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Abstract

:

The aim of this paper is to establish a valid procedure for better understanding all of the phenomena associated with the high-speed machining of glass fiber-reinforced plastic (GFRP) composites. Both rectangular and circular specimens were machined at high cutting speeds (up to 50 m/min) in order to understand what occurred for all values of fiber orientation angles during machining operations. An innovative testing methodology was proposed and studied to investigate the phenomenon of burr formation and thus understand how to avoid it during machining operations. To this end, the forces arising during the machining process and the roughness of the resulting surface were carefully studied and correlated with the cutting angle. Additionally, the cutting surface and chip morphology formed during cutting tests were examined using a high-speed camera. Close correlations were found between the variations in the cutting forces’ signals and the trends of the surface roughness and the morphology of the machined surface.
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1. Introduction


The deployment of fiber-reinforced polymer (FRP) in various industries such as aeronautics, automotive, marine, and sports applications has become pervasive in contemporary times [1,2]. This prevalence stems from its favorable characteristics, including being lightweight, possessing fatigue and corrosion resistance, and having a high modulus, specific stiffness, and strength. Despite its flexibility to be manufactured into intricate structures with a near-net shape, machining operations, predominantly cutting, milling, and drilling, are often required to achieve dimensional precision and meet assembly requisites [3].



Although alternative machining processes exist and appear to address certain challenges, conventional methods remain favored due to cost and time efficiency considerations. Unlike metals, optimization efforts must be adapted to improve the cutting quality of FRP composites. However, the inherent inhomogeneity and anisotropy of these materials make such processes difficult, often leading to extensive damage that compromises quality and dimensional accuracy and, in severe cases, results in component failure [4].



Theoretical models and experimental applications of orthogonal cutting are essential for understanding the fundamental principles of more complex machining processes such as drilling and milling [5,6,7]. By analyzing cutting forces in simple models, it is possible to identify the factors influencing material removal, tool wear, and surface quality. Integrating theoretical models with experimental data enhances machining strategies, optimizing cutting conditions to increase the efficiency and quality.



According to Panico et al. [8], the machining of FRP composites presents challenges due to the heterogeneity and anisotropic properties of the material, leading to chip formation mechanisms and process force analysis dependent on the cutting angle of the fibers, as evidenced by various experimental studies [9,10,11,12,13]. In addition, the abrasive nature of the fibers causes rapid and severe wear of the tools, resulting in increased cutting forces, delamination defects, burrs, and a decrease in the quality of the machined surface, as demonstrated by Maegawa et al. [14] during the milling of unidirectional (UD) carbon fiber-reinforced plastic (CFRP) materials. However, it is worth noting that the study referenced is limited to cutting conditions parallel and perpendicular to the fiber orientation, thereby excluding numerous other cutting configurations.



As known, process parameters including cutting speed, depth of cut, cutting angle, and tool geometry exert a substantial influence on the efficacy and outcome of cutting processes in composite materials [15,16]. These parameters have a very complex interaction with material properties, affecting both the quality of the machined surfaces and the overall efficiency of the machining operations. Thus, a comprehensive study necessitates the inclusion of several variables in both numerical simulations and experimental analysis. While existing research provides valuable insights into cutting composite materials, many studies do not consider the full range of relevant process parameters.



Li et al. [17] focused primarily on the fiber orientation angle and depth of cut as key factors in the chip formation mechanism. However, their study overlooks cutting angle, tool geometry, and cutting speed, which is held constant at 0.5 m/min.



Chen et al. [18] developed a force prediction model suitable for the orthogonal cutting of unidirectional CFRP composites, considering nearly all of the major variables mentioned. They employed the beams on elastic foundation theory and the minimum potential energy principle when the fiber orientation θ varied from 0° to 180°. However, it is worth noting that this study also considered cutting conditions at a low speed, specifically 1 m/min.



