

  metals-10-00983




metals-10-00983







Metals 2020, 10(7), 983; doi:10.3390/met10070983




Article



On the Surface Quality of CFRTP/Steel Hybrid Structures Machined by AWJM



Fermin Bañon 1,*[image: Orcid], Bartolome Simonet 2, Alejandro Sambruno 1[image: Orcid], Moises Batista 1[image: Orcid] and Jorge Salguero 1[image: Orcid]





1



Faculty of Engineering, Mechanical Engineering and Industrial Design Department, University of Cadiz, Av. Universidad de Cadiz 10, Puerto Real, 11519 Cadiz, Spain






2



Nanotures SL, C. Inteligencia 19, Tecnoparque Agroalimentario, Jerez de la Frontera, 11591 Cadiz, Spain









*



Correspondence: fermin.banon@uca.es; Tel.: +34-956-48-32-91







Received: 23 June 2020 / Accepted: 18 July 2020 / Published: 21 July 2020



Abstract

:

The joining of dissimilar materials in a hybrid structure is a line of research of great interest at present. Nevertheless, the machining of materials with different machinability requires specific processes capable of minimizing defectology in both materials and achieving a correct surface finish in terms of functional performance. In this article, abrasive water jet machining of a hybrid carbon fiber-reinforced thermoplastics (CFRTP)/Steel structure and the generated surface finish are studied. A parametric study in two stacking configurations (CFRTP/Steel and Steel/CFRTP) has been established in order to determine the range of cutting parameters that generates the lowest values in terms of arithmetic mean roughness (Ra) and maximum profile height (Rz). The percentage contribution of each cutting parameter has been identified through an ANOVA analysis for each material and stacking configuration. A combination of 420 MPa hydraulic pressure with an abrasive mass flow of 385 g/min and a travel speed of 50 mm/min offers the lowest Ra and Rz values in the CFRTP/Steel configuration. The stacking order is a determining factor, obtaining a better surface quality in a CFRTP/Steel stack. Finally, a series of contour diagrams relating surface quality to machining conditions have been obtained.
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1. Introduction


Carbon fiber-reinforced thermoplastics (CFRTP) composites have an excellent weight-to-mechanical property ratio and high impact and corrosion resistance [1]. These are very interesting materials due to their ability to be remolded after curing, adopting new geometries and being of great interest for mass production [2]. Applications such as chassis in the automotive sector or the development of a lighter fuselage with better fatigue resistance developed by the company STELIA are an example of the current interest in these materials. In addition, in comparison with thermosets (CFRP), they have shorter production times and the possibility of storing the matrix at room temperature which reduces the final costs [3]. Within the wide range of thermoplastic polymers, thermoplastic polyurethane (TPU) can achieve high performance in service. The shaping of this matrix together with carbon fibers results in a flexible compound that can be adapted to various uses [4].



In order to increase the performance of these materials, current research is focused on their bonding with metal alloys in the form of hybrid structures through laser welding or friction stir welding processes [5]. These materials are essential elements in structural applications in the industry nowadays due to their mechanical properties, lightness, and corrosion resistance. Nevertheless, they must be joined to metallic elements to obtain a more robust structure that combines the performance of both materials in the form of a hybrid design [6]. Furthermore, in terms of production, the manufacture and subsequent machining of both materials at the same time means a reduction in operating times. A kind of hybrid structure of great interest is the union of CFRTP with a steel in order to obtain a structural element of high performance. This turns them into elements of great interest for the automotive sector where weight reduction is required and, at the same time, their ability to produce them in mass [2,7].



Their combination with a structural steel allows to obtain a hybrid structure of excellent performance and lightness minimizing energy consumption and CO2 emissions. Nevertheless, the quality of the interlayer of these materials on applying an adhesive or thermal bonding process has been studied due to the formation of thermal defects or the formation of bubbles due to poor surface preparation of the steel [8,9]. In addition, according to the selected process, the thermoplastic matrix of the CFRTP can be used as an integrating element of the hybrid structure affecting the final thickness [10].



In addition, to achieve a final geometry, specific machining processes are required due to the anisotropic behavior of these materials, as well as the low glass transition temperature of some thermoplastics [11]. Inside conventional processes, such as drilling or milling, wear caused to the cutting edges increases the final costs and reduces the efficiency of these processes. Processes such as milling generate a smooth and clean surface with Rz values close to 9 µm and Ra values close to 2 µm [12,13]. This is in line with the results obtained in the conventional machining of thermoset composite materials, where results below 3.2 µm are required due to aeronautical tolerances [14].



