improvement from 65% to 70% fiber content was more moderate, indicating a point of diminishing returns due to potential challenges such as matrix starvation or fiber misalignment at very high reinforcement levels.



The wear rate trends aligned with both the COF behavior and the 3D profilometric analysis, reinforcing the conclusion that higher basalt fiber content enhanced tribological durability. These findings validated the role of fiber reinforcement in controlling material loss during frictional loading and provided quantitative confirmation of the microscopic damage mechanisms observed in SEM analysis.




3.2.3. Contact Temperature


The results of contact temperature under various test conditions are summarized in Table 4. Surface temperature during sliding is a critical parameter under dry friction conditions, as it directly influences material softening, interfacial adhesion, and tribofilm formation. Figure 6a illustrates the evolution of contact temperature over the 120 min testing period for BFRP composites with different fiber weight fractions, tested at 30 N load and 0.36 m/s sliding speed—the most severe test condition. Figure 6b summarizes the final average temperatures measured at the end of each test for all composite configurations.



The BFRP 50% composite exhibited the highest temperature rise, reaching 65.2 °C under the highest load and speed combination. This substantial increase was attributed to the lower thermal conductivity of the epoxy-rich matrix, leading to heat accumulation at the sliding interface. The reduced ability of the matrix to dissipate frictional heat resulted in local softening, which may have contributed to higher wear rates and unstable COF, as confirmed by the data presented in Section 3.2.1 and Section 3.2.2.



By contrast, the BFRP 65% and 70% composites demonstrated significantly lower surface temperatures. For BFRP 65%, the peak temperature reached under maximum load was 58.4 °C, while the peak temperature of BFRP 70% remained below 52 °C across all conditions. The reduced thermal response of these highly reinforced composites was primarily due to the presence of a continuous and dense basalt fiber network, which improved heat conduction and distributed thermal energy more evenly across the contact surface. This thermal buffering effect delayed matrix softening and supported the formation of more stable tribological films, contributing to the lower and more stable COF and wear rates observed in the previous subsections.



At low load (10 N) and speed (0.1 m/s), all composites maintained relatively low and comparable surface temperatures (ranging from 29 to 35 °C), with no significant differences among fiber contents. However, as load and sliding speed increased, differences became more pronounced. This confirmed that thermal performance was highly dependent on reinforcement level, especially under demanding frictional regimes where heat generation intensified.



The temperature data also aligned with the observations from SEM and EDS analyses, where the BFRP 70% specimen showed reduced signs of matrix degradation and adhesive wear. Lower operating temperatures likely contributed to the preservation of surface integrity and the minimization of thermal damage at the fiber–matrix interface.



In summary, increasing the basalt fiber content enhanced the thermal resistance of the composite system under dry sliding conditions, reducing surface temperature rise and stabilizing tribological behavior. These results emphasized the dual function of basalt fibers—not only as mechanical reinforcements but also as thermal conductors mitigating friction-induced heating. The temperature-induced surface changes discussed here were further evidenced in the SEM images (Figure 6), where differences in matrix degradation and fiber exposure aligned with the recorded thermal loads.




3.2.4. Wear Mechanism Analysis


To better understand the origin of the wear behavior observed in the BFRP composites, a detailed surface characterization was conducted by performing scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) on the wear tracks. The goal was to identify dominant degradation mechanisms and assess the evolution of the contact interface under dry sliding conditions.



Figure 6 presents representative SEM images of the worn surfaces for BFRP specimens tested at 30 N and 0.25 m/s. The BFRP 50% sample (Figure 6a,b) exhibited severe matrix degradation, transverse and longitudinal microcracks, and clear signs of fiber pull-out and debonding. The resin-rich nature of the composite made it more susceptible to softening, leading to extensive delamination and material loss. The presence of irregular fiber fragments and exposed voids suggested that the interface between fibers and the matrix failed under repeated contact stress and frictional heating.



In the BFRP 65% specimen (Figure 6c,d), the wear surface showed more compact and organized morphology, with reduced matrix tearing and fewer detached fibers. However, localized matrix removal and limited fiber breakage were still observed, indicating partial interfacial failure. The improved reinforcement ratio likely contributed to better load distribution, reducing the extent of localized deformation and fiber–matrix separation.



