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Abstract

:

Three different laminated composites are used in this study: carbon fiber, woven glass fiber, and glass-fiber-reinforced epoxy. The composite laminate structures were fabricated using the hand lay-up technique at room temperature. The laminates were reinforced with epoxy resin, carbon fibers (CFRP), woven glass fibers (GFRP-W), and random-orientation glass fibers (GFRP-R) to obtain laminates with eight layers. The wear test was performed using a pin-on-disc tribometer with five different loads of 10, 20, 30, 40, and 50 N at room temperature and a constant speed of 3 m/s. In addition, three different surfaces were lubricated: dry, with grease, and with oil. The effect of lubrication on the weight loss of the laminates was measured. The linear elastic finite element model FEM was derived to simulate the pin on the disc and the failure mode in shear mode for the case of dry lubrication. In addition, the FEM allows the friction force to be measured to determine the friction coefficient numerically. For validation, a simple analytical model based on the shear stress induced by the laminates at the interfaces was extracted to measure the friction coefficients. Tensile strength is a characteristic property that is very important for the purpose of material description from FEM and the analytical model. Therefore, it was determined experimentally with a simple tensile test. The results show that the wear rate is better with GFRP-R composites. Moreover, the wear rate with grease is lower than with oil or dry. The FEM showed that the coefficient of friction decreases with normal force to a minimum value of 0.02 for the case of 50 N normal force and for GFRP-R, while the maximum value of the coefficient of friction was 0.55 for CFRP at 10 N normal load and the FEM results were in good agreement with the analytically determined data.
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1. Introduction


With human everyday demands, the need for developing materials that meet those needs has evolved since ancient times. Composed materials were the finest option for completing the tasks at hand. Fiber-reinforced polymer composite laminates, among the various forms of composite materials, have evolved in terms of many ancient and modern uses in all fields of life and have demonstrated their efficiency in the aerospace and structural industries. This is because of their ease of manufacture and reduced expenses compared to metals, but the lack of tolerance for friction and wear is an impediment to their usage in more applications that require resistance to friction and wear. Furthermore, CFRP and GFRP have important and relevant advantages in fatigue [1], which are enhanced when post-curing in water under hydraulic pressures [2]. Other applications were concerned with fiber-reinforced polymer, such as glass-fiber-reinforced polymer bar, which has a great attractive role in advanced new concerts [3], distinguished by light weight and saving material and considered to be a cost-effective alternative.



Many works attempted to study the tribological characteristics of laminated composite materials, the influence of fiber loading on the mechanical characteristics, as well as friction and sliding wear behavior of vinyl ester composites in both dry and water-lubricated conditions, with varying normal loads and sliding speeds. Friction and wear tests were performed at room temperature using a pin-on-disc machine configuration [4]. According to the findings of this study, increasing fiber content enhances some mechanical qualities while negatively affecting others. The inclusion of glass fiber as reinforcement improves the friction as well as wear qualities of vinyl ester. While the specific wear rate for vinyl ester composites is adversely proportional to the applied normal load in both dry and wet sliding conditions, the coefficient of friction is directly proportional to applied normal load and sliding speed in dry sliding conditions and negatively proportional to applied normal load in wet sliding conditions. Additionally, using a pin-on-disc test, the tribological behavior of pure vinyl ester (V), glass fiber reinforced (GFR), and SiC-filled glass-fiber-reinforced vinyl ester composite was examined under dry and water-lubricated sliding conditions [5]. The results show that the coefficient of friction under normal load, dry, and lubricated with water decreases with increasing temperature. The specific wear rate of the vinyl esters increased with increasing normal load under water-lubricated conditions but decreased with increasing normal load. However, the specific wear rates of the SiC-filled and GFR vinyl ester composites also decreased with increasing temperature. Under both dry and lubricated conditions, the applied average load increased. Additionally, the lubricant performed worse than the dry condition when the coefficient of friction and particular wear rates were tested at different loads and speeds. Moreover, the fiber loading was found to have effects on the mechanical and wear behavior of the vinyl-ester-based composite [6]. The specific wear rate for vinyl ester composites is adversely proportional to applied normal load under both dry and water-lubricated sliding conditions, in contrast to the coefficient of friction, which is directly proportional to applied normal load and sliding speed under dry sliding conditions and adversely proportional to applied normal load under water-lubricated conditions.