Nevertheless, although very low values are obtained, the machining temperatures deteriorate the thermoplastic matrix and cause delaminations in regions in which the reinforcement is left unprotected [12]. In addition, the fact of machining two materials of different machinability requires the use of specific cutting geometries and complex machining strategies with change of cutting parameters in the interlayer. This means an increase in operating time and costs.



On the contrary, within nonconventional technologies, abrasive water jet machining (AWJM) has proved to be a very effective technology for machining this type of material [13,15,16]. It is a flexible process, capable of achieving high material removal rates and low cutting forces and machining different materials at the same time. In addition, due to the nature of the cutting process, the temperatures reached are very low, which minimizes thermal defects [17]. Furthermore, it is a clean and environmentally friendly technology, a fundamental aspect within the field of “Green machining,” and does not generate suspended particles that could affect the health of the operators. This technology offers advantages such as the recovery of abrasive particles after machining, which can be reused after treatment, and no harmful gases are generated [18]. Another important point is the retention of particles of the machined material in the pool pit, especially in composite materials, preventing them from remaining in suspension, avoiding the exposure of the operators to a harmful atmosphere. The cutting tool is water, which can be reused after machining, and abrasive particles, which can be recovered later and treated to be reused.



Nevertheless, there is little literature on abrasive water jet machining of dissimilar material stacks. Most focus on machining FMLs or CFRP/Titanium stacks due to their relevance within the aeronautical industry [19,20,21,22,23]. These studies are focused on the influence of the parameters that govern abrasive water jet machining on the surface quality generated, as well as on the defectology associated with this process such as the taper angle. Although there is literature on water jet machining of thermoplastic composites [24] and steel alloy [25], little information exists on machining these materials in the form of a hybrid structure.



A crucial aspect in the machining processes is the surface quality obtained. The divergence of the water jet during machining generates a reduction in the kinetic energy that results in regions of different surface quality. Thus, in the initial moments of machining, the overlapping of the abrasive particles generates a highly eroded zone known as IDR (initial damage region) [26]. Subsequently, the convergence of the jet generates a stable zone in which a homogeneous surface is obtained, known as the SCR (smooth cutting region) [27]. Finally, due to the reduction of the kinetic energy and cutting capacity of the water jet, the surface generated has a region with very high irregularities in the form of grooves known as RCR (rough cutting region) [28,29].



In this sense, the stacking order of the hybrid structure has a fundamental role to play in the development of these regions. Depending on which material receives the first impact of the water jet, the final quality obtained in the second material will be conditioned by the difference in its machinability [23].



For this reason, minimizing water jet divergence during machining is a key aspect for achieving an acceptable surface quality. Thus, the correct selection of cutting parameters according to the order of stacking is essential to achieve this objective [30]. In studies carried out, the difference in results obtained between the composite material and the metal alloy when they are machined is also highlighted. This is due to the fact that the composite material is anisotropic and the water jet is able to eliminate the matrix generating greater irregularities or the formation of delaminations. In contrast, the isotropy of the metal alloy allows a more stable and smoother cut, but is more affected by the effect of the abrasive particles in the initial zone (IDR).



Within the cutting parameters, traverse speed and hydraulic pressure seem to be the most relevant [31]. Increases in traverse speed lead to increased water jet divergence, especially in the second material, significantly raising the roughness in the material [25]. Pahuja et al. [30] also explains the importance of traverse speed in water jet machining of a hybrid CFRP/Ti structure. Here, by increasing the speed from 1 to 10 mm/min, the Ra values increase by 14% for the titanium alloy and 260% for the composite material. On the other hand, an increase in hydraulic pressure increases the jet’s machining capacity, allowing for an improvement in surface quality and obtaining Ra values that are very close to each other [22].



Nevertheless, the combination of the different machinability between materials, their stacking order, and the lack of knowledge about a range of cutting parameters capable of machining this type of hybrid structures require further studies. Due to this, this article proposes a parametric study in abrasive water jet machining of a hybrid CFRTP/Steel structure. The surface quality in terms of Ra and Rz has been evaluated in each material for the two stacking configurations (CFRTP/Steel and Steel/CFRTP). The difference in results between the two configurations has been evaluated, as well as a range of cutting parameters that improve surface quality has been determined. The machining of dissimilar materials in the form of a hybrid structure generates a difference in surface quality between the two elements that must be minimized or eliminated. Nevertheless, the study of the surface quality in both materials separately has been the main objective of this work. Thus, a range of cutting parameters that improves the surface quality has been determined. In order to obtain a homogeneous cut, a ratio between the results obtained for the composite material and the metal alloy has been established to identify which variation in cutting parameters generates the greatest difference in surface quality. Finally, an ANOVA analysis and a set of contour diagrams using predictive mathematical models have been obtained for the most relevant roughness parameter.




