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Abstract:



Machined surface quality determines the reliability, wear resistance and service life of carbon fiber reinforced plastic (CFRP) workpieces. In this work, the formation mechanism of the surface topography and the machining defects of CFRPs are proposed, and the influence of milling parameters and fiber cutting angles on the surface quality of CFRPs is obtained, which can provide a reference for extended tool life and good surface quality. Trimming and slot milling tests of unidirectional CFRP laminates are performed. The surface roughness of the machined surface is measured, and the influence of milling parameters on the surface roughness is analyzed. A regression model for the surface roughness of CFRP milling is established. A significance test of the regression model is conducted. The machined surface topography of milling CFRP unidirectional laminates with different fiber orientations is analyzed, and the effect of fiber cutting angle on the surface topography of the machined surface is presented by using a digital super depth-of-field microscope and scanning electron microscope (SEM). To study the influence of fiber cutting angle on machining defects, the machined topography under different fiber orientations is analyzed. The slot milling defects and their formation mechanism under different fiber cutting angles are investigated.
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1. Introduction


Carbon fiber reinforced plastics (CFRPs) are being extensively used in various fields due to their excellent mechanical properties [1,2]. As a difficult-to-cut material, machining of CFRP has attracted increasing attention [3,4,5]. Due to various machining defects of CFRPs, the machined surface quality of these materials is difficult to control [6], which makes CFRPs difficult to cut. Machined surface quality determines the reliability, wear resistance and service life of CFRP workpieces. The machined surface quality is affected by cutting parameters, cutting tools and cutting angles [7].



Milling is a basic machining operation of CFRPs [8]. Surface quality and machining defects play an important role in CFRP milling [9,10,11]. CFRPs are made of carbon fiber layers, and the interlaminar strength is lower than that of the inner layer. When the component force between layers is larger than the interfacial bonding strength, delamination will occur in milling. Meanwhile, the surface fiber can easily be pulled, causing burrs and tears. The main machining defects in the CFRP milling process include surface fiber burrs, surface fiber tears, and interlayer delamination [12,13]:

	(1)

	
Surface fiber burr: In the milling process, the surface carbon fibers will be affected by the axial cutting force outward from the surface [14]. When the axial force is greater than the interlayer bonding force in milling, fiber debonding will occur, which means a detachment from the resin. Bending deformation occurs under a cutting force after fiber debonding. Because there is no material support outside of the surface, the un-cut carbon fiber remains on the machined surface and forms burrs. The burr direction generally follows the fiber direction.




	(2)

	
Surface fiber tear: During milling, in the inverse fiber direction, the surface carbon fiber is bent and broken by the tool, and the broken crack stretches deep into the material of the surface layer of the workpiece, and a tear defect is formed [15,16,17,18]. If the residual burr is extremely long, it can easily be twined by the cutter tooth and break the fiber. The fracture location is generally deep in the surface of the workpiece, and the tear defect is formed on the surface of the workpiece; the depth is influenced by the tear angle and cutting edge sharpness. As the axial tensile strength of the fiber is greater than the interlayer bonding strength, the fiber layer is separated from the matrix material before tensile fracture, and the tear direction is generally along the surface fiber direction. Tearing of the milling surface is generally accompanied by burr defects, and they have a similar variation tendency.




	(3)

	
Interlayer delamination of the machined surface: When the interlayer stress exceeds the interlayer bonding strength and fiber bonding strength in the milling process, debonding will occur between the carbon fiber bundles and matrix material, accompanying the deformation of the fiber layer. The deformation of the fiber layer will gradually recover after cutting; however, the delamination defect is permanent as the matrix loses its adhesive capacity. Interlayer delamination defects may occur in any fiber layer of the milling fracture [19,20]. If they occur on the surface, there will be tear and burrs. Therefore, delamination of the surface layer is the source of the development of tear and burrs. Delamination will directly affect the material strength and fatigue resistance performance.