Investigating cutting conditions at high speeds holds significant importance from both industrial productivity and process influence perspectives. Industrial applications often require increased productivity, making high-speed cutting a priority for enhancing manufacturing efficiency. Moreover, understanding the influence of cutting speed on the process is necessary for optimizing the quality of the cut. High cutting speeds can affect various aspects of the cutting process, including heat generation, chip formation, tool wear, and the material removal mechanism. The dynamic interaction between the cutting tool and the workpiece at higher speeds introduces complexities that can significantly impact the surface finish, dimensional accuracy, and integrity of the machined components [19,20]. Therefore, thorough investigation of high-speed cutting conditions is essential for achieving productivity goals while ensuring the quality and reliability of the manufacturing process.



Although there are studies on high-speed cutting of composite materials (e.g., 400 m/min [21] and 600 m/min [22] for CFRPs), they primarily focus on milling and trimming processes. Few studies, however, address orthogonal high-speed cutting of composite materials. The following two papers serve as examples of this.



Pecat et al. [23] and An et al. [24] conducted a study on the orthogonal cutting of CFRP at high cutting speeds, up to 200 m/min. Both studies utilized rectangular specimens for their investigation, so only specific fiber orientation angles were considered. Although different cutting conditions were implemented in terms of the angle formed between the tool and fiber orientation, the use of rectangular specimens did not allow for a continuous acquisition of the characteristic forces of the process.



In addition to experimental activities, several analytical models have been developed over the years primarily to predict forces in the orthogonal cutting of UD-CFRP for specific ranges of fiber orientation [25,26]. Having an analytical model represents a valuable tool not only quantitatively but also qualitatively in an industrial context, as tool wear and hence product quality are directly correlated to the force. Furthermore, the existence of analytical models and comprehensive experimental data, which include the full range of variables affecting the process, provide the opportunity to develop numerical finite element simulation models that closely approximate the real process. This approach could substantially reduce costs and time by avoiding the need for an extensive experimental campaign covering all fiber orientation angles.



Both Calzada et al. [27] and Xu et al. [28] developed finite element simulation models for the orthogonal and oblique cutting of UD-CFRP, respectively. However, these models were constructed for a limited number of fiber orientation angles (0°, 45°, 90°, and 135° for Calzada et al., and 0°, 45°, and 90° for Xu et al.). Additionally, the issue of incomplete fiber cutting poses a challenge in acquiring the precise cutting force data crucial for analyzing the chip formation mechanism and cut quality, and understanding the influence of cutting parameters on these aspects. The primary focus of this study is to investigate the orthogonal cutting of UD laminates across the full range of fiber orientation angles using a single simple test method. To achieve this, high-speed orthogonal cutting tests were conducted on rectangular and circular specimens of UD-GFRP at a cutting speed of 25 m/min. The circular specimen design allows for continuous variation in fiber orientation relative to the cutting direction within a single test, facilitating observation of its impact on cutting force development. Additionally, two polycarbonate backing plates were bonded to the upper and lower surfaces of some samples to prevent the formation of the burrs. Subsequently, employing a cutting speed of 50 m/min, a comprehensive analysis of the high-speed orthogonal cutting of GFRP was performed across all fiber orientation angles, with and without burr defects.



The present study aims to examine chip morphology and to correlate it with cutting force trends and evaluate the machined surface quality, which is heavily influenced by material anisotropy and other cutting parameters. This approach aims to gain precise insights into the phenomenon while simultaneously optimizing all aspects of the cutting process of composite materials. At the same time, this study aims to provide a simply experimental methodology to obtain results that can also be applied to more complex machining operations for composite materials.




2. Materials and Methods


UD-GFRP laminates, measuring 410 mm × 410 mm × 3.8 mm, were produced by the vacuum-assisted resin transfer molding (VARTM) process, utilizing SX10 (provided by Mates [29]) epoxy resin and 20 layers of unidirectional glass fiber fabric (provided by Dalla Betta group S.r.l [30]), characterized by an areal density of 300 g/m2. The mechanical properties of the glass fiber fabric are shown in Table 1. The average fiber volume content of the UD-GFRP laminates was about 48% and the mechanical properties are listed in Table 2. From these laminates, two types of specimens were extracted: circular specimens, 200 mm in diameter, and rectangular specimens, 400 mm × 100 mm. For the rectangular specimens, four values of fiber orientation angle were considered, i.e., 0°, 45°, 90°, and 135°.