Experimental testing of the friction and wear properties of glass-fiber-reinforced polymer composites was conducted under a variety of sliding circumstances, including dry sliding, oil-lubricated sliding, and sliding in an inert gas (argon) [4]. According to the findings, oil-lubricated sliding and dry sliding both have higher coefficients of friction when performed in an environment of inert gas (argon). An FESEM analysis of the worn surfaces revealed that fiber separation is the primary source of the significant wear in argon.



Epoxy, carbon–epoxy, and glass–epoxy composites’ abrasive wear characteristics have been investigated and numerous weights and the impact of abrading distance have been studied [5]. As a function of load and abrading distance, the wear (calculated as volume loss) and specific wear rate were determined. As the load/abrading distance rises, the wear volume loss also increases. On the other hand, the wear rate increases with increasing load and decreases with increasing abrading distance. In terms of resistance to abrasion wear, the carbon–epoxy composite fared better than glass fiber–epoxy composite. In addition, the experimental investigation of the comparative performances of an epoxy-E glass composite with the effect of silicon filler using varied loads, sliding distances, and velocities was detailed [6]. It discovered substantial silicon particle control parameters that govern wear behavior.



On the other hand, Grewia serrulata bast fibers incorporated into unidirectionally woven fiber-reinforced laminates were chemically treated. Both treated and untreated bast fibers were produced by the hand lay-up method. The prepared sliding wear behavior ASTM G-99 was used to examine the specimens [7]. Materials having lower wear rates are more suitable for tribological applications. According to the findings, acetylated Grewia Polyester samples with serrulata fiber reinforcement and permanganate-treated fiber reinforcement showed much higher wear resistance than neat resin and untreated fiber-reinforced specimens.



Researchers have investigated what happens when glass fibers are hybridized with randomly oriented natural fibers. Epoxy matrix was used to reinforce woven E-glass synthetic fibers, sisal, and banana fibers. Nine distinct laminate types were produced using a varied stacking order [8,9]. The tensile strength was observed to increase with the addition of two and three layers of glass fiber. By employing two rather than three layers of glass fibers, banana-sisal fiber’s flexural properties improved and the laminate made of sisal and three layers of glass fibers has higher-impact strength.



The solid particle erosion behavior of unfilled and graphite-powder-filled carbon-fiber-reinforced epoxy composites at different impact angles was investigated using silica sand particles as the erodent [10]. The effects of impact angle and filler content on the rate of erosion of carbon epoxy composites are examined. The semi-ductile erosive wear behavior of carbon epoxy composites, both unfilled and loaded with graphite, was best observed at a 45° impingement angle. In terms of resistance to erosive wear, unfilled composites performed better than those filled with graphite. Erosive wear weight loss increased in graphite-filled composites from 0 to 4% but decreased in filled ones from 6% to 4%.



Fabric-reinforced polyetherimide composites’ abrasive wear behavior was investigated [11]. However, it was discovered that the mechanical characteristics of the composites could not be correlated with the wear performance. On the other hand, a worn-surface investigation by SEM helped to link composite performance to surface topography, failure of the fibers, resin, and their interface. The wear performance of composites was thought to be predominantly affected by variations in fiber failure modes.



Experimental research is conducted to examine the wear behavior of woven glass textiles and aramid fiber-reinforced composite materials [12]. The results showed that the specimens’ applied stress had a bigger impact on wear than their speed. Furthermore, the weight reduction in the woven composite with 500 glass fibers was larger than that in the composite with 300 glass fibers. The weight loss of aramid fiber-reinforced composites is rather small when compared to woven glass fabric-reinforced composites.