The BFRP 70% surface (Figure 6e,f) displayed a much more uniform wear track, with intact fiber–matrix regions and minimal visible damage. The worn surface was smoother and fiber breakage was rare, suggesting that the high reinforcement density effectively mitigated surface damage and promoted better stress transfer. The reduced presence of microcracks and ploughing traces confirmed the role of fiber architecture in absorbing mechanical energy and resisting wear propagation.



The scanning electron microscopy (SEM) images presented in Figure 6, which show the morphology of the wear tracks on BFRP composites—were obtained under a normal load of 30 N and a sliding speed of 0.25 m/s, after 120 min of dry sliding. This high-load condition was intentionally selected to capture and highlight the dominant wear mechanisms in their most developed and distinguishable form.



At 30 N, the tribological system was subjected to maximum mechanical stress among all tested conditions, which amplified the effects of fiber–matrix interaction, surface degradation, and thermal buildup. These severe conditions facilitated the emergence of critical features such as matrix delamination, fiber pull-out, microcracking, and interfacial debonding—phenomena that were more subtle or even absent at lower loads.



By focusing the SEM analysis on this load level, it became possible to clearly distinguish differences in damage morphology between the BFRP samples with 50%, 65%, and 70% fiber contents. The extent and type of surface failure, whether dominated by matrix wear, fiber fracture, or cohesive failure—were more visible and diagnostic under high-stress conditions, enabling a comparative evaluation of reinforcement efficiency and interfacial integrity.



Moreover, since tribological degradation is load-dependent, selecting the most critical scenario (30 N) ensured that the observed damage mechanisms are representative of worst-case operational behavior, offering valuable insights into the composite’s long-term durability and failure modes in demanding applications. In summary, the use of 30 N as the reference load for SEM imaging allowed for enhanced visualization of surface damage, better differentiation among composite types, and a more meaningful interpretation of wear mechanisms under critical working conditions.



Figure 7 shows the analysis of the wear tracks, where iron and chromium peaks were detected, particularly in the BFRP 50% sample. This indicated material transfer from the steel counterbody, which was consistent with adhesive wear and poor thermal dissipation. By contrast, the metallic residue was significantly lower in the BFRP 65% sample and nearly absent in the BFRP 70% sample, suggesting a more stable contact surface and reduced adhesive interaction. The presence of silicon, oxygen, and aluminum in all samples confirmed the exposure of basalt fibers and residual epoxy degradation.



The overall tribological results demonstrated that increasing the basalt fiber content from 50% to 70% significantly improved frictional stability, reduced the wear rate, and enhanced thermal resistance. BFRP 70% exhibited the best performance under all testing conditions, with rapid transition to steady-state behavior, stable COF, and minimal material loss. These findings underlined the reinforcing effect of basalt fibers in tribological contacts, making BFRP composites with high fiber content suitable for demanding applications involving high loads and sliding speeds.



To further elucidate the wear mechanisms involved in the tribological behavior of the BFRP composites, post-test analyses were performed using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and 3D optical profilometry. These methods allowed for the detailed observation of worn surfaces, identification of damage modes, and assessment of material transfer or surface degradation.



The images (Figure 7) collected from the wear track regions revealed traces of iron and chromium on the BFRP sample surfaces, indicating material transfer from the steel counterbody during sliding. This was consistent with adhesive wear and tribochemical interactions at the contact interface. The amount of transferred metallic elements decreased with increasing fiber content, supporting the hypothesis that BFRP 70% provided a more stable tribological interface with lower adhesion and improved thermal dissipation.



Additionally, silicon and oxygen peaks corresponding to the basalt fibers and the epoxy matrix were identified consistently in all samples, further validating the structural integrity of the tested composites and the reliability of the SEM/EDS mapping.





3.3. 3D Profilometry


Three-dimensional surface profilometry, using an optical profilometry system (Alicona InfiniteFocus, Bruker Alicona, Graz, Austria), was used to measure the depth of the wear tracks. A comprehensive analysis of the worn surfaces using optical profilometry provided further insight into the degradation mechanisms and wear behavior under dry sliding conditions. The BFRP 50% composite exhibited the most severe wear track, with deeper grooves and higher surface irregularities, confirming the extensive material loss observed in the wear rate measurements. The BFRP 65% sample showed moderate wear depth with more uniform profiles, while the BFRP 70% composite had the shallowest and smoothest track, demonstrating its superior wear resistance.