2. Methodology


2.1. Materials


This article focuses on the machining of a hybrid structure in order to evaluate the surface quality obtained. The materials selected to obtain this structure were a thermoplastic composite material reinforced with carbon fiber (Twill 200 g/m2) and a steel alloy S275. The main characteristics of the composite material are shown in Table 1. Reinforced thermoplastic laminates were produced by hot compression molding.



The CFRTP used has a thermoplastic polyurethane matrix with a melting temperature of 145° and the final thickness of 2.1 mm and is composed of 7 layers in 0° and 90° orientations.



On the other hand, the thickness of the steel was 3 mm, obtaining a final thickness of the hybrid structure of 5.1 mm. This carbon steel is a structural type with wide applications in the industrial sector due to its mechanical properties, and it is of great interest to combine it with a composite material in order to obtain a hybrid structure. Its main characteristics are shown in Table 2.



The bonding between these materials was carried out by thermoforming in a hot plate press with the aim of obtaining a continuous and quality bond to avoid the formation of delaminations in the interlayer and to relate possible defects to the machining conditions. The characteristics of the thermoplastic matrix allow the matrix itself to be used as an integrating element between both materials by changing from a solid to a liquid state when its glass transition temperature is exceeded. Subsequently, the matrix expands and impregnates the surface of the steel alloy to generate a constant bond after it has cooled down. To ensure a quality bond, the steel surface is modified by sand-blasting, using a pressure of 5 bar, 630 µm corundum particles, and an impact distance of 100 mm. Because of it, a surface free energy value of 50 mJ/m2 [32] was obtained.




2.2. Abrasive Water Jet Machining (AWJM)


The equipment used consisted of a water jet cutting machine (TCI Cutting, BP-C 3020, Valencia, Spain). The nozzle of the machine had a diameter of 0.8 mm, an orifice diameter of 0.3 mm, and a nozzle length of 94.7 mm. The AWJM machine was equipped with an ultrahigh capacity pump (KMT, 158 Streamline PRO-2 60, Bad Nauheim, Germany). All trials were carried out by 120 mesh Indian Garnet abrasive particles.



Three cutting parameters were modified according to the literature consulted. Three levels of hydraulic pressure (P), traverse speed (TS), and abrasive mass flow (AMF) were established (Table 3). At the same time, in order to obtain a greater robustness and repeatability in the results obtained, each combination of cutting parameters were carried out twice, obtaining a total of 54 tests. Due to its importance in the conservation of kinetic energy of the water jet, the jet-piece distance was set at 3 mm.



The tests consisted of slots with a machining length of 30 mm and a gap between cuts of 6 mm. In order to guarantee a constant flow and traverse speed, the cuts were started 15 mm before the beginning of the material (Figure 1).



On the other hand, the order of the materials during machining is a key parameter in the final quality. Because of this, each test has been performed in two stacking configurations, CFRTP/Steel, and Steel/CFRTP.




2.3. Surface Quality Evaluation


The surface finish after machining processes is a key parameter in determining the functional performance of the geometry obtained. The importance of the surface of the parts in the functional behavior of the latter is relevant when considering that it is through their surfaces that contact is established between them, being the main basis of most mechanical functions [33].



Surface quality in abrasive water jet machining is a key factor. The loss of kinetic energy of the water jet in combination with poor selection of cutting parameters produces large variations. This results in a first region that is highly affected by abrasive particles and a final zone of high roughness due to the formation of grooves. This in combination with the fact that dissimilar materials are being machined at the same time makes it an essential parameter to study.



Due to this, the surface quality has been evaluated in terms of arithmetic mean roughness (Ra) and maximum profile height (Rz). The anisotropy of the composite material and the possible formation of defectology associated with the loss of thermoplastic matrix requires the study of several parameters that provide more complete and real information about the surface obtained [34]. Three measurements were made at three height levels in each material (Figure 2). Each roughness profile was measured at three different levels, i.e., at 25%, 50%, and 75% of the thickness of each material. The goal was to determine the presence of the three characteristic regions in abrasive water jet machining in terms of surface quality: IDR (initial damage region), SCR (smooth cutting region), and RCR (rough cutting region). The measurements were made in a perpendicular direction to the grooves generated by the water jet.



A roughness-meter (Mahr Perthometer PGK 120, Göttingen, Germany) was used. The surface quality evaluation was carried out following ISO 4288:1999 standard. A cut-off of 2.5 mm was established for a total evaluation length of 12.25 mm. Stylus with 2 μm tip radius and 90° tip angle was used for the measurements, reference M-250 from Mahr.