Graphite-filled carbon-fabric-reinforced epoxy composites’ dry sliding wear and two-body abrasive wear characteristics were the subject of experimental investigation [13]. The reference material was an epoxy composite reinforced with carbon cloth. The results showed that larger loads and sliding velocities resulted in more wear loss under dry-sliding-wear conditions. The experimental results show that the counter-face material (hardened steel disc and SiC paper) has a considerable impact on the wear of the composites.



An earlier study on the sliding wear behavior of laminated composites showed that the presence of subsurface cracks and severe plastic deformation defined wear in the copper layer [13,14]. These cracks formed in shear bands within the plastic zones beneath the contact surfaces, resulting in delamination of the material adjacent to these surfaces. Wear of metallic glass coatings also resulted in localization of plastic deformation in shear bands. The wear resistance of the nickel alloy was greater than that of the copper matrix due to its high hardness and fracture resistance. Local strain and temperature gradients caused amorphous layers to crystallize during sliding contact. Metallic glass layers improved the wear resistance of the composite by supporting the load with less deformation, thus, hindering the damage process starting in the copper layers.



The problem of tribological properties was significant in many works; this problem can be solved using numerical and analytical models. Põdra, et al. [15] used FE modeling via ANSYS to predict the coefficient of friction through pin-on-disc wear tester. Recently, another study used the same software [16] to simulate the pin on disc, where polyoxymethylene was the pin, with the pin sliding over a steel disk. It was a 2-D model, based on a Coulomb friction model, which was based on the Holm–Archard equation. More recently, FEM based on Archard’s model was used by Rajesh A M et al. [17] to simulate the problem of pin on disc for an aluminum composite as the pin and stainless steel as the disc. Moreover, the optimization technique using ANOVA analysis was carried out to establish that wear rate was mainly effected by load and sliding distance more than material composition. Additionally, Taguchi’s experimental technique was used to obtain an optimization experimental matrix of the pin-on-disc wear of a walnut-shell-powder-reinforced polymer and FE simulated the wear test [18]. Laminated composite material was used as a bearing material by Rezaei et al. [19], as they analytically simulated the contact and wear problem using Mixed Lagrangian–Eulerian formulation. In addition to the wear rate, the study dealt also with clearance and contact pressure influencing the wear performance.



As cited in the previous study, many works were carried out over failure and strength of composite laminates under lading, while little work considered the tribological properties of such a material if used as a bearing material or the influence of abrasive environment over composite laminates. The main objectives of the present study are to study the following goals: (1) the wear behaviors of a composite laminate reinforced with three different types of fiber material (carbon fiber, woven glass fiber, and random glass fiber) under three different types of interfacial lubrication (dry, grease, and oil lubrications), (2) to investigate the damage and failure induced due to friction shear stress using FEM, and (3) finally, to measure the coefficient of friction using FEM related to the principles of engineering mechanics.



The paper is organized as follows: In the first section, the laminated hand-layup technique is outlined; then, in the second part, the tensile and wear tests were explained. For the third part, FEM was derived, followed by static friction coefficient, calculated using the basic static force equilibrium. In the last section, the results and discussion of the related work were established.