In addition, in order to understand the influence of the burr defect on the characteristic forces of the process, as will be explained in Section 3.1, additional samples were made. In details, for some samples, on both surfaces, two plates of polycarbonate (1 mm thick) were bonded with a 0.5 mm thick layer of Araldite 2021 structural adhesive in order to avoid the formation of burrs. In addition, as will be explained in Section 3.1, samples made of only two bonded plates of polycarbonate were made.



Cutting tests were carried out on a five-axis CNC machine (C.B. Ferrari). Figure 1 and Figure 2 show the test bench configurations for the two different specimen geometries. The configuration for the rectangular specimen is that the feed motion is totally assigned to the tool mounted on the spindle while the component is fixed (see Figure 1). Conversely, in the case of the circular test specimen, the tool is fixed, and the motion is attributed to the machine spindle. The composite disc is rigidly assembled to the machine spindle and both cutting motion (rotation around the vertical axis) and feeding motion (movement in the direction of the tool) are assigned to it (see Figure 2). Tools made of high-speed steel (HSS), with a cutting edge width of 10 mm, which is greater than the thickness of the discs to be machined, were used. Therefore, the conditions for the execution of free orthogonal cutting were guaranteed.



Figure 1 and Figure 2 show, respectively, for rectangular and circular specimens, the cutting test (left) and their schematization (right), in which features like the cutting angles (relief angle α and rake angle γ), the cutting speed (vc), the fiber orientation angle (θ), and the principal and thrust forces (Fp and Ft) are indicated. In detail, Fp refers to the component of the cutting force that acts parallel to the cutting surface and is responsible for the deformation of the material during the cutting process, while Ft is perpendicular to the latter, as well as to the cutting surface. As shown in Figure 2, for the circular specimens, a single radial notch was created. This is necessary to detect θ during the rotation of the specimen. In fact, the notch causes a sudden decrease in the forces value, allowing for the setting up of a reference point to identify θ.



Two sets of tests were considered. The first one was carried out on both types of specimens to investigate if the circular specimens could overcome the limitation related to the rectangular ones. The phenomenon of burrs, cutting forces, and surface roughness were analyzed. A comparison was carried out for two combinations of process parameters; specifically, the tools had γ = 0° and α = 30°, vc = 25 m/min, and the depth of cut, ac, was equal to 0.1 and 0.2 mm. To ensure a cutting speed of 25 m/min, a spindle rotation speed of 125 rpm was defined for the circular specimens.



A second set of tests, carried out on the circular specimens, was primarily considered to analyze chip morphology, with vc equal to 50 m/min and ac equal to 0.05, 0.1, 0.15, and 0.2 mm. The tool angles were varied: the range of γ was 0° ÷ 30°, and the range of α was 5° ÷ 30°. To ensure a cutting speed of 50 m/min, a spindle rotation speed of 250 rpm was defined for the circular specimens.



As the present work aims to offer a methodology applicable to the most complex machining processes (e.g., drilling and milling), the high cutting speed values of 25 m/min and 50 m/min were selected as belonging to the range of technological interest [31].



Regarding the tests on the circular specimens, five revolutions were enough for the analyses; consequently, the cutting speed can be considered constant during each test, although the rotation speed did not change. In fact, by considering the cutting condition with the greatest amount of material removed (a depth of cut equal to 0.2 mm), there was a reduction in the radius equal to 1 mm and a reduction in the cutting speed equal to 1%.



During the tests, Fp and Ft were recorded using a KISTLER 9257A load cell and the data were stored using the NI 9239 board and VBA acquisition software (Vibration Basic Analyzer VBA 1.0 B). In the test configuration with the circular specimens, the (fixed) tool was mounted on the load cell. Conversely, the configuration for the rectangular specimens required it to be rigidly mounted on the load cell. As an example, Figure 3 shows the test set-up diagram for the circular specimens.



An Olympus high-speed camera was used to acquire the images of the cutting zone for the analysis of chip morphology. The forces were recorded at a high sample rate equal to 25,000 Hz. To evaluate the quality of the machined surface, roughness measurements were carried out by using a confocal microscope (Sensofar S). Finally, a visual inspection was conducted using an optical microscope.