Finally, the surface generated after the surface modification was evaluated by visual inspection using a scanning electron microscope (Hitachi, VP-SEM SU1510, Schaumburg, IL, USA).





3. Results and Discussion


3.1. CFRTP/Steel


This section shows the results obtained in the first CFRTP/Steel configuration in order to determine the influence of the cutting parameters. The surface quality obtained in the thermoplastic composite material in terms of Ra is shown in Figure 3. For pressures of 250 MPa, two tendencies are observed when increasing the abrasive flow. When the traverse speed is 50 mm/min, high values of abrasive increase the roughness. This may be due to an excess amount of particles impacting the surface. In combination with reduced pressure, the jet does not have enough energy to obtain a clean cut (Figure 4). Thus, the intercollisions of the abrasive particles reduce its cutting capacity, producing a more eroded zone [35].



On the other hand, when the traverse speed increases its value, this trend for a hydraulic pressure of 250 MPa is totally opposite due to the increase in the kinetic energy of the water jet. This produces a rougher RCR zone due to the curvature of the water jet due to the loss of kinetic energy [36]. Nevertheless, as hydraulic pressure increases, the surface quality is directly influenced by the traverse speed, especially for pressures of 420 MPa.



Thus, an increase in pressure and abrasive flow at reduced traverse speeds produces a stable water jet capable of homogeneously machining all composite material [37].



When the traverse speed is maximum, the increase in pressure has a varying effect depending on the amount of abrasive particles applied in the machining. With a minimum flow rate of 225 g/min, there is a significant increase in the machining capacity of the water jet, obtaining a more constant material removal and reducing the Ra values from 7 to almost 5 µm.



The increase of the abrasive particles improves the cutting capacity of the jet allowing a smoother region. This can be seen in the pressure of 250 MPa. However, a combination of high values of both hydraulic pressure and abrasive flow can be excessive resulting in a deterioration in surface quality. This may be due mainly to an excess of abrasive particles that intercollide, minimizing their erosive effect. In turn, this produces an increase in the IDR region increasing the abrasive particles adhered in the initial moments of machining and increasing the average roughness [15]. This in combination with the divergence between the inlet and outlet zones of the water jet due to a very high travel speed results in these variations when hydraulic pressure is increased.



Also, an increased pressure leads to a greater offset between the inlet area of the water jet and the outlet area. During this time, the kinetic energy of the water jet allowing the material to be machined is reduced. Thus, the impacts generated on the surface are more abrupt, generating irregularly shaped machined areas [26]. This could produce an area of higher roughness and poorer surface quality (Figure 5). These roughness profiles were made at three different levels as shown in Figure 2. The first profile at a distance equivalent to 25% of the thickness, the second profile at 50% of the thickness, and the third profile at 75% of the thickness of the material were obtained.



This is corroborated by the results obtained for the parameter Rz (Figure 6). The trends obtained are very close to those obtained for Ra, which would justify the previously described trends. Thus, it can be seen that a combination of a pressure of 420 MPa, an abrasive flow of 385 g/min, and a traverse speed of 100 mm/min generate the minimum values of Ra and Rz.



In addition, the surface quality of the steel in terms of Ra is shown in Figure 7 and in terms of Rz in Figure 8. It can be seen that lower values are obtained in the metal alloy compared to the composite material. This is due to the composition of both materials. The anisotropy of the composite material causes each layer to behave differently when interacting with the water jet [30].



Furthermore, the different machinability of the reinforcement and matrix in combination with the dispersion of the water jet produces an effect known as hydrodistortion [21] (Figure 9). In addition, the main removal mechanism in the composite material was by microbending and fracture and in the matrix was by erosion. This results in a transversal removal of the matrix, leaving the reinforcement unprotected and generating a worsening of the surface quality (Figure 10).



Due to the monolithic composition of the steel, a more homogeneous machining has been obtained. This produces a smoother surface compared to composite material. However, as the second material is machined in the CFRTP/Steel configuration, a reverse situation is generated. A combination of a TS of 300 mm/min and an AMF of 340 g/min shows this effect. The divergence of the water jet between the inlet and outlet region is very high due to the destabilization of the water jet at this travel speed. This is enhanced by the difference in machinability between the two materials. In other words, the water jet is not capable of machining both materials consistently at the same time.



In addition, the reduced amount of abrasive particles minimizes the actual machinability of the water jet, resulting in a rougher surface [22].



Due to the low machinability of steel, the increased abrasive mass flow has a positive effect on the surface quality. An increase in particles enhances the erosive capacity of the water jet allowing it to penetrate the steel more easily due to greater stabilization in the cut [38]. This can be seen in most tests where an increase in this parameter generates a reduction in both Ra and Rz.