As part of this investigation, Figure 8 and Figure 9 present illustrative 3D surface scans, showcasing representative wear morphologies for the BFRP 50% composite tested under a load of 20 N and sliding speed of 0.1 m/s over a 120 min period. This condition was selected as a standardized and balanced testing regime across all profilometric evaluations, applied consistently for all three composite types (BFRP 50%, BFRP 65%, and BFRP 70%). The load of 20 N provided a realistic frictional contact condition where measurable surface damage can occur without causing extensive surface rupture or deformation that would hinder the optical scanning process. Likewise, the relatively low sliding speed of 0.1 m/s minimized the effects of frictional heating and ensured that the topographical features resulting from wear were well preserved, allowing accurate 3D reconstruction and comparison.



Thus, Figure 8 and Figure 9 are presented as reference examples of the profilometry-based method used to measure wear track volume, from which the specific wear rate values (K) were obtained. Similar profilometry scans were performed for the other fiber configurations, and the results are shown in Table 4. The visualizations highlighted the surface degradation patterns associated with different fiber contents and substantiated the quantitative findings related to wear rate and surface roughness, thus contributing to a more complete understanding of the composite behavior under frictional loading.



This approach allowed the study to maintain methodological uniformity and focus on the influence of fiber content on surface integrity and wear depth while avoiding variability introduced by changing test parameters. Therefore, the selected condition served both as a benchmark for comparative analysis and as a good practice reference for tribological surface characterization in polymer matrix composites. The correlation between profilometric data, SEM morphology, and wear rate confirmed the critical role of fiber content in improving surface integrity and reducing wear damage.




3.4. Results of Statistical Analysis


The main results of the statistical analysis for coefficient of friction, specific wear rate, and temperature are shown in Table 5. The significant influence of the control factors on the targets was obtained in the case of p-values lower than the significance level of 0.05.



The ANOVA results revealed that the most influential factor affecting COF was the fiber weight fraction (wf), contributing 42.78%, followed by the applied force, with 17.28%, and the interaction between wf and sliding speed (v), with 15.91%, as presented in Table 5. Other interactions and the individual effect of sliding speed showed notably lower contribution levels to COF.



By contrast, for the specific wear rate (K), the sliding speed emerged as the dominant factor, with a contribution of 77.69%, followed by the applied load, which accounted for 10.12%. Interactions among the control factors had minimal impact on the wear rate, as also detailed in Table 5.



When analyzing contact temperature (T), the most significant contributors were the sliding speed (32.79%), the applied force (26.74%), and the interactions of force–speed (F-v) and fiber content–force (wf-F), contributing 17.81% and 15.78%, respectively, as shown in Table 5.



To further interpret these findings, graphical representations such as main effects plots, interaction plots, and interval plots were used to visualize the influence of each control factor on the three response variables: COF, K, and T.



According to the main effects plot for COF (Figure 10a), the highest mean values were observed when wf was 65%, force was 30 N (level 3), and sliding speed was 0.25 m/s (level 2). A nonlinear trend was evident, where COF increased with fiber content up to 65% but slightly decreased when the fiber content reached 70%. Additionally, COF showed a rising tendency with increasing applied force, and a marginal increase was observed with increasing sliding speed. The lowest COF values corresponded to wf of 50%, F of 10 N, and v of 0.1 m/s.



In terms of specific wear rate, Figure 10b illustrates that the lowest average values of K occurred at wf of 70%, F of 10 N (level 1), and v of 0.1 m/s (level 1). The wear rate exhibited a mild increase with increasing fiber content, followed by a decrease, suggesting a nonlinear relationship. The wear rate also rose with increasing load, and a significant jump in K was observed when the sliding speed increased from 0.1 m/s to 0.25 m/s.



For temperature, as shown in Figure 10c, the maximum mean values were obtained at wf of 50%, F of 30 N (level 3), and v of 0.36 m/s (level 3). The temperature values exhibited a decreasing trend with increasing fiber content, which could be attributed to improved thermal conductivity and heat dissipation in the more densely reinforced composites.