3. Results and Discussion


The following results are related to the first (Section 3.1, Section 3.2 and Section 3.3) and the second set of tests (Section 3.4).



3.1. Burrs


It is important to observe that during the orthogonal cutting of unidirectional composites, a characteristic defect appears when θ increases; this can be referred to as “burrs” [32]. The burrs (Figure 4a,b) are formed on the workpiece below the trim plane where it is possible to see some cracks; these cracks are extended for a length, d, of some millimeters within the workpiece along the fiber direction. At the same time, two thin layers, severely bending out of plane, are created at the unsupported edges of the workpiece (Figure 4c).



These layers are formed by uncut fibers that pass below the tool and against the tool flank. This determines poor cut quality and causes unacceptable subsurface damage to the workpiece. Additionally, the main problem in the generation of these defects is their variability in terms of the degree of surface damage, the number of layers involved in the thickness direction, and the range of fiber orientation angles that are involved in the damage. It depends not only on the fiber volume fraction of the material being processed but also on different cutting conditions and the geometry of the tool, in particular γ [33].



In this study, to avoid the formation of burrs, two plates of polycarbonate are bonded with a structural adhesive on the upper and lower surface of the circular and rectangular specimens.




3.2. Cutting Forces


For the evaluation of the cutting forces, both depth of cut values are considered on specimens without and with polycarbonate. Three specimens are tested for each condition. Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 in this section refer to the typical trends of Fp and Ft.



For rectangular specimens, the forces assume the typical trends reported in Figure 5.



In the case of the circular specimens, Fp and Ft tend to increase within the second or third turns; then, after some turns, a steady state is achieved. For this reason, the trend in cutting forces is monitored from the stationary phase to prevent tool wear from influencing the force values, particularly Ft, which is much more sensitive to tool wear than Fp when machining composites [34,35]. From the recorded data, it is possible to obtain Fp and Ft as a function of θ (Figure 6). The values of θ cover the range of 0° ÷ 360°, which corresponds to a complete revolution of the specimen. The trend of Fp and Ft is periodic, with a period of 180°; therefore, the same cutting conditions occur when, during each revolution of the specimen, θ assumes the values of 0°, 180°, and 360°.



From the figure, it is possible to observe that the cutting forces are very sensitive to θ, reflecting the high anisotropy of UD composites. The oscillations of Fp and Ft are due to the formation of a discontinuous chip during the cutting of these materials.



To consider the influence of burrs, Figure 6 and Figure 7 depict the typical trend of cutting forces for the circular and rectangular (θ = 90°) specimens, respectively, with a fixed depth of cut of 0.2 mm. In these figures, four curves are presented with the following labels:




	
The “GFRP” curve represents specimens made solely of GFRP.



	
The “GFRP + PC” curve represents specimens made of GFRP with additional external layers of polycarbonate.



	
The “PC” curve represents specimens made only with two layers of polycarbonate.



	
The “Theoretical GFRP + PC” curve is derived by summing the values of the “GFRP” and “PC” curves.








The effect of the burrs is evident for Fp. Indeed, the “theoretical GFRP + PC “curve is lower than the “GFRP + PC” one. For Ft, these effects are not so evident. Overall, the difference between these values is the additional force that is necessary to avoid the formation of burrs and to cut the material completely. The rectangular specimens cannot highlight these differences, because of the difficulty in reaching regime conditions of the data for such very short tests.



Figure 9, Figure 10, Figure 11 and Figure 12 summarize Fp and Ft for the circular and rectangular specimens in the range of 0° ÷ 180° for θ.



The trends of Fp and Ft related to the tests carried out on GFRP specimens with additional external layers of polycarbonate are adjusted by subtracting the contribution of polycarbonate as built. Indeed, by comparing the trends of “GFRP + PC” and “Theoretical GFRP + PC”, it is possible to understand the effective extra cutting force arising from the presence of the burr. For the circular specimens, a typical curve obtained by applying the moving average and representative of all recorded data is reported (since for circular specimens, it is possible to obtain results for all θ angles). On the other hand, for the rectangular specimens (where acquisitions are not available for all θ values), the maximum, mean, and minimum value recorded for the steady state of the curve for each specific value of θ is plotted.