The trend of each cutting parameter in the surface quality generated in terms of Ra for each material is shown in Figure 11. In terms of hydraulic pressure, steel is the most important material as it is more difficult to machine and is the second material in the structure. An increase in this parameter improves the penetration capacity of the water jet, facilitating shear impacts on the surface and obtaining a better surface quality. An increase in the amount of abrasive particles reduces the resistance of the material when machined.



Nevertheless, depending on the level of pressure and traverse speed, it can become a negative aspect. On the contrary, the traverse speed seems to be the most critical parameter for surface quality. The increase from 50 to 300 mm/min produces a 40% increase in both materials due to the destabilization of the water jet and the inability to machine both materials at the same time.




3.2. Steel/CFRTP


The results obtained in the reverse stacking order for the composite material are shown in Figure 12 and Figure 13.



Compared to the CFRTP/Steel configuration, the results obtained are slightly higher. This may be due to the positioning within the hybrid structure. When machining the metal alloy, a large part of the kinetic energy of the water jet is absorbed by this material, reducing the ability to penetrate the composite material [22,26]. This is especially outstanding when the pressure is minimal (250 MPa) and the amount of abrasive particles is insufficient. This produces an increase in the hydrodistortion effect between reinforcement and matrix resulting in a very rough surface where the reinforcement is not properly machined, generating high deviations (Figure 14).



The formation of a turbulent jet in the interlayer and the consequent loss of power of the water jet results in an unstable flow that generates a very rough area. This, in combination with the low cohesion between the reinforcement and the thermoplastic matrix, generates a separation between both leaving the reinforcement unprotected and increasing the final roughness [39]. This can be seen in Figure 15.



Again, similar trends are observed in both Ra and Rz. However, in contrast to the CFRTP/Steel configuration, both hydraulic pressure and abrasive mass flow do not seem to have such a significant effect on surface quality. Only when the speed is maximum, an increase in these parameters generates a noticeable difference. In the CFRTP/Steel configuration, the influence of these parameters is more noticeable because the water jet dispersion is lower. In this sense, the increase in pressure minimizes the hydrodistortion defect in the composite material, minimizing the loss of kinetic energy prior to steel machining.



Thus, the machining capacity of the water jet is more constant and a variation in these parameters is more relevant. On the contrary, when the first material to be machined is steel, this energy loss is greater because it presents a greater difficulty to be machined, minimizing the effect of the cutting parameters in the composite material.



In contrast, the travel speed seems to have a more prominent effect in this configuration due to the dispersion of the water jet. When the jet starts machining at a very high speed and the first material (Steel) has a worse machinability, an excessive delay is generated between the machining of this and the second material (CFRTP) and an increase in the hydraulic pressure enhances the penetration capacity of the water jet improving the surface integrity in spite of obtaining very high Ra values [13].



On the other hand, the results obtained in steel machining in terms of Ra (Figure 16) and Rz (Figure 17) are very close to those obtained in the reverse configuration. This would indicate that steel is the most decisive material in the machining of this structure. In terms of surface quality, the positioning of the steel does not affect the results obtained, but it does directly affect the final quality generated in the composite material.



The three cutting parameters generate an improvement in the quality obtained. When the traverse speed is between 50 and 100 mm/min, it seems that the most dominant parameter is the hydraulic pressure by reducing the Ra values from 4 to 3 µm and minimizing the deviations obtained, which would indicate that the surface is very homogeneous. This is corroborated by the Rz results, which would indicate that the surface is smooth with constant surface variations. On the other hand, as with the other results, the increase at a speed of 300 mm/min significantly worsens the surface quality due to the destabilization of the water jet, which leads to an increase in the lag defect in the RCR region.



With regard to the abrasive flow, its effect is more noticeable when the speed is higher than 300 mm/min due to the loss of kinetic energy. An increase in this parameter improves the tearing of the steel by shear forces. In addition, flows of 385 g/min offer a very reduced deviation in both Ra and Rz, which would indicate minimal variations in the surface obtained. Thus, for this level of abrasive mass flow and a pressure of 420 MPa, very close surface quality values are obtained for speeds of 100 and 300 mm/min, allowing an increase in productivity in the machining of hybrid structures.



The trends for each cutting parameter are shown in Figure 18. A great influence is observed on the composite material by increasing the hydraulic pressure and traverse speed. Being the second material to be machined in this stack directly affects the results obtained. Steel has a higher resistance to be machined and makes it difficult to stabilize the water jet prior to the machining of the composite material. This, in combination with the turbulence that can be generated in the interlayer, affects the surface quality by varying these parameters.