As illustrated in Figure 11a and supported by the data in Table 5, the interaction between fiber weight fraction (wf) and sliding speed (v) had a notable impact on the coefficient of friction. By contrast, interaction effects were less prominent in the case of the specific wear rate, as seen in Figure 11b, indicating a more independent influence of individual factors in this case.



For the temperature response, significant interaction effects were observed between wf and applied load (F), as well as between F and v, both of which are clearly depicted in Figure 11c. These interactions suggested that the combined effects of mechanical loading and reinforcement level played a key role in thermal behavior during sliding.



Figure 12 presents the interval plots, including standard error bars, illustrating the relationship between each control factor and the coefficient of friction. As shown in Figure 12a, the mean values of COF for different levels of basalt fiber content (wf) were statistically distinct, indicated by the non-overlapping confidence intervals. This confirmed that wf had a significant effect on COF.



Conversely, in Figure 12b,c, the interval bars corresponding to applied force and sliding speed displayed considerable overlap. This suggested that the observed differences in mean COF for these two factors were likely not statistically significant under the tested conditions.



The interval plots of factors versus specific wear rate are shown in Figure 13. The difference between the means of K in sliding speed (level 3) were significant because the interval bars did not overlap with the others.



The interval plots of each factor versus temperature are shown in Figure 14. The difference between the means for temperature in v was significant because the interval bars did not overlap for levels 1 and 3.



The normal probability plots generated for the residuals of the response variables, COF, specific wear rate (K), and temperature (T), demonstrated that the applied generalized linear model (GLM) was statistically appropriate and met the normality assumption, as supported by [26]. The normal probability plot for COF is illustrated in Figure 15, with similar distribution patterns observed for the residuals of K and T, confirming the validity of the model fits for all three outputs.



Figure 16, Figure 17 and Figure 18 illustrate the response surface plots obtained from the statistical modeling, showing the influence of fiber weight fraction (wf), normal load (F), and sliding speed (v) on the three primary tribological outcomes: coefficient of friction (COF), specific wear rate (K), and contact temperature (T).



Figure 16 presents the variation in COF as a function of two-factor interactions. In Figure 16a, COF increased with applied load, particularly at lower fiber content, where matrix-dominated surfaces exhibited greater instability during frictional contact. The lowest COF values were observed at 70% fiber content and low loads, suggesting that a dense fiber network promoted the formation of a stable tribofilm and ensured consistent frictional behavior. Figure 16b indicates that COF was higher at lower sliding speeds and lower fiber contents, which may have been attributed to insufficient frictional heating and poor thermal regulation. At higher fiber fractions, COF remained more stable across all speeds. Figure 16c shows that increasing both load and speed could slightly raise COF, although the effect was mitigated in highly reinforced composites.



Figure 17 illustrates the response surface plots for the specific wear rate (K) in relation to the main experimental factors: fiber weight fraction (wf), applied load (F), and sliding speed (v). These visualizations offer a comprehensive overview of how each factor pair influences the tribological performance of BFRP composites, highlighting the nonlinear behavior and interactions among control variables. In Figure 17a, the wear rate was highest in the region with low fiber content (50%) and high load (30 N), confirming that matrix-rich composites suffered significant material loss under stress. As the fiber content increased, the wear rate decreased substantially, especially at low to medium loads. This indicated that when the composite was resin-dominant, the matrix was more susceptible to thermal softening and surface damage under mechanical stress. Conversely, the lowest wear values were concentrated in the region corresponding to high wf and low F, confirming that increased fiber content improved wear resistance by reducing matrix exposure and enhancing load support.



Figure 17b shows that at low fiber content and high speed, wear increased due to insufficient structural support and thermal degradation. By contrast, BFRP 70% maintained a low and stable wear rate even as speed increased. Figure 17c reveals that wear increased sharply with both speed and load, particularly in weakly reinforced samples, whereas high fiber content moderated this effect.



Figure 18 highlights the evolution of contact temperature. In Figure 18a, the temperature was highest for the BFRP 50% composite under maximum load, where thermal conductivity was limited and heat accumulated rapidly. At 70% fiber content and low load, the contact temperature remained minimal, indicating effective thermal management. Figure 18b reinforces this pattern: high speeds combined with low fiber content resulted in peak surface temperatures, while high fiber content provided thermal buffering even at elevated speeds. Figure 18c confirms that both load and speed increased surface temperature, with the most severe thermal response observed under combined high load and speed conditions.