In the case of the circular specimens, the cut time can be higher than 10–15 s without the variation in cutting conditions, especially when circular specimens with a greater diameter are used. In the case of the rectangular specimens, the contact time of the tool with the specimen is very short due to its small length, especially when vc is very high. In fact, the cutting time for the tests at vc = 25 m/min is only about 0.6 s. This causes greater difficulty in recording the cutting forces compared to the case of the circular specimens.



Greater differences are noted for θ = 45° and 135°, while minor ones are observed for θ = 0° and 90°.



Finally, it is possible to note that Fp and Ft assume the same trend in the two types of specimens.




3.3. Surface Roughness


Surface roughness measurements are performed on each of the four specified θ values for rectangular specimens. The parameter used to measure surface roughness is Sa (arithmetical mean height). It quantifies the arithmetic mean of the absolute deviations of surface profile heights from the mean line. For the circular specimens, measurements were conducted every 15° within the range from 0° to 180°. On each specimen, three surfaces were acquired, and the surface roughness results were then averaged.



Figure 13 shows the average values of Sa for the circular and rectangular specimens with polycarbonate, for both depths of cut, i.e., ac = 0.20 mm and ac = 0.10 mm (γ = 0°, α = 30°, and vc = 25 m/min). Continuous measurement with circular specimens allows for a proper trend of Sa as a function of θ to be obtained.



Looking at Figure 13, it is possible to note that for the circular specimens, the trend of Sa is similar to that of Fp (Figure 12), meaning that θ is the parameter that most influences the surface roughness. Also, considering the rectangular specimens, the results obtained at specific θ values are comparable with those obtained for the circular specimens. The results were summarized in Table 3 and Table 4.



The lowest value is measured for θ = 0°, while the highest is observed for θ = 150°. High variability in the data, attributed to the degradation of the machined surface, is also recorded in the range from 135° to 165°.




3.4. Chip and Cutting Surface Morphology


Before presenting the results related to chip morphology and the quality of the cutting surfaces and in order to better understand the above-mentioned features, some observations on the cutting forces for the second set of tests are highlighted below.



Given the large number of process parameter combinations, Figure 14, Figure 15 and Figure 16 are representative of three specific cutting conditions.



Figure 14 shows the trend of Fp and Ft for γ = 0°, 15°, and 30°, α = 15°, and ac = 0.20 mm. Therefore, the effect of γ on the cutting forces is evaluated for the maximum depth of cut at and a median value of α (α = 15°). Fp seems to remain unaffected by variations in the angle γ, while Ft displays distinct behavioral differences between γ = 0° and γ > 0°. Specifically, Ft decreases as γ increases. The minimum Ft trend is obtained for γ = 30°.



For this reason, the following analysis was conducted by fixing γ = 30°. Figure 15 depicts the trend of Fp and Ft for ac = 0.05 mm, 0.10 mm, 0.15 mm, and 0.20 mm, with γ = 30° and α = 15°. Both components of the cutting force exhibit an increase with the depth of cut, ac. The minimum trend for both force components, Ft and Fp, is obtained for ac = 0.05 mm.



For this reason, the following analysis was conducted by fixing the depth of cut, ac = 0.05 mm. Figure 16 illustrates the behavior of Fp and Ft for α = 5°, 15°, and 30°, with γ = 15° and a depth of cut of 0.05 mm. Notably, there is a significant decrease in the forces observed when transitioning from α = 5° to 15°. Additionally, smaller decreases are evident when progressing from α = 15° to 30°.



3.4.1. Chip Morphology for θ = 0°/180°/360°


For the sake of brevity, images related to all angles are not included, but it was found that the greatest chip lengths were identified when the angle θ was between 160° and 180°. As an example, Figure 17 and Figure 18 depict the chip morphology around θ = 180° for α = 15°, ac = 0.20 mm and, respectively, γ = 0° and 15°, for specimens with (left) and without polycarbonate (right). On the left side of the figures, a continuous polycarbonate chip is prominently visible in the foreground. Conversely, on the right side, the cutting zone appears clearer.