2. Material and Method


2.1. Material Preparation


While epoxy resin serves as the matrix material, three distinct kinds of woven fibers—carbon, glass, and random fibers—are employed as reinforcement. Table 1 [20,21] contains a list of the characteristics of these components. The hand lay-up approach, which is the least expensive and most affordable way, was used to build the composite laminate [22,23,24]. The following steps may be used to summarize the hand lay-up technique: (1) There are two glass plates; the base plate has wax coating that acts as a release agent and prevents sticking. (2) An epoxy coating layer is first applied, followed by a woven fiber layer and then a final epoxy layer is added, this time being evenly distributed with a brush and filled in with an aluminum roller to fill in any gaps. (3) The previous step is carried out once again using the clean fiber layers to create an eight-layer laminate (Figure 1). (4) Another glass plate containing a releasing agent is applied above the entire layer. (5) A set of dead weights are positioned above the top plate in order to obtain a general uniform thickness [24]. After 24 h, the glass plate was removed and the composite was left to fully cure at ambient temperature for three weeks [25]. This curing technique is simple to use, very reliable, and does not require heat energy [26]. The manufacturer’s recommended mixing ratio of 2:1 by weight for resin to hardener was used. The fiber volume fraction was determined using the ignition procedure as stated in ASTM D3171-99 standard [27,28]. In addition, a sample of 10 mm × 10 mm was weighed after and before firing in a kiln for over 575 ± 25 °C, let the sample fire for 30 min. The average volume fractions for glass-fiber-reinforced polymer (GFRP-W), random glass fiber-reinforced polymer (GFRP-R), and carbon-fiber-reinforced polymer (CFRP) were determined to be 45%, 65% and 65%, respectively. The proportion of voids was neglected in the laminate study because the effect of voids was observed in unidirectional laminates when loaded transversely across the fibers, while this is small in multidirectional laminates. CFRP, GFRP-W, and GFRP-R are all denoted by the letters S1, S2, and S3, respectively. The average thickness (t) for S1, S2, and S3 materials was 2.2, 5, and 2 mm, respectively.




2.2. Tensile Test


According to ASTM D3039 [32], the Un-notch tensile test was conducted. To ascertain their mechanical characteristics, CFRP, GFRP-W, and GFRP-R are tested. The tests were conducted using Zwick/Roell type Z600H H-series hydraulic material testing equipment having a maximum load capacity of 600 kN and a control speed of 2 mm/min [33]. Figure 2 shows a schematic illustration of the specimen geometry. The edges of the laminate were cut to a distance of at least 15 mm from the edge with a circular saw. The working areas of the test specimens were about 40 mm from the edge. The planned dimensions of the test specimen were achieved with a water jet machine to minimize the effect of cutting and to avoid damage to the laminates and delamination. To minimize the specimens’ slippage and damage caused by the clamping force, aluminum taps are positioned in the gripping region at both ends of the specimens. The surface of the tabs was roughened with fine sandpaper before gluing with epoxy resin. These end tabs not only reduce the stress concentration of serrated grips. Test specimen was five samples for each material.




2.3. Wear Test


The wear test is carried out on CRFP, GFRP-W, and GFRP-R specimens. The test is performed with a Pin-on-Disc wear testing machine; Figure 3 illustrates a general view of the wear test device [34]. It consists of a horizontal steel disc that rotates and is driven by a motor with variable speed. A specimen holder that is connected to the loading lever and pressed up against the rough counter-face is used to hold the specimen. Five different loads 10, 20, 30, 40, and 50 N at room temperature and constant velocity 3 m/s were used. Prior to the test, emery paper was used to polish the test specimens’ surfaces that would meet the disc. A steel disc with an inner diameter of 50 mm, an outer diameter of 100 mm, and a thickness of 2 mm serves as the counter-face. Sandpaper of 80 grit with a surface roughness of 1.80 × 10−6 m was applied to the disc. The sandpaper was attached to the disc with epoxy glue. After the test was carried out, it was cured for one day. Three different conditions are used: dry, commercial oil, and grease-lubrication conditions. The test was carried out over the specimen thickness. The specimen weight is measured before and after the test, then the weight loss is calculated as the difference between the two measured weights. The specimen primary weights were 4.5 g, 8 g, and 4 g for CFRP, GFRP-W, and GFRP-R, respectively. The specimens were cut from the laminated board with a hand saw using lubricating oil to reduce the coefficient of friction between the saw and the layer of the specimen and to avoid delamination. The motor speed was 400 rpm. The samples were all tested for a constant time of 1 min. This time was chosen after many trials to achieve optimal conditions to maintain the samples without damage and delamination. Table 2 lists the obtained specimen dimensions and number of fibers measured at the specimen edges based on number of fibers in one bundle.