Overall, these surface response plots provided strong visual confirmation of the statistical results discussed earlier. They demonstrated that while sliding speed had the most substantial individual impact on wear and temperature, fiber reinforcement played a critical role in stabilizing tribological behavior across a range of operating conditions. The optimal performance, characterized by low friction, minimal wear, and moderate temperature rise, was consistently achieved at high fiber weight fractions (70%), under low to medium loads and moderate speeds.





4. Conclusions


This research explored the mechanical and tribological performance of epoxy composites reinforced with basalt fibers at three distinct weight fractions: 50%, 65%, and 70%. The findings offer a detailed insight into how both fiber content and key operational parameters affect the behavior of BFRP composites subjected to dry sliding conditions. Drawing on the experimental results and statistical evaluation, the main conclusions of the study are as follows:




	-

	
Mechanical Performance. Tensile and flexural strengths increased with higher fiber content, with the BFRP 70% specimen exhibiting maximum values of 453.4 MPa and 398 MPa, respectively. Despite this, the elastic modulus did not follow a linear trend and was highest for the BFRP 50% composite, likely due to better matrix continuity. The 70% fiber content provided the most balanced performance between strength and ductility.




	-

	
Friction Behavior. COF was more stable and lower for the highly reinforced composites. BFRP 70% exhibited the most consistent COF across all test conditions, indicating rapid adaptation to contact and effective formation of a protective tribolayer.




	-

	
Wear Resistance. The specific wear rate decreased with increasing fiber content, particularly under higher loads. The BFRP 70% composite demonstrated the lowest wear values, confirming the critical role of fiber reinforcement in enhancing surface durability and reducing material loss.




	-

	
Thermal Stability. The contact temperature increased with both load and sliding speed, but composites with higher fiber contents (65% and 70%) showed improved thermal dissipation, limiting surface degradation and preventing matrix softening during frictional contact.




	-

	
Wear Mechanisms. SEM and EDS analyses revealed a transition from matrix-dominated adhesive wear in BFRP 50% to fiber-dominated abrasive and mild polishing wear in BFRP 70%. Increased fiber content reduced crack propagation, fiber pull-out, and material transfer from the counterbody.




	-

	
Statistical Analysis. GLM-based factorial analysis confirmed that sliding speed was the dominant factor affecting wear rate (77.69% contribution), followed by applied load. While fiber content had a lower direct statistical weight, its interaction with other parameters significantly enhanced composite performance. Response surface plots supported these conclusions by highlighting the conditions under which wear is minimized.









The findings of this study have direct implications for engineering applications requiring enhanced wear resistance under dry contact, such as brake pads, bearing cages, structural bushings, or tribological components in lightweight transport systems. The superior thermal stability and environmental compatibility of basalt fibers—combined with their cost effectiveness and mechanical robustness—position BFRP composites as viable alternatives to glass fibers or even hybrid systems in medium-to-high load scenarios.