The reason is that near θ = 180°, the fibers have an orientation such that it is easier for the tool to generate delamination inside the specimen, resulting in easier penetration and a longer chip length. To verify this, one can observe in Figure 13 and Figure 14 a clear decrease in force near 180°. Therefore, lower cutting forces are associated with a longer chip.



This is supported by the results of the analytical model proposed by Pwu et al. [36]. They found that the formation of the longest chip can be associated with the minimum value of the cutting forces when cutting fiber-reinforced plastics perpendicular to the fiber axis. In the present investigation, this condition occurred at θ ≈ 165° when γ = 0° and at higher θ values for γ > 0° (this is particularly evident looking at Figure 15 where Ft remains practically constant up to θ = 180°).



The described mechanism is validated by the microscopic analysis of the machined surface. Figure 19 presents images at 5× (left) and 10× (right) magnifications of the machined surface for α = 15°, ac = 0.20 mm, and varying γ values.



In both cases (γ = 0° and γ > 0°), the morphology of the cutting surface appears to be similar. An alternation in darker and lighter areas is evident. The lighter areas correspond to the glass fibers, which exhibit higher light reflectivity, while the darker areas correspond to the matrix material. The glass fibers are distinctly visible due to their exposure by crack propagation along the direction parallel to the fibers during the formation of the “longest chip”. These observations confirm the results obtained by Wang et al. [37] on the cutting mechanism in the orthogonal machining of epoxy composites reinforced by unidirectional carbon fibers when subjected to orthogonal cutting.




3.4.2. Chip Morphology for θ = 0°/180°/360°


Figure 20 illustrates the chip morphology for γ = 0°, α = 15°, ac = 0.20 mm, and various θ values on specimens with (left) and without (right) polycarbonate. In both scenarios, a powdery chip is expelled at high velocity from the cutting area, following trajectories that align with the orientation of the fibers.



Figure 21 displays images at 5× (left) and 10× (right) magnifications of the machined surface for α = 15°, γ = 30°, ac = 0.20 mm, and various θ values.



For θ = 30° (Figure 21a), the machined surface predominantly appears white due to the presence of frayed sections of the cut fibers, accompanied by slight pull-out. Scattered darker areas are observable where the fibers and the matrix have undergone a more uniform cut.



As θ increases, the surface quality deteriorates (Figure 21b,c). In these instances, some burrs can be observed on the external laminas, indicating an exacerbation of surface irregularities.



Figure 22 shows images at 5× (left) and 10× (right) magnifications of the machined surface for θ = 90°, α = 15°, ac = 0.20 mm, and varying γ values.



The surface morphology remains similar for both cases, with a slight deterioration observed for γ > 0°. This observation confirms that the chip morphology within the range of 0° < θ ≤ 90° is primarily dependent on the angle θ.




3.4.3. Chip Morphology for 90° < θ < 180°


Figure 23 illustrates the chip morphology for γ = 15°, α = 15°, ac = 0.20 mm, and various θ values of specimens with (left) and without (right) polycarbonate.



Without polycarbonate supports, fibers can pass uncut under the tool, leading to the formation of burrs (Figure 23, right). Conversely, with polycarbonate, the outer fibers are laterally supported, enabling proper cutting (Figure 23, left).



In the range from 90° to 135° for θ, the chip appears as a powder (Figure 22a,b). Beyond 135°, the tool more easily lifts the fibers, resulting in a chip with larger dimensions (Figure 23c).



Figure 24 shows images at 5× (left) and 10× (right) magnifications of the machined surface for α = 15°, γ = 15°, ac = 0.20 mm, and various θ values.



The morphology of the machined surface takes on the appearance of a sawtooth pattern, which is particularly notable in Figure 24c.



The morphology of the machined surface is better depicted in Figure 25, where it is easy to identify darker and lighter areas (Figure 25b). The darker ones correspond to the areas where the crack propagates at the fiber–matrix interface, while the lighter ones correspond to fibers cut during tool passage (Figure 25a). These observations also confirm the findings of Wang et al. [37].