2.4. Friction Coefficient


It is the ratio between the normal force that pushes two surfaces together and the frictional force that prevents movement between the two surfaces. Usually, it is represented by the Greek letter mu (μ). Mathematically, it is equal to F/N, where F is the frictional force and N is the normal force. The coefficient of friction has no dimensions because both F and N are measured in units of force (such as newtons or pounds). For both static and kinetic friction, the coefficient of friction has a range of values. When an object experiences static friction, the frictional force resists any applied force, so the object remains at rest until the static frictional force is removed. In kinetic friction, the frictional force opposes the motion of an object [35].




2.5. Analytical Model


The equilibrium analysis is derived over the system shown in Figure 4, derived as follows:


  ∑ y = 0 = F − N  →  l e a d   t o     F = N  



(1)







For static case, it was just before moving, acceleration (a) = 0, according to principles of engineering mechanics [36]; therefore, the coefficient of friction can be calculated using the following equation.


  μ =    F s   N   



(2)




where    F s    friction force, N is the normal or reaction force while specimen weight was neglected in case of static behavior; also, Equation (2) is known as Coulomb’s Law. The analytical model can be expressed in terms of shear stress through the contact area and number of asperities contact n (number of fibers through width) in one lamina, as follows [37]:


  τ = μ p  



(3)




where  τ  is the material shear stress which can be measured in this case using the maximum shear stress criterion and is valid for linear material with multidirectional and woven fibers [38,39], as these types of stacking sequence properties are quite homogeneous or isotropic. Therefore, the equation can be calculated as follows:


  τ =    σ u   2   



(4)




where    σ u    is ultimate strength of material. Moreover, the contact pressure depends on numbers of asperities or debris at the interfaces of the mating elements; therefore, it can be calculated using the following (Equation (5)):


  p =  F  n A    



(5)




where n is the total number of asperities through one layer of the composite laminates. The analysis was performed over lamina level because the shear stress is induced through lamina after failure courses [40,41]. Substituting Equation (5) into Equation (3), the friction coefficient can be obtained as follows:


  μ =    σ u  × A   2 × n × F    



(6)








2.6. Finite Element Modeling


FE is a model that was developed to simulate the pin-on-disc test for composite laminates with different fiber types under dry condition only for simplicity. The main purpose of the model was to measure both the static frictional forces    F s   . The linear elastic finite element model was created using the stress–strain data obtained from a simple tensile test. The theory of maximum principal stress for elastic failure was chosen for all materials. The material of the disc, however, was selected as perfectly plastic rigid. The material properties are listed in Table 3. The element type used was C3D8R: a linear brick with 8 nodes, reduced integration, and hourglass control for both the pin and the disc. The number of elements was selected after a mesh convergence study, where three pairs of mesh size were selected for disc and pin: mesh # 1 (716, 1875), mesh # 2 (1233, 3125), and mesh # 3 (2403, 6250). The reaction force is compared to accuracy for 10 N normal load with CFRP. The degree of accuracy is illustrated in Figure 5c. The number of elements for the disc was with mesh # 2 which was 3125, while the number of elements for the pin material (sample) was 1233. It was selected because it gives a closer normal load. The disc was restricted in its linear movement in all x, y, and z directions, while it was given a rotational movement Δ   ω y     = 41.86 around y directional which is corresponding to 400 rpm of the disc. The pin specimen, on the other hand, was fixed in the x and z directions, while it had one degree of freedom in the y direction where the loads were applied. A displacement of 0.01 mm with linear modes was chosen to evaluate the damage [28]. The static frictional force corresponded to the z direction. It was measured for the static condition with the pin connected to the surface. The contact properties were normal load with hard contact pressure and rough friction formation. It was used as pair of contacts for master surface is the disc and the slave was the pin material.