Milling CFRP materials is quite a complex task due to its heterogeneity [21,22]. In modern industries, components made of CFRP are increasingly used in relation to their dimensional precision as well as their surface quality [23,24]. Due to these applications, there is a great need to understand the questions associated with the machined surface quality of CFRPs [25,26]. Considering the machining defects induced by the CFRP machining process, Zenia et al. [2] proposed a finite element model for the prediction of machining defects. Çolak et al. [4] measured the 3D surface topography of a machined CFRP surface and evaluated the influences of fiber orientation on the surface quality. Gao et al. [5] built a 3D finite element model for CFRP machining and studied the influences of machining parameters on the cutting force and surface roughness. Pecat et al. [6], Rajasekaran et al. [7], Schorník et al. [12], Lissek et al. [13] and Wang et al. [14] studied the influence of cutting parameters on the surface quality of CFRPs using an experimental approach. Konneh et al. [8], Haddad et al. [9] and Voß et al. [10] investigated machining defects under various tool geometries and cutting parameters. Calzada et al. [11] developed a microstructure-based finite element model for CFRP machining to describe the fiber failure mode in the chip formation process. Hintze et al. [19] proposed a delamination model for milling unidirectional CFRPs. Maegawa et al. [27,28] studied the effects of fiber orientation direction on tool wear in the milling of CFRPs.



In this work, the machined surface quality of CFRPs is studied based on milling experiments. The focus is the formation mechanism of the surface topography and the machining defects of CFRP milling. The influence of milling parameters and fiber cutting angles on the surface quality of CFRPs is determined and analyzed.




2. Materials and Methods


A series of milling tests on multidirectional CFRPs, with a newly developed staggered PCD (Polycrystalline diamond) end mill, were conducted using the three-axis CNC milling machine VDL-1000E (Dalian R&C Machinery, Dalian, China) as shown in Figure 1.


Figure 1. Experimental setup.
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The staggered PCD end mills used in the experiment are shown in Figure 2, and the main structural parameters of the PCD end mill are shown in Table 1.


Figure 2. The staggered PCD (Polycrystalline diamond) end mills.
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Table 1. Structural parameters of the staggered PCD end mill.







	
Rake Angle

	
Relief Angle

	
Inclination Angle

	
Tool Length

	
Tool Diameter






	
[image: there is no content]
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Staggered [image: there is no content]

	
70 mm

	
12 mm










As the carbon fiber chip is powdered, a plastic sheet is paved on the fixture during milling to protect the CNC machine. No coolant is used in the milling test. An industrial vacuum cleaner is used to vacuum chips near the mill. The chip is cleaned before removing the workpiece.



The mechanical properties and structural parameters of the CFRP laminate in this work are shown in Table 2 and Table 3, respectively.



Table 2. Mechanical properties of carbon fiber T700.







	
Filament Count

	
Filament Radius

	
Longitudinal Young’s Modulus

	
Transversal Young’s Modulus

	
Shear Modulus

	
Elongation

	
Density






	
12,000

	
0.5–1 μm

	
230 GPa

	
8.4 GPa

	
3.8 GPa

	
2.11%

	
1.8 [image: there is no content]










Table 3. Structural parameters of the multidirectional CFRP (Carbon fiber reinforced plastics) laminate.







	
Ply Orientation

	
Volume Ratio of Carbon Fiber

	
Reinforcing Material

	
Matrix Material

	
Size (mm)






	
[image: there is no content]

	
[image: there is no content]

	
T700

	
AG-80 epoxy

	
200 × 110 × 5











3. Machined Surface Roughness


3.1. Experimental Procedure


Trimming and slot milling tests of unidirectional CFRP laminates were conducted. The milling parameters are shown in Table 4.



Table 4. Orthogonal experimental results of surface roughness.







	
No.

	
Cutting Speed v (m/min)

	
Milling Width ae (mm)

	
Feed Per Tooth fz (mm/tooth)

	
Surface Roughness Ra (μm)






	
1

	
50

	
0.5

	
0.01

	
2.97




	
2

	
50

	
1

	
0.02

	
3.77




	
3

	
50

	
1.5

	
0.03

	
4.21




	
4

	
50

	
2

	
0.04

	
4.83




	
5

	
100

	
0.5

	
0.02

	
3.26




	
6

	
100

	
1

	
0.01

	
3.12




	
7

	
100

	
1.5

	
0.04

	
4.21




	
8

	
100

	
2

	
0.03

	
3.60




	
9

	
150

	
0.5

	
0.03

	
3.00




	
10

	
150

	
1

	
0.04

	
3.73




	
11

	
150

	
1.5

	
0.01

	
2.27




	
12

	
150

	
2

	
0.02

	
3.20




	
13

	
200

	
0.5

	
0.04

	
3.01




	
14

	
200

	
1

	
0.03

	
2.93




	
15

	
200

	
1.5

	
0.02

	
2.90




	
16

	
200

	
2

	
0.01

	
2.67










After the milling tests, the surface roughness of the machined surface was measured using a 3D profilometer to analyze the influence of the milling parameters on the surface roughness. After the experiment, the surface roughness of the machined surface was measured.