Future work will focus on the incorporation of functional fillers (e.g., solid lubricants, ceramic nanoparticles) to further optimize the tribological behavior under variable humidity and temperature conditions. Additional efforts will aim to evaluate fatigue wear performance, impact resistance, and long-term durability in real-life operational environments. Moreover, numerical modeling and finite element analysis could be employed to predict contact stress evolution and validate the experimental findings for component-scale applications.
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Figure 1. The variation in tensile strength and elastic modulus observed in the BFRP specimens with 70%, 65%, and 50% fiber contents. 
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Figure 2. The variation in flexural strength and elastic modulus observed in the BFRP specimens with 70%, 65%, and 50% fiber contents. 
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Figure 3. Coefficient of friction evolution for the BFRP 50% composite against 52100 steel, under a 20 N normal load and varying sliding speed, over 120 min. 
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Figure 4. Coefficient of friction evolution for the BFRP 65% composite against 52100 steel, under a 20 N normal load and varying sliding speed, over 120 min. 
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Figure 5. Coefficient of friction evolution for the BFRP 70% composite against 52100 steel, under a 20 N normal load and varying sliding speed, over 120 min. 
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Figure 6. SEM images of the wear tracks on BFRP samples after 120 min of dry sliding against a 52100 steel ball, under a 30 N normal load and a sliding speed of 0.25 m/s. Overview and detailed view of the wear track for: (a,b) BFRP 50%; (c,d) BFRP 65%; and (e,f) BFRP 70%. 
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Figure 7. Wear marks on (a) the BFRP disk and (b) the 52100 steel ball. 
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Figure 8. Worn surface morphology of the BFRP 50% specimen after dry sliding test conducted under a 20 N load, 0.1 m/s sliding speed, and 120-min duration. 
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Figure 9. Wear surface profile curve of the BFRP 50% disc after dry sliding test conducted under a 20 N load, 0.1 m/s sliding speed, and 120-min duration. 
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Figure 10. Main effects plots for: (a) coefficient of friction; (b) specific wear rate; (c) temperature. 
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Figure 11. Interaction effects plots for: (a) coefficient of friction; (b) specific wear rate; (c) temperature. 
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Figure 12. Interval plots of COF factor versus: (a) wf; (b) F; (c) v. Individual standard deviations were used to calculate the interval plot. Bars are standard errors of the mean. 
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Figure 13. Interval plots of specific wear rate (K) factor versus: (a) wf; (b) F; (c) v. Individual standard deviations were used to calculate the interval plot. Bars are standard errors of the mean. 
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Figure 14. Interval plots of temperature (T) factor versus: (a) wf; (b) F; (c) v. Individual standard deviations were used to calculate the interval plot. Bars are standard errors of the mean. 
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Figure 15. Normal probability plot of residuals for COF. 






Figure 15. Normal probability plot of residuals for COF.



[image: Technologies 13 00249 g015]







[image: Technologies 13 00249 g016] 





Figure 16. Surface plot of COF factor versus: (a) wf and F; (b) wf and v; (c) F and v. 
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Figure 17. Surface plot of specific wear rate (K) factor versus: (a) wf and F; (b) wf and v; (c) F and v. 
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Figure 18. Surface plot of temperature (T) factor versus: (a) wf and F; (b) wf and v; (c) F and v. 
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Table 1. Control factors and levels.
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	Factor
	Symbol
	Level 1
	Level 2
	Level 3





	Fiber weight fraction (%)
	wf
	50
	65
	70



	Load (N)
	F
	10
	20
	30



	Sliding speed (m/s)
	v
	0.1
	0.25
	0.36










 





Table 2. Tensile properties of BFRP composites.
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	Specimen
	Tensile Strength (MPa)/

SD (MPa)/CV(%)
	Strain at Max Load (%)/

SD (%)/CV(%)
	Elastic Modulus E (GPa)/

SD(MPa)/CV(%)





	BFRP 70%
	453.4/(26.7)/1.57
	2.87/(0.1)/3.4
	17,998/(634)/3.52



	BFRP 65%
	393/(14.5)/3.62
	2.49/(0.1)/4.2
	18,737(648)/3.46



	BFRP 50%
	329.2/(29.3)/8.89
	1.84/(0.05)/2.7
	20,840/(2240) 10.73







Note: SD—standard deviation; CV—coefficient of variation of the results.













 





Table 3. Flexure properties of BFRP composites.
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	Specimen
	Flexure Strength (MPa)/

SD (MPa)/CV(%)
	Strain at Max Load (%)/

SD (%)/CV(%)
	Elastic Modulus E (GPa)/

SD(MPa)/CV(%)





	BFRP 70%
	398/(8.99)/2.25
	2.69/(0.19)/7.06
	17,679.10/(763.8)/4.32



	BFRP 65%
	369.68/(21.6)/5.84
	2.74/(0.4)/10.59
	18,592.95/(514.8)/2.76



	BFRP 50%
	284.31/(26.81)/9.42
	2.22/(0.16)/7.20
	20,200.23/(2410)/9.89







Note: SD—standard deviation; CV—coefficient of variation of the results.













 





Table 4. Summary of experimental results of dry sliding wear.
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Experimental Parameters

	
Optimizing Parameters




	
Exp.nr.

