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Abstract

:

The Nomex honeycomb core has been widely used in many industrial fields, especially the aircraft and aerospace industries, due to its high strength and stiffness to heaviness ratio. Machining of the Nomex honeycomb structure is usually associated with tearing of the walls, deformations of the cells and the appearance of burrs. Therefore, milling of the Nomex honeycomb structure represents an industrial hurdle challenge for scientists and researchers about the quality of the machined surface and the integrity of the cutting tool. In response to this problem, we have developed a three-dimensional numerical model of finite elements based on the real conditions of experimental work by means of the analysis software Abaqus. Based on the developed numerical model, an experimental validation was performed by comparing the quality of the surface and the adhesive wear of the cutting tool determined from the numerical simulation and that established by the experiment. In addition, the effect of geometric parameters in terms of wedge angle and cutting tool diameter on material accumulation, chip size, generated surface and cutting forces was analyzed. The results of the quantitative analysis prove that the choice of cutting conditions and cutting tool geometry in terms of favorable rake angle and tool diameter improves the surface quality of the generated part and optimizes the integrity of the cutting tool.
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1. Introduction


Nomex honeycomb core sandwich structures have many functional advantages: better mass/stiffness ratio, better mechanical strength, reduced maintenance, etc. Their use varies according to the needs in industrial fields such as aeronautics, boating, sports and automotive [1,2,3]. In effect, using the Nomex honeycomb structure to build sandwich materials requires proper forming procedures such as drilling or milling. However, the weak characteristic of the walls constituting the Nomex honeycomb structure poses many problems when milling this type of material, among which is the vibration of the cells [4,5]. To control this problem, the engineers used the freeze/fix method. This method has attracted the attention of several researchers in recent years. In this direction, Wang et al. [6], during his experimental studies, employed cryogenic milling using an ice-fixing platform. The obtained results showed that the machining flaws are eliminated. Indeed, the wear of the cutting tool and the quality of the machined surface state represent the main machining problems. Usually, the contact among the tool and the structure generates high temperature friction, which leads to wear of the cutting tool [7]. Generally, we distinguish three types of damage to the tool: mechanical (due to the solicitation of the tool under mechanical actions), physical (due to the solicitation of the tool under the action of a significant thermal gradient) and chemical (due the reactivity between the tool material and its environment). Tool wear is an evolutionary phenomenon, which develops during the cutting process. Excessive wear is detrimental to the quality of the machining and, above all, leads to the destruction of the tool. In order to improve quality, reliability and productivity in the mechanical sector, several researchers have been interested in studying techniques for detecting this damage [8,10]. Several direct and indirect techniques have been proposed to evaluate the wear of cutting tools. The control by direct techniques produces an accurate measurement in the case of draft wear but the realization of this type of control is rather difficult in terms of its implementation [11]. For this reason, several researchers have proposed indirect monitoring techniques where the condition of the tool is estimated by measuring another significant physical quantity, including cutting forces, acoustic emission and vibration signals [9,10,11,12,13]. The mechanisms responsible for the wear of cutting tools during the machining of metallic and composite materials are mainly adhesion, abrasion and diffusion [14]. However, the adhesive mechanism is the most common wear mechanism encountered in composite machining. It is generated by the friction chip/tool and tool/part. The fibers that represent the hard constituent of composites are responsible for this wear. These phenomena depend on the geometry of the tools and the composite material being machined, [15,16,17]. Numerical and experimental studies have investigated the influence of cutting conditions on chip size and material accumulation in front of the cutting tool [18,19]. This work shows that the large sizes of the chips removed and the accumulation of material in front of the cutting tool favor the increase in the cutting forces, which presents the premature wear of the cutting tool. The analysis of the machinability of materials is often based on experimental tests. However, the experimental process remains expensive and its realization is difficult. Therefore, modeling is a very interesting tool to understand and analyze the machining process for different configurations, different cutting conditions and low cost. The major challenge of numerical modeling is the overall computation time. This is associated with the types and sizes of mesh, constitutive laws adopted and the contact used. The Nomex paper forming the honeycomb structure is made of aramid fiber and phenolic resin [20]. As long as the aramid fibers are not evenly distributed, the actual behavior of Nomex paper is considered orthotropic. However, many numerical works have modeled Nomex paper as isotropic in order to minimize CPU computation time [20,21]. The isotropic elastoplastic behavior has been used by several authors to analyze the machinability of the Nomex honeycomb structure [18,22]. However, this law does not include the thermal properties of materials. For this, the processing of the machinability of the honeycomb structure was not in the actual conditions. In response to this problem, a 3D FE numerical model of the thermomechanical orthogonal cutting by milling of the Nomex honeycomb structure was developed using the industrial software Abaqus. The theoretical model is proposed to predict the shaping of the alveolar structure, which is verified by experiment. Based on the numerical model, the effect of the diameter and the wedge angle of the cutting blade on the accrual of material on the face of the cutting tool, the size of the chips, the cutting forces and the quality the surface was examined. Thus, the obtained results show that the numerical model can predict the machinability of the Nomex honeycomb structure while respecting the surface quality and the wear of the cutting tool.