3. Results and Discussion


3.1. Tension Test


For the purposes of FEM and analytical modelling, the material property should be specified. The relationship between stress and strain in the composite laminates is shown in Figure 6. The elastic modulus of CFRP increased to 27.13 GPa, with a standard deviation of 1.7 GPa, and the average tensile strength of S1 reached 303 MPa, with a standard deviation of 17.98 MPa. GFRP-W had lower average tensile strengths of 187.5 MPa, with a standard deviation of 10.5 MPa for GFRP-W S2 and higher average elastic modulus of 15.36 GPa, despite the reduced values in the case of GFRP-R S3, where the corresponding elastic modulus was extremely low at 5.01 GPa, with a standard deviation of 1.5 GPa and the average tensile strength reduced to 125 MPa, with a standard deviation of 2.5 MPa. This is because carbon fibers are more rigid and strong than random fibers or woven glass fibers. Due to carbon fiber’s stronger stiffness and lesser ductility, as compared to woven glass fiber, which has intermediate % elongation values, material S3 having random fiber (GFRP-R) has a nearly 2.43 bigger percent elongation in comparison to material S1 with carbon fiber (CFRP). The flow profile of the stress through the entire strain path was linear, which can be attributed to the high stiffness and the increasing volume fraction of the fibers. Both S1 and S2 exhibit net tension in the failure modes (see Figure 7a,c). However, the net tension test in material S3 with disordered fiber direction is linked to fiber pullout because the fibers have numerous directional possibilities, as there is less adhesion between the disordered glass fibers than there is for carbon fibers. Furthermore, failure occurs as delamination in the thickness due to the relative increase in thickness of 5 mm when compared to other materials; therefore, the S2 material with woven glass fibers does not have a failure zone (see Figure 7b). Furthermore, the shear stress for all specimens was calculated based on the maximum shear stress theory (Equation (4)). Therefore, it was found that the maximum values of shear stress are 150 MPa for CFRP materials, while the lowest value for S3 materials with random fibers is 62.5 MPa and the mean value is 93.5 MPa and is attributed to GFRP-W. The lower values of SDV were found for the S3 samples with glass fibers in the random direction, indicating that the data are clustered around the mean value, while they were higher for CFRP because the thickness and damage tolerance were low. The data in Table 3 were relatively very low compared with the fiber properties provided in Table 1, which was due to that the data in Table 1 being for fiber only, which is very high with respect to the epoxy data, 2.5 GPa for young modulus and 85 MPa for tensile strength. For composite materials, the main advantage is the closeness of the properties of the polymer matrix with fiber; therefore, the data in the table are considered higher than resin only and obtain other materials with different properties [42,43].




3.2. Wear Test


Figure 8 shows the variation in weight loss for CFRP in the case of interfaces. It was found that the dry condition starts with a high wear rate and a high weight loss of almost 45%, then decreases sharply and then increases to a maximum of over 50%. With grease lubrication, the wear rate is lower than with oil lubrication. The same trend applies to laminates reinforced with random glass fibers, as shown in Figure 9. In the case of glass-fiber-reinforced epoxy laminates, the same trend is seen in all three cases, but with different values, with the lowest wear rate in the grease lubricant case (see Figure 10). As far as the effect of the reinforcement types is concerned, it can be clearly seen in Figure 11 that the carbon fiber has a lower value of the wear rate, since the crab on the fiber is a solid lubricant as a graphite base. The same trend but with a sharp decrease in wear rate for other lubrication conditions is shown in Figure 12 and Figure 13. The shear modes were observed on the sample surfaces, as shown in Figure 14. They were large for R-GFRP because these material types have lower detachment strength than others. The CFRP shows little surface damage due to the strong bond between epoxy resin and fibers. In general, the good resistance of CRFP is due to the large amount of resin, which increases the contact area with the emery surface of the machine. While the average wear resistance for CRFP was relatively high, this can be attributed to it, although it is considered a solid lubricant. As the load increases, a lot of material separates from the sample. The weight loss decreases because the frictional force is initially low due to contact between the layers of material and the disc and then increases due to the tilling effect of the pin and vibration, causing a roughening of the disc surface [44]. In contrast, the increase in weight loss with increasing load was due to the separation and removal of damaged material and a longer content of reinforced fibers, while the time was small, as the roughness and other tribological parameters reach a stable level in a shorter time [44]. The tribological behavior of polymeric composites depends on the viscoelastic properties and the temperature gradient. The frictional contact between two materials generates heat at the interfaces, which increases the temperature, thus, changing the viscoelastic properties [45]. In addition, the sliding speed affects the machine vibrations, which increase the fluctuation effect of the pin or composite material on the hard steel disc, resulting in gross damage [46].