3.2. Range Analysis of Surface Roughness


The experimental results of surface roughness are shown in Table 4. Range analysis of the surface roughness results was conducted, and the range table is shown in Table 5.



Table 5. Range table of surface roughness.







	
No.

	
A—Cutting Speed v (m/min)

	
B—Milling Width ae (mm)

	
C—Feed Per Tooth fz (mm/tooth)






	
1

	
3.942

	
3.058

	
2.755




	
2

	
3.547

	
3.388

	
3.282




	
3

	
3.050

	
3.395

	
3.435




	
4

	
2.877

	
3.573

	
3.943




	
R(Max.−Min.)

	
1.065

	
0.515

	
1.188




	
Rank of primary-secondary

	
C, A, B










It is seen that feed per tooth fz has the greatest influence on the surface roughness, and the milling width ae has the least influence on the surface roughness.




3.3. Influence of Milling Parameters on Surface Roughness


According to the range analysis of surface roughness and the experimental results, the influence of the cutting parameters on the surface roughness is shown in Figure 3.


Figure 3. Influence of milling parameters on surface roughness. (a) Ra versus v; (b) Ra versus ae; (c) Ra versus fz.
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As shown in Figure 3a, the surface roughness decreases with increasing milling speed. Because the high temperature resistance of carbon fiber is higher than that of resin material, and because the temperature will rise during high speed milling, the resin material is heated and softened. The resin coating on the machined surface increases due to the heating effect of the tool. In addition, during high speed milling, the cutting time of carbon fiber is shortened, and the fiber deformation is reduced, so the surface roughness is low.



In Figure 3b, the surface roughness increases a little with increasing milling width. In Figure 3c, with the increase in feed per tooth, the surface roughness increases. When the feed per tooth increases, the amount of fiber cut by the mill in each tooth increases, resulting in more machining defects. Meanwhile, with an increase in the feed per tooth, the springback effect of carbon fiber is enhanced, the resin coating is reduced, and the fracture of carbon fiber is increased, which result in an increase in the surface roughness.



When 0.02 mm/tooth < fz < 0.03 mm/tooth and 1 mm < ae < 1.5 mm, the surface roughness changes slightly. In this range of fz and ae, cutting speed v has the greatest influence on the surface roughness, and influences of fz and ae are relatively small. When the variations of fz and ae are small and fz is small, the surface roughness changes slightly. However, when cutting speed vc changes, the cutting temperature will change, resulting in complex surface topography.




3.4. Regression Model of Surface Roughness and Its Significance Test


In the experiment, three parameters that affect surface roughness are v, ae and fz. Generally, there is a certain functional relationship between the surface roughness and milling parameters. According to the results of the orthogonal test and the machining theory, the general mathematical expression for the relationship between the surface roughness and milling parameters can be established as:


[image: there is no content]



(1)







In Equation (1), the correlation coefficient R is 0.897, which is calculated by the least square method. As R2 = 0.894, the regression model has a good goodness of fit. According to the significance test on the regression model, the F statistic is 34.1. According to the F-distribution table:


[image: there is no content]



(2)







Therefore, the regression model is significant.





4. Effects of Fiber Orientation on the Machined Surface


4.1. Surface Topography of the Machined Surface


4.1.1. Experimental Procedure


A down-milling experiment was conducted to observe the machined surface topography. The workpiece is CFRP unidirectional laminates with fiber direction θ = 0°, 45°, 90° and 135°. The milling parameters are v = 100 m/min, ae = 1 mm and fz = 0.02 mm/tooth.



After the experiment, the effect of fiber cutting angle on the surface topography of the machined surface was analyzed using a digital super depth-of-field microscope and scanning electron microscope (SEM).




4.1.2. Surface Topography


Figure 4a is the surface topography when θ = 45°. The carbon fiber material easily undergoes bending fracture and shear fracture, and the two kinds of fracture modes coexist. The fracture of the carbon fiber is perpendicular to the fiber axis, which is 45° relative to the machined surface, and simultaneously, the top of the fiber fracture is slightly broken under the squeezing of the tool flank face. The resin matrix of the carbon fiber has a typical shear failure, and the sheared matrix is pressed into debris adhered on the exposed fiber fracture surface, as shown in Figure 4b.