2. Presentation of the Developed Approach


2.1. The Design of the Workpiece and the Cutting Tool Machined Surface State


The material forming the honeycomb structure adopted for this study is Nomex. This material is made from aramid fibers immersed in the phenolic resin. Nomex paper is a very fragile material, therefore, the machining of this type of structure represents a technical and scientific challenge for engineers, and the shaping of this type of material requires very strict precautions. In this work, the choice of the geometry of the machined part and the geometric parameters used in the numerical simulation are based on the experimental work [23]. The geometric dimensions of the honeycomb structure and the hexagonal cell are shown, respectively, in Figure 1a,b.



Due to the frangible behavior of Nomex paper, milling the Nomex honeycomb structure needs exceptional tools and a specific design. The cutting tool used here is the combined tool CZ10 provided by the company ‘EVATEC Tools’, and it consists of two parts: the lower part is a conical disc with a diameter of 18.3 mm, a rake angle of γn = 68°, a flank angle of αn = 2.5° and smooth edges [23]. The upper part is a milling cutter having helices carrying chip breakers (Figure 2).




2.2. Numerical Model of the Milling Processes


Throughout the numerical modeling of the milling, the cutting tool and the Nomex honeycomb structure must be subjected to the boundary conditions according to the real working conditions. During the numerical simulation, we considered that the cutting tool is more rigid than that of the structure. In other words, the thermomechanical properties of the cutting tool are not considered during the simulation. Based on the experimental approach, the Nomex honeycomb structure is fixed on the Kistler tabletop model 9129AA, which is mounted on the table of the machining center (Figure 3) [23]. During numerical modeling, it is assumed that the part is firmly held. Moreover, all the nodes located at the bottom of the part have been completely fixed. Equally, displacements of the nodes located on the vertical edge of the configuration have been blocked for all directions X and Y (Figure 4).



The present work focuses on the thermomechanical orthogonal cutting of the Nomex honeycomb structure. For this purpose, an explicit temperature displacement algorithm is selected. In this study, an explicit dynamic study was performed for the three-dimensional configuration by means of Abaqus simulation software developed using finite elements method. In this context, walls of the honeycomb structure are meshed using thermally coupled S4RT 4-node shell elements with a mesh element count of 73,656 (Figure 5a). In effect, the rigidity of the cutting tool is very strong compared to the Nomex honeycomb structure. Therefore, the tool whose deformation during machining is not considered is assumed rigid, with 3498 R3D4 rigid mesh elements (Figure 5b). Before subjecting the numerical model to calculation, we carefully checked the setting of nonlinear parameters that can lead to non-convergence or difficult convergence, such as mesh size and contact parameters. During numerical simulation, the small mesh size necessarily increases the total CPU calculation time and especially in the three-dimensional representation. For this purpose, a fine mesh was used during the 3D numerical simulation in order to obtain reliable results. As a result, the mesh size, which was chosen in this work, is 0.5 mm. During the milling of the Nomex structure, the movement of the cutting tool takes place in two directions, which are the feed movement along the OX axis and the rotational movement that occurs along OZ. For this reason, a reference point RP is fixed at the axis of revolution of the cutting tool from which the cutting conditions are assigned and the cutting forces are calculated (Figure 5b). In this work, the contact between the structure and the cutting tool was controlled by Coulomb’s law. Since the walls that form the alveolar structure are modeled by shell elements, the contact between the cutting tool and the part to be machined is considered as punctual. Therefore, a low friction coefficient value was adopted (µ = 0.15).