On the contrary, different trends have been observed in the surface quality of the steel compared to the CFRTP/Steel configuration. Thus, the pressure does not produce a significant variation in the results and the abrasive flow seems to slightly reduce Ra values that improves the surface quality. However, the trend of the traverse speed is constant and similar in both materials and stacking configurations with an increase in the results due to the delay in the water jet and not using the same amount of particles per unit area.



The machining of materials of different machinability reflects that the surface quality can be very disparate and that the machined part does not fulfill its function. The ratio between the Ra values for the CFRTP/Steel configuration is shown in Figure 19 and for the Steel/CFRTP configuration in Figure 20.



In general, the results obtained in other studies are corroborated, where the quality obtained in the composite material is superior to steel with ratios greater than 1. In turn, in both configurations, an increase in the abrasive flow parameter produces a greater dispersion between both materials.



This can be seen especially in the CFRTP/Steel configuration, due to the fact that a greater number of abrasive particles increase the detachment of the thermoplastic matrix, causing the reinforcement to be free and worsening the surface quality. On the contrary, this increase improves the penetration capacity of the water jet allowing a stable cut in the steel and reducing the Ra values compared to the composite material.



It should be noted that, although the traverse speed is a parameter that worsens the surface quality considerably, its tendency is very close in both materials, which generates close ratios.



In terms of cutting parameters, ratios close to 1 are obtained for a pressure of 420 MPa because the loss of kinetic energy of the water jet is not significant, especially in the Steel/CFRTP configuration. Thus, the stacking configuration that offers the closest values of surface quality in terms of Ra is Steel/CFRTP.



It should be noted that, in both stacking configurations, gaps between materials have not been observed (Figure 21).



In both cases, abrasive particles have remained adhered to the two materials and can affect the final surface quality. In the CFRTP/Steel configuration, remains of the thermoplastic matrix can be seen that have been pulled and adhered to the surface of the steel. On the contrary, in the inverse configuration, a cleaner surface can be seen in the interlayer.




3.3. Statistical Analysis and Contour Diagrams


The percentage contribution of each cutting parameter in the surface quality for each material and stacking configuration obtained by ANOVA analysis is shown in Figure 22.



It is confirmed that the traverse speed is the most determining parameter according to the results obtained. This is particularly evident in the Steel/CFRTP configuration. An increase in this parameter generates a greater destabilization in the water jet generating a rougher surface. In addition, due to the loss of kinetic energy, the RCR region increases, leading to the formation of grooves [25,40]. On the other hand, another key factor is the hydraulic pressure. An increase in this parameter improves the penetration and machining capacity of the water jet by facilitating the removal mechanism [41].



A balance between traverse speed and hydraulic pressure has been observed in the CFRTP/Steel configuration. A correct selection of these cutting parameters reduces the hydrodistortion defect in the layers of the composite material and minimizes the detachment of the thermoplastic matrix. This results in a less rough surface and improved surface quality.



In parallel, with the experimental results obtained, a series of predictive second-order polynomial models have been generated that relate surface quality in terms of Ra with cutting parameters for applications in the industrial sector.



The models obtained for the CFRTP/Steel configuration are shown in (1) and (2) with values of R2 of 67.48% and 86.98%, respectively, and the models for the Steel/CFRTP configuration in (3) and (4) with adjustments of 85.73% and 95.25%, respectively. It should be noted that, due to the anisotropy and the reduced thickness of the composite material, it generates a randomness in the surface quality that reduces the adjustment obtained.


     R a     C F R T P   =   5.37 + 0.00211 · P + 0.0050 · A M F + 0.0350 · T S − 0.000028 · P      · A M F − 0.000119 · P · T S − 0.000123 · A M F · T S     



(1)






     R a     S t e e l   =   6.18 − 0.00568 · P − 0.00615 · A M F + 0.0116 · T S + 0.000005 · P        · A M F − 0.000011 · P · T S − 0.000045 · A A M F · T S     



(2)






     R a     C F R T P   =   − 0.20 + 0.0123 · P + 0.0128 · A M F + 0.0299 · T S − 0.000032 · P      · A M F − 0.000037 · P · T S − 0.000042 · A M F · T S     



(3)






     R a     S t e e l   =   7.91 − 0.01441 · P − 0.00765 · A M F + 0.000025 · P · A M F + 0.000024        · P · T S + 0.000003 · A M F · T S     



(4)







And the corresponding contour diagrams are shown in Figure 23 and Figure 24, which relates the surface quality (Ra) to the cutting parameters for both stacking configurations. Values close to 4.5 µm in the composite material in the CFRTP/Steel configuration and close to 5 µm in the Steel/CFRTP structure are obtained by combining a pressure of 420 MPa, an AMF of 385 g/min, and a TS of 50 mm/min in the CFRTP/Steel configuration.