4. Conclusions


Unlike what is evident from the literature review, where in most studies, the investigation of the orthogonal cutting of composites is conducted on rectangular specimens, with consequent limitations in terms of little tool–specimen contact during cutting, low cutting speeds, and restricted values of the fiber orientation angle, in this article, we proposed and studied an experimental procedure for investigating the high-speed orthogonal cutting of UD-GFRP.



The experimental results demonstrated that circular specimens offer advantages over rectangular ones by enabling the continuous monitoring of variations in principal force and thrust force while manipulating the fiber orientation angle.



Furthermore, this study examined the influence of cutting forces on different specimen geometries and cutting conditions. It was observed that cutting forces are highly sensitive to variations in the fiber orientation angle, reflecting the anisotropic nature of UD composites. Additionally, the analysis of cutting forces highlighted the importance of accounting for the presence of burrs, as they contribute to additional cutting forces required to ensure complete material removal.



Moreover, this study investigated the roughness of machined surfaces and the morphology of chips and cutting surfaces. The findings indicate a correlation between the fiber orientation angle and surface roughness, with higher variability observed in certain angle ranges. Additionally, the morphology of chips and cutting surfaces varied depending on the cutting conditions, with notable differences observed in the presence of burrs and unsupported fibers.



In conclusion, this work not only provides an experimental methodology and valuable insights for understanding the complex phenomena arising during the cutting process of composite materials but also serves as a practical tool. The comprehensive analysis of cutting forces facilitates the development of predictive analytical and numerical models of the process and the quality of the finished product, offering clear advantages in industrial contexts. Furthermore, it is important to emphasize that although this study focused on GFRP, the methodology is flexible and applicable to all types of fiber-reinforced materials.
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Figure 1. Rectangular specimen: cutting test (left) and its schematization (right). 
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Figure 2. Circular specimen: cutting test (left) and its schematization (right). 
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Figure 3. Example diagram of test set-up used for circular specimens. 
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Figure 4. Burrs observed on circular (a) and rectangular (b) specimens and schematization of their formation (c). 
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Figure 5. Fp and Ft versus time for rectangular specimens with polycarbonate (θ = 45°, γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min). 
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Figure 6. Fp and Ft versus θ for circular specimens without polycarbonate (γ = 0°, α = 30°, ac = 0.10 mm, and vc = 25 m/min). 
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Figure 7. Fp and Ft versus θ for circular specimens with and without polycarbonate (γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min). 
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Figure 8. Fp and Ft versus time for rectangular specimens with and without polycarbonate (θ = 90°, γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min). 
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Figure 9. Fp and Ft versus θ for circular and rectangular specimens without polycarbonate (γ = 0°, α = 30°, ac = 0.10 mm, and vc = 25 m/min). 
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Figure 10. Fp and Ft versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.10 mm, and vc = 25 m/min). 
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Figure 11. Fp and Ft versus θ for circular and rectangular specimens without polycarbonate (γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min). 
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Figure 12. Fp and Ft versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min). 
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Figure 13. Sa versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min). 
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Figure 14. Fp and Ft versus θ for different γ values (α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 15. Fp and Ft versus θ for different t values (γ = 30°, α = 15°, and vc = 50 m/min). 
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Figure 16. Fp and Ft versus θ for different α values (γ = 15°, ac = 0.05 mm, and vc = 50 m/min). 






Figure 16. Fp and Ft versus θ for different α values (γ = 15°, ac = 0.05 mm, and vc = 50 m/min).