2.3. Behavioral Law of the Machined Material


Since the Nomex material is an aramid polymer coated with a phenolic resin, Nomex paper is often modeled as orthotropic or isotropic [24,25]. The shaping of the Nomex is performed by arranging aramid fibers arbitrarily in the three XYZ directions. Due to the softness and randomness of fiber accommodation, researchers are unable to directly determine its thermomechanical properties using standard techniques. Indeed, numerical and experimental studies prove that the mechanical characteristics of aramid fibers, which form the Nomex materials, are more coherent according to the main direction of the structure. In this work, the thermomechanical properties of Nomex paper have been extracted on the most recent works in the literature and are presented in the Table 1 [26,27].




2.4. Separation and Fracture Failure Criteria


The machining of the Nomex honeycomb structure is the mechanism of cutting material under the action of a cutting tool. Thus, the choice of the failure criterion is essential to carry out the machining simulation. The separation criteria are usually associated with the mechanical and thermal properties of the material. The shear failure criterion is applied in the present study, which is controlled by the finite element software Abaqus. The damage analysis procedure is carried out as follows. The initial thermomechanical properties at the start of the calculation are summarized in Table 1. The advancing movement of the cutting tool generates a force, which is exerted on the workpiece. The normal and shear dynamic stresses are calculated at the Gaussian points and at different interfaces. Consequently, the appropriate failure criteria are applied in order to predict the initiation as well as the propagation of the damage and this for several sequences of stacks. When the coefficient of destruction ω reaches the delicate value, which is equal to one, it means that the material is undone so the chips are generated. The value of the fracture coefficient ω can be obtained from the following formula:


  Ω =  ∑    ∆ ε     ε   f       ,  



(1)




where ∆ε is the equivalent plastic strain increment, εf is the total strain when the material is damaged and ω is the shaping limit value or destruction coefficient.





3. Results and Discussion


In order to study the phenomena during the milling cutting process of the Nomex honeycomb structure and the effects of different geometric parameters of the cutting tool, the developed FE model is first checked. Discussions are then conducted based on the validated FE model. The influence of geometric parameters including the diameters of the cutting tool and its wedge angles on the size of the chip, the cutting forces and the quality of the machined surface are evaluated.



3.1. Experimental Validation of the Proposed Model


3.1.1. Evolution of Tool Wear as a Function of Milling Conditions


To properly achieve high quality parts in terms of the surface quality generated when milling the Nomex honeycomb structure, it is necessary to take into thought the factors influencing the wear of the cutting tool. Indeed, the most pronounced wear modes of cutting tools after machining conventional composite materials are chipping, abrasion and adhesive. These phenomena generally depend on the geometry of the tool and the mechanical behavior of the machined composite material [28,29,30]. In this regard, an experimental study has been conducted in the literature to highlight the influence of cutting conditions on the wear of the cutting tool during milling of the Nomex honeycomb structure [23]. Based on this work, the machining of the Nomex honeycomb favors the appearance of a “yellowish” powder on the CZ10 combined tool (Figure 6). The color of this dust indicates that it originates from the phenolic resin, which coats the aramid paper.