In this way, there is a direct relationship between the roughness generated and the ratio between the power of the water jet and the penetration depth (  E ˙  /h). Very high values of this parameter indicate surfaces with low roughness. Pahuja et al. [30] explain that the composite/metal configuration shows a high initial roughness and suffers a very fast decrease in the composite material and slower in the titanium due to the loss of kinetic energy of the water jet.



Furthermore, regardless of the material, the second material to be machined suffers an increase in Ra values compared to the reverse configuration. Thus, it is corroborated that no matter the composite material (thermoplastic or thermoset) and the metal alloy used, the roughness in a stacked configuration is mainly governed by the characteristics of the jet. This is enhanced when the pressure is minimal due to the reduction in machining capacity.



Conversely, lower values are obtained for the metal alloy with very similar results in both stacking configurations close to 3.5 µm. These values are achieved by combining a P between 320 and 420 MPa, an AMF of 385 g/min, and a TS of 50 mm/min.





4. Conclusions


Surface quality in machining processes is a key parameter in terms of functional performance. Abrasive water jet machining of hybrid structures of dissimilar materials generates a highly variable surface quality that depends directly on the correct selection of cutting parameters and stacking order.



Typical defectology in abrasive water jet machining of thermoset composite materials has been identified in thermoplastic composites. Small delamination and matrix loss have been detected leaving the reinforcement unprotected.



Stacking order is a key factor. Lower Ra and Rz values are obtained in the CFRTP/Steel configuration due to better conservation of the kinetic energy of the water jet. This allows for a better cutting capacity of the water jet, especially in the composite material by minimizing matrix loss and reducing fiber pull-out defectology. In contrast, in the Steel/CFRTP configuration, due to the difference in machinability, the steel absorbs much of the energy of the water jet reducing the ability to penetrate into the composite material and resulting in a rougher and more random surface.



With regard to cutting parameters, the traverse speed is the most critical factor. In both materials and stacking configurations, an increase in this parameter generates a notable growth in the Ra and Rz values due to the divergence of the water jet and the offset that is generated between the first material and the second during machining. Thus, smoother surfaces are obtained with a traverse speed close to 50 mm/min.



The lowest values of surface quality have been obtained by combining a traverse speed of 50 mm/min, a hydraulic pressure of 420 MPa, and an abrasive mass flow of 385 g/min, maximizing the machining capacity of the water jet.



Finally, a series of predictive mathematical models have been obtained with good fits that relate the surface quality in terms of Ra in both materials and stacking configurations to the cutting parameters and which may be of interest and application in current industry.







Author Contributions


F.B. and A.S. developed machining tests. F.B. developed data treatment. F.B. and A.S. analyzed the influence of the parameters involved. F.B. and J.S. wrote the manuscript, figures, and tables. M.B., B.S., and J.S. contributed to the experimental design and critical comments on the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been developed under support of a predoctoral industrial fellow financed by NANOTURES SL, mechanical engineering and industrial design department, and Vice-rectorate of Transference and Technological Innovation of the University of Cadiz.




Acknowledgments


The authors would like to thank the Laboratory of Corrosion and Protection TEP-231 (Labcyp) of the University of Cadiz for the support with scanning electron microscopy.




Conflicts of Interest


The authors declare no conflict of interest.