3.3. Comparison of the Results


A comparison between the different structures and the different lubrication conditions is shown in Table 4. It was found that in the case of grease for CFRP, there is a lower wear rate of 0.144, while in the case of oil, there is an average wear rate of 0.168, which means a higher value of wear rate in the dry condition. The same trend was observed for the other layups, GFRP-W and GFRP-R (see Figure 15). However, for the specified lubrication conditions, the material with GFRP-R gave a lower wear rate of 0.084, while CFRP and GFRP-W gave almost equal values of 0.144 and 0.15, which is due to the fact that the volume fraction of reinforcement in GFRP-R was higher than the amount of epoxy resin, while the amount of epoxy resin was higher in the case of GFRP-W, in addition to the high stiffness of CFRP. The same results were found in the case of oil lubrication, but with a larger amount, as the lower value for GFRP-R was increased to 0.14, while the average value was 0.168 for CFRP and the larger value for GFRP-W was 0.208. On the other hand, the amount of wear was the largest for the case of dry lubrication conditions. It was also a change from the previous trend, as the largest value of wear was for CFRP 0.306, the medium value was for GFRP-W 0.25, and the lower value 0.158 was for GFRP-R material. Cumulative wear was extracted based on the Archard wear equation [37] as follows:


  W = a v e r a g e   ∑  W l       



(7)




where    W l    is weight loss of each normal load. It is commendable to notice that the Archard method does not take into consideration the influence of surface roughness [37].




3.4. Finite Element Simulation


Figure 16a shows the relationship between the static friction coefficient and the applied normal load, as predicted by FEM, in the case of dry lubrication. The coefficient of friction was found to decrease sharply with increasing load and this was logical as it was inversely proportional. Furthermore, the friction force Fs was predicted to be 5.5 N, 3.14 N, and 1.024 N at no movement, for CFRP, GFRP-W, and GFRP-R, respectively, and it was not affected by the applied normal force, as cited in [26,27]. The coefficient of friction for CFRP has a higher value of 0.56, while GFRP-W has an average value of 0.31 and the lowest value of 0.104 for GFRP-R (see Figure 16b). This result clearly explains the reason for the higher wear rate of CFRP compared to other materials. The displacement contour predicted by FE, shown in Figure 17, illustrates the shear stress induced by the disc, which has a high red concentration near the pin. The effect of this shear stress is shown as a concentration induced by the sample (the pin), as shown in Figure 17. The concentration is higher at the point of contact with the disc and at the point of applied normal load. The reduction in friction with an increase in normal load is thought to be caused by increased surface roughening and a significant amount of worn debris [47,48]. Similar results were found for the Al–Stainless-steel pair, which Chowdhury, et al. [49] also reported; in this case, the friction coefficient reduces as the normal load increases. These results concur with those of Chowdhury et al. as well [50]. Even though the friction coefficient rises as the normal load increases, the frictional force decreases.





4. Conclusions


Tests were carried out on the wear of the pin on the disc with the laminated composites. The effects of the different reinforcing fibers on the wear rate and the different types of surface lubrication were studied. The glass-fiber-reinforced material shows better wear resistance than carbon fibers or even woven glass fibers. The lubrication conditions improve the wear performance of the laminate. It was also found that the laminated material generally has a higher wear rate, as the wear test was conducted over the entire thickness. In this direction, there are delamination layers that weaken the strength of the material. The higher delamination resistance between the carbon fibers compared to other reinforcing fibers is the reason for the lower wear resistance that occurs in this type of composite. The coefficient of friction was predicted using FEM. It was found that the frictional force and, thus, the coefficient of friction under static conditions are not affected by the normal load. The predicted coefficient of friction was lower for the glass-fiber-reinforced polymer with random arrangement (µ = 0.104), while the maximum coefficient of friction was found to be 0.56 for CFRP. The data obtained at FEM and the analytical model agreed well, as both models reproduced the shear properties of the laminated material. It was also reported that the number of fibers through the laminate surfaces plays a major role at the interfaces and, in the case of metal, appears as deposits and bumps. For future work, it is recommended to numerically investigate the effects of lubrication and determine the kinetic coefficient of friction.
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Figure 1. Schematic drawing of the laminate structure. 
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Figure 2. Schematic drawing of the tensile specimen (dimensions in mm). 