To validate the numerical model of milling of structures in Nomex honeycomb, numerical simulations were carried out to highlight the influence of the rotation speed on the adhesive wear of the cutting tool. In this study, two rotation speeds were studied, namely 2000 rpm and 23,000 rpm with a constant feed rate of 200 mm/min. The simulations were carried out in a duration of 0.6 s, which means that the lateral depth is of the order of 2 mm. The comparison between the results from the numerical model and those resulting by experience has been made based on a visual examination (Figure 7 and Figure 8). As it was pointed out previously, the CZ10 cutting tool consists of two parts: the milling cutter and the cutting blade. However, the cutting blade is the most stressed element during the milling operation of the Nomex honeycomb structure, because it is in direct contact with the machined surface and its role is to cut and separate the walls of the Nomex to generate chips.



According to the results presented, we determined that the wear of the cutting tool by adhesive is closely related to the rotation speeds of the cutting tool. In this context, the formation of a colored band near the cutting edge is observed as a function of the rotation speeds adopted. In this regard, experimental studies have shown that the chips resulting from Nomex honeycomb milling with high rotation speeds (23,000 rpm) and low feed rates (200 mm/min) are in powder form consisting of aramid fibers and phenolic resin cut into fine particles. Thus, wear by adhesive is explained by the contact between the cutting tool and the chips generated, which are in the form of powder under these cutting conditions [18,23,31]. On the contrary, for low rotation speed and low speeds of advance (200 mm/min; 2000 rpm), the quantity of material in powder form becomes lower. This is due to the total change in the size of the chips generated for these cutting conditions, which become bulky [31]. Therefore, the yellow color band is less visible for these cutting conditions. From the point of view of numerical simulation, the resulting contact pressure between the cutting blade and the chips generated revealed the wear of the adhesive of the cutting tool. Based on the obtained results, we concluded that the experimental results are compatible with the numerical results. As a result, the numerical model is able to identify adhesive wear of the cutting tool.




3.1.2. Evolution of Machined Surface Quality as a Function of Milling Conditions


The surface quality of the honeycomb structure is of key priority for the shaping of the sandwich structure. It is based on the assembly by gluing the two skins and the machined surfaces of the honeycomb structure. Therefore, to avoid delamination and breakage of the structure, it is essential to take into consideration the quality of surface. Indeed, the making of materials involves a strong relationship between the cutting tool and the part. In this direction, many works show that the machining of composite materials contains a strong relationship between the surface quality produced and the cutting conditions [32,33,34]. Since the structure of the Nomex honeycomb core is made of aramid fiber paper and phenolic resin, studies show that burrs and tears of the walls are the main machining defects of the core in Nomex honeycomb [35,36,37]. To shed light on the influence of the rotation speed on the surface quality during the milling of the Nomex honeycomb structure, numerical studies were conducted under the machining conditions (3000 mm/min; 23,000 rpm) and (3000 mm/min; 2000 rpm). The simulations were performed for 0.04 s, so the machined side depth is 2 mm. The results obtained by the numerical model were compared with the results from experience and under the same real milling conditions [23]. The comparison was made based on a visual examination by the naked eye. The obtained results are presented in Figure 9 and Figure 10.



The obtained results show that the quality of the surface is carefully linked to the milling conditions. In this regard, we have noticed that the main milling defects of the Nomex honeycomb structure are wall tears and uncut aramid fibers. However, the burrs are not visible by the numerical simulation because the walls forming the honeycomb structure have been modeled by shell elements. Overall, we determined that the tearing of the walls is more pronounced for low rotation speeds. When milling the Nomex honeycomb structure, the low rotation speed of the cutting tool causes the thin walls of the Nomex to bend until they tear. As a result, the generated surface quality improves for high rotation speeds. In the end, by comparing the obtained results, it is clear that the results from the numerical model are associated with the experimental results [23].