Figure 4. Machined surface topography when θ = 45°. (a) Resin coating and fiber baring (SEM micrograph); (b) Chip adhesion (SEM micrograph).
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As the resin is heated and softened, it is extruded by the flank and coated on the surface fibers of the machined surface, which results in a smooth machined surface. However, when milling the CFRPs along the fiber direction, burrs on the edge of the machined surface are found, as shown in Figure 5. During milling, the surface fibers are bent by the milling force. Due to a lack of external support, the fibers are debonded under the milling force [19,20]. The stiffness of the carbon fiber is decreased, and the carbon fibers are pushed to the outside, so that they cannot be cut off by the mill over time. With the milling process, the debonded fibers are rebounded, and surface burrs are formed.


Figure 5. Surface burrs when θ = 45° (SEM micrograph).
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The machined surface topography is shown in Figure 6 when θ = 90°. Serious resin coating is seen in Figure 6a, and only slight fiber bareness is found, which shows a machined surface with straight-forward fiber features. Because 90° is the critical angle of the straight-forward and reversal machined surface, the carbon fiber in the cutting layer can easily undergo bending deformation. However, due to high stiffness of the carbon fiber in this direction, the bending deformation is small. After the shear fracture of the matrix, the interface is also broken by shear stress. A smooth machined surface with a small section of bare fiber appears, as shown in Figure 6b. The machined surface is further crushed under the extrusion of the tool flank, forming a fiber fracture perpendicular to the axial direction. The fracture has no obvious fracture characteristics, and the broken fibers are scattered on the top of the fracture. The matrix is squeezed by the tool flank and adheres to the top of the fracture. Meanwhile, the matrix is softened by heating and is coated on the fiber surface, as shown in Figure 6.


Figure 6. Machined surface topography when θ = 90°. (a) Serious resin coating (SEM micrograph); (b) Slight resin coating (SEM micrograph).
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Figure 7 is the machined surface topography when θ = 135°. It is seen that there are bare fiber bundles on the machined surface, while many pits appear on the roots of the fiber bundles, as shown in Figure 7a. It is also observed that the lamination gaps appear in the root of fiber bundles, which is caused by the rebounding of the laminated carbon fiber. Therefore, there are pits on the machined surface, and the bottom of the pits are located at the root of the fiber bundle. The pit distribution is not continuous, and there are some cutting planes with different sizes between the pits, as shown in Figure 7a, which also appears on the machined surface topography of the multi-direction fiber laminate. For the cutting layer of the rake face, the farther away from the rake face, the lower of the deformation of the cutting layer. The large deformed cutting layer close to the rake face and small deformed cutting layer away from the rake face are simultaneously cut off during high speed machining, and pits and facets alternate on the machined surface as a sawtooth. Tear defects mainly happen at the edge of the material surface when milling CFRPs in the reverse fiber direction, as shown in Figure 7b. This is because of the surface fiber bends and fractures, and the fracture position occurs deep into the surface of the workpiece, finally forming a tear defect.


Figure 7. Machined surface topography when θ = 135°. (a) Machined surface topography (SEM micrograph); (b) Upper surface tearing (microscope image).
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When the fiber cutting angle θ = 0°, that is, the cutting direction is parallel to the fiber direction, a surface topography of a parallel tiled fiber bundle is formed with a certain direction, as shown in Figure 8. There is almost no intact tiled fiber remaining. Tensile fracture topography along the axial direction is seen. Due to workpiece clamping, fiber ply and tool vibration, the fiber cutting angle cannot be completely zero [21,29]. The actual milling is machining with a small fiber cutting angle. When the surface springback fiber is squeezed and rubbed by the tool flank, a tensile fracture of the carbon fiber will occur on the machined surface. The resin matrix is extruded and may break to be patchily distributed in the fiber gap. The outer surface of the fiber is smooth, and only a little chip adheres on the fiber, as shown in Figure 8. This is because the position of the maximum bending stress of the layered fiber is above the cutting plane, and the position of the fractured fiber is higher than that of the machined surface.