Figure 2. Schematic drawing of the tensile specimen (dimensions in mm).



[image: Lubricants 10 00317 g002]







[image: Lubricants 10 00317 g003 550] 





Figure 3. Pin-on-disc machine. 
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Figure 4. Diagram of the free body of the test method. 
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Figure 5. FE area (a) boundary condition, (b) mesh, (c) mesh convergence. 
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Figure 6. Stress and strain relationship for different laminated composites. 
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Figure 7. Types of failure (a) CFRP, (b) GRP-W, (c) GRP-R. 
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Figure 8. Weight loss as a function of the type of lubricant for CFRP composites. 
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Figure 9. Weight loss as a function of the type of lubricant for R-GFRP composites. 
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Figure 10. Variation in weight loss with different lubricants for W-GFRP composites. 
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Figure 11. Comparison of weight loss variation with different laminated materials for the dry lubricated case. 
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Figure 12. Comparison of the weight loss variation with different laminated materials for grease-lubricated specimens. 
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Figure 13. Comparison of weight loss variation with different laminated materials for the oil-lubricated case. 
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Figure 14. Failure modes of the wear specimens; (a) CFRP, (b) GFRP-W, (c) GFRP-R. 
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Figure 15. Comparison between cumulative wear and different materials at different lubrication conditions. 
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Figure 16. Static coefficient of friction predicted with FEM and the model Equation (a) Coeff. Friction verses load, (b) max. coeff. Verse load, (c) max. coeff. Verse material type. 
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Figure 17. FE Displacement contour by disc. 
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Table 1. Mechanical and physical properties of E-glass fiber, AS4 carbon fiber, and epoxy resin [29,30,31].
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	Property
	E-Glass
	AS4-Carbon Fiber
	Kemapoxy (150 RGL)





	Density (kg/m3)
	2600
	1790
	1.2



	Tensile strength (MPa)
	3450
	4270
	85



	Modulus of Elasticity (GPa)
	80
	228
	2.5



	Passion’s ratio
	0.25
	0.34
	0.35



	In plane shear modulus (GPa)
	30.8
	25
	1.24
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Table 2. Specimen specification and dimensions.
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	Material
	Thickness t, mm
	Width w, mm
	Area A, mm
	  n   Number of Fibers





	S1 (CFRP)
	2.2
	14
	33
	800



	S2 (GFRP-W)
	5
	5.2
	26
	800



	S3 (GFRP-R)
	2
	16
	32
	210
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Table 3. Mechanical properties of the tested material.
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Specimens

	
E (GPa)

	
Tensile Strength (MPa)

	
Elongation

(Comparative Measure)




	
Average Value

	
Std. Dev.

	
Average Value

	
Std. Dev.






	
S1 (CFRP)

	
27.13

	
1.7

	
303

	
17.98

	
lower




	
S2 (GFRP-W)

	
15.36

	
1.2

	
187.5

	
10.5

	
intermediate




	
S3 (GFRP-R)

	
5.01

	
1.5

	
125

	
2.5

	
higher
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Table 4. Changes in cumulative weight loss at different surface conditions.
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	Laminate Types
	Grease
	Oil
	Dry





	CFRP
	0.144
	0.168
	0.306



	GFRP-W
	0.15
	0.208
	0.25



	GFRP-R
	0.084
	0.14
	0.158
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