4. Effect of Cutting Tool Geometry on Machinability of Nomex Honeycomb Structure


Based on bibliographical research and with regard to the needs defined by industrial partners, the choice of cutting tools when milling Nomex honeycomb structures is made according to a phenomenological and mechanistic approach by means of an experimental test. The choice of cutting tools is based on the requirement of the quality of the machined surface and the severe wear of the cutting tool while respecting the machining conditions used. Indeed, experimental tests are very expensive in terms of execution. In addition, the high rotation speeds prevent the visualization of the cutting process for each step. As a result, the experimental procedure fails to follow the milling process of Nomex honeycomb structures. Consequently, numerical simulation is a robust tool that allows the analysis of all phenomena and mechanisms at low cost. The numerical model developed was validated with experimental tests. Thus, it is obvious to study and analyze the geometric parameters on the machining quality. In this work, the focus is on the effect of wedge angle and cutting blade diameter on cutting forces, surface quality, chip size, and material buildup in front of the tool.



4.1. Influence of the Gap between the Two Elements of the Cutting Tool on the Chip Size


The cutting of Nomex honeycomb structures attracts the attention of several authors [38]. The cutting tool used here consists of two parts, the milling cutter and the cutting blade. Indeed, the cutting of the honeycomb core structure is completed in two phases. First, the cutter blade cuts through the thin walls that float on top of the cutter blade until it reaches the milling cutter, which has the job of chipping and pushing chips away. This process is closely linked to the cutting conditions, namely feed rates and rotation speeds [31]. To consider the solutions necessary to optimize the geometry of the tool when milling the Nomex honeycomb structure, numerical simulations have been made to highlight the influence of the difference in diameters of two components of cutting tool on the size of the chips generated. To achieve this, we designed a new cutting tool while maintaining the geometric dimensions of the milling cutter nonetheless; we changed the diameters of the cutting blade (Figure 11). To properly analyze the effect of the gap between the two components of the tool on the chip size, the cutting conditions were adopted as unfavorable during the experimental phase to known (2000 rpm, 3000 mm/min) and for a short duration corresponding to 0.04 s, which means that the lateral depth is of the order of 2 mm. The obtained results are shown in Figure 12, Figure 13 and Figure 14.



In view of the obtained results, it is clear that the size of the chips generated during the milling of the Nomex honeycomb structures are closely associated with the gap between the cutting blade and the milling cutter. The process of chip formation when milling Nomex honeycomb structures occurs in two stages. First, the cutting blade cuts the thin walls. Then, the cut walls slide on the upper face of it until reaching the upper part of the tool, which has the role of shredding and pushing back the chips. Based on this phenomenon, the walls cut by the 16.3 mm cutting blade arrive at the milling cutter faster, which facilitates the formation and evacuation of chips. Consequently, the small gap between the two elements of the cutting tool (milling cutter + cutting blade) promotes the formation of small chips. On the contrary, the walls cut by the 18.3 mm and 19.3 mm diameter knives do not easily reach the milling cutter due to the strong gap between the cutting miller and cutting blade. As a result, the large difference in diameters between the two components of the cutting tool generates large chips. Based on these results, it is concluded that the gap between the two elements of the cutting tool has a remarkable influence on the size of the chips, so that the size of the chips increases with the difference in diameters between the two components of the cutting tool. Therefore, when milling the honeycomb structure, it is essential to take into consideration the gap between the two cutting millers and cutting blade. Moreover, we consider it important to mention that large chips are undesirable in industrial sectors, since this causes the formation of clusters at the level of the cutting edge, which promotes premature wear of the cutting tool.




4.2. Influence of the Gap between the Two Elements of Cutting Tool on the Cutting Forces


In this section, we study the influence of the gap between two elements of the cutting tool (milling cutter + cutting blade) on the cutting force and its components when milling the Nomex honeycomb structure. To properly analyze the effect of the gap between the two components of the tool on the cutting force, the cutting conditions were adopted as unfavorable during the experimental phase to known (2000 rpm, 3000 mm/min) and for 0.04 s, i.e., the machined lateral depth is 2 mm. The obtained results are presented in Figure 15 and Figure 16.