	
Applied Load F [N]

	
Sliding Speed

v [m/s]

	
Basalt Fiber wf [%]

	
Specific Wear Rate K

[10−5 mm3 × (Nm)−1]/CV(%)

	
Coefficient of Friction (COF) Average of the Last 60 Min

	
Temperature Average of the Last 60 Min [°C]






	
1

	
10

	
0.1

	
50

	
3.247/8.85

	
0.36

	
30.9




	
2

	
10

	
0.1

	
65

	
6.9068/7.03

	
0.42

	
33.1




	
3

	
10

	
0.1

	
70

	
4.0821/6.80

	
0.41

	
49.5




	
4

	
10

	
0.25

	
50

	
2.695/4.89

	
0.31

	
32.4




	
5

	
10

	
0.25

	
65

	
8.4683/14.91

	
0.43

	
36.5




	
6

	
10

	
0.25

	
70

	
8.7259/7.557

	
0.40

	
37.4




	
7

	
10

	
0.36

	
50

	
16.022/6.23

	
0.28

	
36.9




	
8

	
10

	
0.36

	
65

	
15.4837/5.89

	
0.43

	
39.2




	
9

	
10

	
0.36

	
70

	
14.508/10.58

	
0.38

	
38.5




	
10

	
20

	
0.1

	
50

	
7.651/12.32

	
0.40

	
27




	
11

	
20

	
0.1

	
65

	
6.9069/7.04

	
0.42

	
33.1




	
12

	
20

	
0.1

	
70

	
6.06612/9.89

	
0.32

	
30.1




	
13

	
20

	
0.25

	
50

	
5.8449/9.23

	
0.34

	
38.0




	
14

	
20

	
0.25

	
65

	
9.3449/4.12

	
0.44

	
39.50




	
15

	
20

	
0.25

	
70

	
7.2594/5.81

	
0.40

	
38.0




	
16

	
20

	
0.36

	
50

	
19.09/7.56

	
0.36

	
49.2




	
17

	
20

	
0.36

	
65

	
16.611/6.69

	
0.45

	
53.2




	
18

	
20

	
0.36

	
70

	
17.102/10.95

	
0.41

	
44.6




	
19

	
30

	
0.1

	
50

	
8.693/9.92

	
0.42

	
42.8




	
20

	
30

	
0.1

	
65

	
7.6971/7.59

	
0.41

	
35.3




	
21

	
30

	
0.1

	
70

	
8.0373/10.69

	
0.41

	
31.3




	
22

	
30

	
0.25

	
50

	
9.2219/6.59

	
0.40

	
58.6




	
23

	
30

	
0.25

	
65

	
14.7164/8.08

	
0.43

	
49.50




	
24

	
30

	
0.25

	
70

	
10.3539/4.65

	
0.42

	
44.1




	
25

	
30

	
0.36

	
50

	
23.293/9.68

	
0.38

	
65.0




	
26

	
30

	
0.36

	
65

	
18.207/12.49

	
0.50

	
57.50




	
27

	
30

	
0.36

	
70

	
17.7873/1.72

	
0.47

	
51.80











 





Table 5. Summary of the statistical results for coefficient of friction, specific wear rate, and temperature.
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COF

	

	

	
K

	

	

	
T

	




	
Source

	
F-Value

	
p-Value

	
PC [%]

	
F-Value

	
p-Value

	
PC [%]

	
F-Value

	
p-Value

	
PC [%]






	
wf

	
28.98

	
0

	
42.78

	
2.48

	
0.145

	
1.29

	
2.44

	
0.149

	
1.23




	
F

	
11.7

	
0.004

	
17.28

	
19.54

	
0.001

	
10.12

	
53.18

	
<0.001

	
26.74




	
v

	
0.67

	
0.536

	
1

	
149.97

	
<0.001

	
77.69

	
65.2

	
<0.001

	
32.79




	
wf-F

	
3.21

	
0.075

	
9.49

	
1.72

	
0.238

	
1.78

	
15.69

	
0.001

	
15.78




	
wf-v

	
5.39

	
0.021

	
15.91

	
5.32

	
0.022

	
5.51

	
3.62

	
0.058

	
3.64




	
F-v

	
2.59

	
0.118

	
7.64

	
1.48

	
0.294

	
1.54

	
17.71

	
<0.001

	
17.81




	
Error

	

	

	
5.91

	

	

	
2.07

	

	

	
2.01




	
Total

	

	

	
100

	

	

	
100

	

	

	
100
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