[image: Jmmp 08 00087 g016]







[image: Jmmp 08 00087 g017] 





Figure 17. Chip morphology of circular specimens with (left) and without polycarbonate (right), around θ = 180° (γ = 0°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 18. Chip morphology of circular specimens with (left) and without polycarbonate (right), around θ = 180° (γ = 15°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 19. Characteristics of machined surface at 5× (left) and 10× (right) magnifications for θ = 180° and (a) γ = 0°, (b) θ = 15°, and (c) θ = 30° (α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 20. Chip morphology of circular specimens with (left) and without polycarbonate (right) for (a) θ = 15° and (b) θ = 75° (γ = 0°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 21. Characteristics of cutting surface at 5× (left) and 10× (right) magnifications for (a) θ = 30°, (b) θ = 60°, and (c) θ = 90° (γ = 30°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 22. Characteristics of cutting surface at 5× (left) and 10× (right) magnifications for (a) γ = 0° and (b) γ = 15° (θ = 90°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 23. Chip morphology of circular specimens with (left) and without polycarbonate (right) for (a) θ = 105°, (b) θ = 135°, and (c) θ = 165° (γ = 15°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 24. Characteristics of cutting surface at 5× (left) and 10× (right) magnifications for (a) θ = 105°, (a,b) θ = 135°, and (c) θ = 165° (γ = 15°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Figure 25. Details of machined surface (θ = 165°, γ = 15°, α = 15°, ac = 0.20 mm, and vc = 50 m/min). 
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Table 1. Mechanical properties of unidirectional glass fiber fabric [30].






Table 1. Mechanical properties of unidirectional glass fiber fabric [30].





	Fiber Strength [MPa]
	Fiber Stiffness [GPa]
	Weight [g/m2]
	Thickness [mm]
	Fabric Strength [kN/m]





	3100
	80
	300
	0.115
	354.96










 





Table 2. Mean values of mechanical properties of UD-GFRP laminate.






Table 2. Mean values of mechanical properties of UD-GFRP laminate.





	Modulus
	[GPa]





	Longitudinal Modulus, E1
	45



	Transverse Modulus, E2
	7



	Ultimate Strengths
	[MPa]



	Longitudinal Tensile Strength, Xt
	1320



	Longitudinal Compressive Strength, Xc
	810










 





Table 3. Average and standard deviations of Sa versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min).






Table 3. Average and standard deviations of Sa versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.20 mm, and vc = 25 m/min).





	

	
Circular Specimens

	
Rectangular Specimens




	
θ (°)

	
Average (μm)

	
St. Dev. (μm)

	
Average (μm)

	
St. Dev. (μm)






	
0

	
2.51

	
0.16

	
2.83

	
0.24




	
15

	
2.21

	
0.33

	

	




	
30

	
2.69

	
0.29

	

	




	
45

	
3.62

	
0.47

	
3.57

	
0.18




	
60

	
3.33

	
0.28

	

	




	
75

	
4.21

	
0.59

	

	




	
90

	
5.07

	
0.52

	
4.61

	
0.30




	
105

	
6.35

	
0.34

	

	




	
120

	
9.09

	
0.02

	

	




	
135

	
12.31

	
2.63

	
15.63

	
4.26




	
150

	
17.98

	
2.33

	

	




	
165

	
9.46

	
2.10

	

	




	
180

	
2.51

	
0.16

	
2.83

	
0.24











 





Table 4. Average and standard deviations of Sa versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.10 mm, and vc = 25 m/min).






Table 4. Average and standard deviations of Sa versus θ for circular and rectangular specimens with polycarbonate (γ = 0°, α = 30°, ac = 0.10 mm, and vc = 25 m/min).





	

	
Circular Specimens

	
Rectangular Specimens




	
θ (°)

	
Average (μm)

	
St. Dev. (μm)

	
Average (μm)

	
St. Dev. (μm)






	
0

	
2.01

	
0.11

	
2.264

	
0.51




	
15

	
1.768

	
0.24

	

	




	
30

	
2.152

	
0.19

	

	




	
45

	
2.353

	
0.21

	
2.3205

	
0.69




	
60

	
3.1635

	
0.12

	

	




	
75

	
3.368

	
0.39

	

	




	
90

	
4.056

	
0.14

	
3.688

	
0.37




	
105

	
5.08

	
0.34

	

	




	
120

	
6.363

	
0.02

	

	




	
135

	
9.848

	
0.69

	
8.5965

	
2.42




	
150

	
14.384

	
2.01

	

	




	
165

	
6.622

	
0.15

	

	




	
180

	
2.008

	
0.32

	
2.547

	
0.89
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