According to the obtained results, it is clear that the machining forces are deeply associated with the gap between the two elements of the cutting tool. In this sense, we determined that the feed component Fx increases as a function of the difference in diameter of the cutting tool. This is due to the accrual of material on the face of the cutting tool, which promotes increased resistance of the accumulated material. In addition, we noticed that the crushing component Fz increases with the variation of diameters of the cutting tool in a regular way. This is explained by the strong contact between the flank surface of the cutting tool and the surface of the honeycomb structure, which is characterized by a good mechanical property in the vertical direction. Regarding the cutting component Fy, it was determined that these values are not steady, as a function of the diameter difference such as the forces increase to between 16.3 mm and 18.3 mm, and then decrease to between 18.3 mm and 19.3 mm. This anomaly is clarified by the robust relation of the restoring force of the walls of the Nomex paper at the cutting zone. Therefore, when the element reaches the critical failure value, it is removed to form a new chip. The removal of the elements leads to a loss of contact amid the part and the tool; consequently, the forces decrease. In addition, the uncut walls generate return forces in the opposite direction of rotation of the cutting tool and therefore generate an increase in the cutting force. In this paragraph, it is discovered that the gap between the two elements of the cutting tool has an influence on the cutting forces. Thus, to enhance the maturity of the cutting tool, it is critical to consider this parameter.




4.3. Effect of the Gap between the Two Elements of Cutting Tool on the Machined Surface Quality


The quality of the generated surface is associated with several parameters in particular (cutting conditions, tool geometry, vibration of the machine tool, etc.). Composite materials are characterized by the appearance of uncut fibers, tearing of fibers, and thermal degradation of the resin [39,40,41]. In this section, we observe the influence of the gap between the two elements of the cutting tool (milling cutter + cutting blade) on the quality of the machined surface during milling of the Nomex honeycomb structure. To this end, numerical studies were conducted below the same cutting conditions (23,000 rpm, 3000 mm/min). The simulations were realized over 0.06 s, so the machined lateral depth is 3 mm. The qualification and analysis of the surface quality resulting from the numerical model was based on a visual examination of the naked eye. The obtained results are shown in Figure 17, Figure 18 and Figure 19.



In the present study, the developed numerical model discloses three machining flaws throughout the milling of the Nomex honeycomb structure. The most common machining defects are tearing of the walls, deformation of the walls and deformation of the cells. Nevertheless, the numerical model does not show the burrs caused by the accumulation of material. This is due to the fact that the thin walls which form the structure were modeled by shell elements. Considering the obtained results, it was determined that the quality of the machined surface is associated with the differences between the two components of the cutting tool, so that the quality of the machined surface deteriorates with increase in the diameter of the cutting blade. The large diameter of the cutting tool bends the thin walls of the Nomex honeycomb structure until they tear. In the end, to better meet the requirements of the industrial sectors concerned in terms of machined surface quality, it is necessary to take into consideration the gap between the two elements of the cutting tool.




4.4. Effect of the Wedge Angle on the Accrual of Material


In this section, we deem it important to consider the cutting tool optimization paths when milling Nomex honeycomb structures in terms of the wedge angle. To this end, a numerical study was conducted to highlight the effect of the wedge angle on the accrual of material on the face of the cutting tool. To achieve this, four wedge angles were tested, namely 15°, 25°, 30° and 35° (Figure 20). The numerical simulations were executed under the same machining conditions (23,000 rpm, 3000 mm/min) and for a short duration of 0.04 s, which means that the lateral depth is 2 mm. Figure 21, Figure 22, Figure 23 and Figure 24 summarize the obtained results.



In view of the obtained results, it is clear that the accrual of material in the face of the cutting tool is very sensitive to the wedge angles of the cutting tool, so that the accrual of material is more pronounced for large angles. In this case, the chips formed do not easily reach the cutter due to the steep slope formed by the cutting surface and the flank surface. As a result, chips accrue in the face of the cutting tool, thus increasing feed forces. On the contrary, for small wedge angles, the walls cut by the cutting blade reach the milling cutter more quickly and easily, which causes the crushing and evacuating of the chips, as well as subsequent formation of small chips and reduction in cutting forces. In this context, it should be emphasized that the chips formed must be infinitely small in order to overcome the problems of formation of clumps of material at the level of the cutting edge, thus avoiding wear of the tool.