Figure 8. Machined surface topography when θ = 0° (SEM micrograph).
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In the milling process, the fiber on the surface is pulled out to form pits, or the fiber protrudes from the surface, and the fiber may be separated from the matrix. The machined surface appears as a complex structure. As the mechanical properties of the fiber and matrix differ considerably, their cutting mechanism is also different [30]. A rough surface is generated in CFRP milling, as shown in Figure 8, and surface roughness close to the metal cutting is difficult to obtain. Due to differences in the hardness and strength of the matrix and carbon fiber, the milling force changes abruptly when the end mill is transferred between the matrix and carbon fiber, which can result in machining defects in the transition area.





4.2. Slot Milling Defects


As presented above, it was found that the burr and tear defects mainly occurred in the upper and lower surfaces of the CFRP laminate. When the fiber cutting angle was 45°, the edges of the upper and lower surfaces of the laminate easily formed burrs. When the fiber cutting angle was 135°, the edges of the upper and lower surfaces easily formed tear defects.



4.2.1. Experimental Procedure


To study the influence of fiber cutting angle on the tear and burr defects, by using a worn mill, of which the flank wear VB = 0.08–0.1 mm, v = 100 m/min, fz = 0.02 mm/ tooth, a slot milling experiment was performed using four unidirectional CFRP laminates with fiber cutting angles of 0°, 45°, 90° and 135°.



After the experiment, the machined surface topography was observed, and the influence of the fiber cutting angle on the machining defects was analyzed.




4.2.2. Analysis of Machining Defects


In the milling process, with the rotation of the end mill, the fiber cutting angle in milling is constantly varied. The fiber cutting angle is 90°, and 0° is the demarcation point between milling along the fiber direction and reverse fiber direction. In addition, 45° and 135° are typical feature points of the two kinds of milling, so the surface topography at these intervals is very important. Figure 9 shows the fiber cutting angle when the angle between the feed direction and the fiber direction is β = 45°. The surface defect of the slot milling under different fiber cutting angles is presented in Figure 10, which shows the slot topographies of four fiber directions and the corresponding fiber cutting angles.


Figure 9. Diagram of slot milling cutting angle.
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Figure 10. Slot milling topography of different fiber orientations. (a) β = 0°; (b) β = 45°; (c) β = 90°; (d) β = 135°.
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When β = 0°, the edge of the left half of the slot is neat and without burrs, as shown in Figure 10a, in which θ on the fiber cutting angle diagram is 180°–90°, i.e., belongs to reverse fiber cutting. However, the right half has a typical burr defect, in which θ on the fiber cutting angle diagram is 90°–0°, i.e., belongs to milling along the fiber direction. Tears and burrs are mainly located on the outer layer of the surface. They are the most common machining defects of CFRPs [29,31]. Tears are caused by milling force and extend along the fiber direction of the outer layer.



Through the analysis, when β is 45°, 90° and 35°, it is seen that burrs are more concentrated in the fiber cutting angle 0°–90° (cutting along the fiber direction), as shown in Figure 10b–d. For fiber cutting angle 90°–180° (reverse fiber milling), a smooth topography with no macroscopic defects is seen. However, through the observation of the digital super depth-of-field microscope, it can be seen that tears occur. When the tool is worn, there will be burr defects in the cutting area along the fiber direction, but in the reverse cutting area, even if the tool is badly worn, there will be no burr defects, as shown in Figure 10d. Thus, it can be concluded that in the milling process, by choosing a reasonable milling path and ensuring the surface fiber is in the inverse cutting state, a worn tool can be continuously used for milling so as to promote tool life and reduce production costs.






5. Conclusions


	(1)

	
The experiment shows that the machining defects of CFRPs mainly include delamination, tearing and burrs. Tears are generally accompanied by burrs. Debonding and instability of CFRP surface material fiber is the cause of machining defects.




	(2)

	
In trimming milling, the surface roughness increases with increasing feed rate and milling width and decreases with increasing milling speed. The feed rate has a greater influence on surface roughness. Increasing the milling speed and milling width can increase machining efficiency and improve machined surface quality.




	(3)

	
In slot milling, when cutting along the fiber direction (fiber cutting angle 0°–90°), the machining surface has severe resin coating and burrs. In reverse cutting (fiber cutting angle 90°–180°), the machined surface has serrated fractures, and tear defects occur.




	(4)

	
In slot milling, there will be no burr defects in the reverse cutting area, even if the tool is badly worn. Therefore, by choosing a reasonable milling path and ensuring the surface fiber is in the inverse cutting state, a prolonged tool life and good surface quality can be obtained.
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