Glossary of Terms




	CFRTP
	Carbon fiber-reinforced thermoplastics



	IDR
	Initial damage region



	SCR
	Smooth cutting region



	RCR
	Rough cutting region



	ANOVA
	Analysis of variance



	P
	Hydraulic pressure



	AMF
	Abrasive mass flow



	TS
	Traverse speed



	AWJM
	Abrasive water jet machining



	TPU
	Thermoplastic polyurethane
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Figure 1. Abrasive water jet machining of a hybrid structure Steel/carbon fiber-reinforced thermoplastics (CFRTP). 
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Figure 2. Graphical representation of surface quality evaluation. 
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Figure 3. CFRTP surface quality results in terms of arithmetic mean roughness (Ra) as a function of the cut-off parameters set for the CFRTP/Steel configuration. 
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Figure 4. Initial damaged region (IDR) due to the erosive effect of the abrasive particles (hydraulic pressure (P) 250 MPa, traverse speed (TS) 300 mm/min, and abrasive mass flow (AMF) 385 g/min) at: (a) 250× and (b) 500×. 
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Figure 5. Roughness profiles for the combination of P of 420 MPa, TS of 300 mm/min, and AMF of 225 g/min for: (a) IDR, (b) smooth cutting region (SCR), (c) rough cutting region (RCR) region, and (d) overlapping roughness profiles. 
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Figure 6. Maximum profile height (Rz) values for CFRTP in CFRTP/Steel configuration. 
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Figure 7. Steel surface quality results in terms of Ra as a function of the cut-off parameters set for the CFRTP/Steel configuration. 
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Figure 8. Rz values for steel in CFRTP/Steel configuration. 
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Figure 9. Hydrodistortion defect at a pressure of 250 MPa, an abrasive mass flow of 225 g/min, and a travel speed of 50 mm/min. 
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Figure 10. Loss of thermoplastic matrix leaving the reinforcement unprotected at 1000× (P of 250 MPa, TS of 300 mm/min, and AMF of 385 g/min). 
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Figure 11. Cutting parameter trends in surface quality (Ra) in CFRTP/Steel configuration. (a) CFRTP Ra in function of P, (b) CFRTP Ra in function of AMF, (c) CFRTP Ra in function of TS, (d) Steel Ra in function of P, (e) Steel Ra in function of AMF, and (f) Steel Ra in function of TS. 
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Figure 12. CFRTP surface quality results in terms of Ra as a function of the cutting parameters set for the inverse Steel/CFRTP configuration. 
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Figure 13. Rz values for CFRTP in Steel/CFRTP configuration. 
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Figure 14. Reinforcements that are not machined, resulting in a worse surface quality. 
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Figure 15. Total loss of thermoplastic matrix leaving the reinforcement unprotected in 0° and 90° stacking orientation at 250× (P of 250 MPa, TS of 300 mm/min, and AMF of 385 g/min). 






Figure 15. Total loss of thermoplastic matrix leaving the reinforcement unprotected in 0° and 90° stacking orientation at 250× (P of 250 MPa, TS of 300 mm/min, and AMF of 385 g/min).



[image: Metals 10 00983 g015]







[image: Metals 10 00983 g016 550] 





Figure 16. Steel surface quality results in terms of Ra as a function of the cutting parameters set for the inverse Steel/CFRTP configuration. 
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Figure 17. Rz values for steel in the Steel/CFRTP configuration. 
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Figure 18. Cutting parameter trends in surface quality (Ra) in the Steel/CFRTP configuration. (a) CFRTP Ra in function of P, (b) CFRTP Ra in function of AMF, (c) CFRTP Ra in function of TS, (d) Steel Ra in function of P, (e) Steel Ra in function of AMF, and (f) Steel Ra in function of TS. 
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Figure 19. Ratio values Ra CFRTP and Ra Steel for CFRTP/Steel configuration. 
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Figure 20. Ratio values Ra CFRTP and Ra Steel for Steel/CFRTP configuration. 
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Figure 21. Final quality of the bond between materials after machining at 250× (P of 250 MPa, TS of 300 mm/min, and AMF of 385 g/min): (a) CFRTP/Steel and (b) Steel/CFRTP. 
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Figure 22. Percentage contribution of cutting parameters on surface quality for: (a) CFRTP/Steel and (b) Steel/CFRTP. 
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Figure 23. Contour diagrams for the CFRTP/Steel configuration: (a) Composite TS vs. P, (b) Composite AMF vs. TS, (c) Steel TS vs. P, and (d) Steel AMF vs. TS. 
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Figure 24. Contour diagrams for the Steel/CFRTP configuration: (a) Composite TS vs. P, (b) Composite AMF vs. TS, (c) Steel TS vs. P, and (d) Steel AMF vs. TS. 
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Table 1. Mechanical properties of thermoplastic composite material (carbon fiber-reinforced thermoplastics, CFRTP).
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	Tensile Strength (MPa)
	Tensile Modulus (GPa)
	Flexural Strength (MPa)
	Flexural Modulus (GPa)
	Compression Strength (MPa)
	ILSS (MPa)





	749
	27.8
	640
	8.4
	136
	9.8
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Table 2. Characteristics of S275 steel.
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	%C
	%Fe
	%Mn
	%P
	%S
	%Si
	Yield Strength (MPa)
	Tensile Strength (MPa)





	0.25
	98.01
	1.60
	0.04
	0.05
	0.05
	275
	450
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Table 3. Cutting parameters for abrasive water jet texturing.
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	Hydraulic Pressure—P (MPa)
	Abrasive Mass Flow—AMF (g/min)
	Traverse Speed—TS (mm/min)





	250, 340, 420
	225, 340, 385
	50, 100, 300











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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