4.5. Influence of the Wedge Angle on the Cutting Forces


The cutting forces are of paramount importance in predicting premature wear of the cutting tool. In this section, we highlight the effect of the wedge angle of the cutting blade on the cutting forces using the numerical model developed. To achieve this, we varied the wedge angles, namely 15°, 25°, 30° and 35°. The Numerical studies were executed under the same machining conditions (3000 mm/min, 23,000 rpm) and for a short duration of 0.04 s, which means that the machined lateral depth is of the order of 2 mm. The obtained results are reported in Figure 25 and Figure 26.



As seen from obtained results, it is noticeable that the cutting forces are sensitive to the wedge angles of the cutting blade. Firstly, we determined that the feed component Fx increases with the increase in the wedge angle of the cutting tool due to the accrual of material on the face of the cutting tool. As explained earlier, the large wedge angle causes large slopes between the flank surface and the rake surface. Therefore, the cut walls do not easily reach the cutter to shred them. As a result, the walls accumulate in the face of the cutting tool and favor the increase in the advance efforts due to the resistance of the materials. On the other hand, we determined that the values of the cutting component Fy are not stable between 15° and 35°, so that the forces increase between 15° and 30°, and then decrease between 30° and 35°. This irregularity is explicated by the solid relation of the restoring force of the walls of the Nomex paper at the flank face. Therefore, when the element reaches the critical failure value, it is detached to give rise to a chip. The removal of the elements leads to a loss of contact between the part and the tool; consequently, the forces decrease. In addition, the uncut walls generate return forces in the opposite direction of rotation of the cutting tool and therefore generate an increase in the cutting force. Similarly, we noticed that the curve representing the variations of the crushing force Fz as a function of the wedge angle is quasi-stationary and its maximum value does not exceed 0.74N. This means that the wedge angle has no effect on crushing in the vertical direction. Finally, to properly predict the machinability of the Nomex honeycomb structure, it is indispensable to take into consideration the wedge angle of cutting blade.





5. Conclusions


To accurately predict the machinability of the Nomex honeycomb structure, it is important to consider various factors, including cutting tool wear, machined surface quality, chip size, material buildup in front of the cutting tool and cutting forces. A complete 3D FE numerical model is developed which fully takes into account the thermomechanical behavior of the Nomex paper forming the honeycomb structure and the complex parameters of the hexagonal cell and the cutting tool. The proposed model explains the contact of the cutting tool and the hexagonal structure with different specifications (including specific wall thicknesses and angles of the cutting tool). Numerical model is validated with experimental tests. Influence of various milling parameters on the machinability performance of the Nomex honeycomb structure is automatically investigated by finite element cutting simulation. Some conclusions can be reached, as follows:




	
The rotation speeds of the cutting tool have a direct influence on the wear of the cutting tool by bonding, so that the wear is well noticed for the high rotational speeds. The results from the numerical model are well associated with the results of the experiment.



	
The rotation speeds have a direct influence on the machined surface quality so that the high rotational speeds optimize the surface quality. The results from the numerical model are well correlated with the results of the experiment.



	
The proposed numerical model is able to predict the influence of the gap between the two elements of cutting tool on chip size. The obtained results show that the gap between the two components of the cutting tool has a direct influence on the size of the chips so that the large gaps generate large chips and vice versa.



	
The influence of the gap between the two elements of cutting tool on the cutting force and its components has been well established. The results show that the component Fx increases with large deviations. This is clarified by the accrual of material in the face of the cutting tool. In addition, the crushing component in the vertical direction increases as a function of the difference in diameters. This is related to the permanent contact of the lower surface of the tool and the upper surface of the structure.



	
The influence of the gap between the two elements of cutting tool on the surface quality was studied. The obtained results indicate that the surface quality deteriorates for the largest gap between the milling and the cutting blade.



	
The proposed model is able to predict the influence of the wedge angle of the cutting blade on the accrual of material on the face of the cutting tool. The obtained results show that the accumulation of material is more pronounced for large wedge angles. This is associated with the steep slopes formed by the flank surface and the cut surface.



	
The influence of the wedge angle on the cutting force and its components is well examined. The results illustrate that the feed component is larger for large wedge angles. This is linked to the accrual of material in the face of the tool. In addition, we noticed that the crushing component Fz is quasi-stationary. This means that the wedge angle has no effect on the component in the vertical direction.



	
The established results are of considerable importance for optimizing the machinability of the Nomex honeycomb structure in the relevant industrial sectors.



	
Finally, it is concluded that the geometric parameters of the cutting tool have an influence on the shaping of the Nomex honeycomb structure and the optimization of these parameters considerably improves the integrity of the cutting tool and the quality of the machined surface.
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Figure 1. (a) Dimensions of the honeycomb structure; (b) dimensions of the hexagonal cell. 
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Figure 2. Geometric dimensions of the CZ10 cutting tool used during the simulation. 
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Figure 3. Experimental milling setup of the Nomex honeycomb structure [23]. 
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Figure 4. Boundary conditions used in the numerical simulation. 
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Figure 5. (a) Mesh used in the FE model; (b) cutting conditions defined at reference point RP: N is the rotation speed and Vf is the feed rate. 
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Figure 6. Accumulation of yellow powder on the CZ10 cutting tool. 
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Figure 7. Topographical analysis of the adhesive strip on the flank surface of the saw blade (23,000 rpm, 200 mm/min): (a) numerical result; (b) experimental result. 
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Figure 8. Topographical analysis of the adhesive strip on the flank surface of the saw blade (2000 rpm, 200 mm/min): (a) numerical result; (b) experimental result. 
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Figure 9. Comparison between the surface quality resulting from the numerical simulation and the surface quality determined from the experiment. The cutting conditions: 3000 mm/min and 2000 rpm. 
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Figure 10. Comparison between the surface quality resulting from the numerical simulation and the surface quality determined from the experiment. The cutting conditions: 3000 mm/min and 23,000 rpm. 
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Figure 11. CZ10 cutting tool to different diameters the cutting blade. 
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Figure 12. Resulting chip size by the diameter-cutting blade of 16.3 mm. 
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Figure 13. Resulting chip size by the diameter-cutting blade of 18.3 mm. 
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Figure 14. Resulting chip size by the diameter-cutting blade of 19.3 mm. 
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Figure 15. Evolution of Fx and Fy. 
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Figure 16. Evolution of Fz and FAvg. 
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Figure 17. Resulting machined surface quality by the cutting blade of 16.3 mm. 
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Figure 18. Resulting machined surface quality by the cutting blade of 18.3 mm. 
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Figure 19. Resulting machined surface quality by the cutting blade of 19.3 mm. 
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Figure 20. CZ10 cutting tool in relation to different diameters the cutting blade. 
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Figure 21. Accrual of material in the face of the cutting tool; wedge angle of the cutting blade is βn = 15°. 
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Figure 22. Accumulation of material in front of the cutting tool: the cutting blade of the wedge angle βn = 25°. 






Figure 22. Accumulation of material in front of the cutting tool: the cutting blade of the wedge angle βn = 25°.



[image: Jmmp 07 00028 g022]







[image: Jmmp 07 00028 g023 550] 





Figure 23. Accrual of material in the face of the cutting tool; wedge angle of the cutting blade is βn = 30°. 
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Figure 24. Accrual of material in the face of the cutting tool; wedge angle of the cutting blade is βn = 35°. 
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Figure 25. Evolution of Fx and Fy. 
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Figure 26. Evolution of Fz and FAvg. 
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Table 1. Thermo-mechanical properties of Nomex paper [26,27].
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	Density Elastic

ρ (kg/m3)
	Elastic Modulus (E/GPa)
	Poisson’s Radio

σ
	Thermal Expansion

Coefficient

10−6/°C
	Thermal

Conductivity

W/(m.°C)
	Specific Heat

Capacity

J/Kg.°C





	1334
	2.01
	0.25
	4
	0.123
	1300
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