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Abstract:



In situ TiB2 particle-reinforced 7050Al alloy matrix composites are a new category of particulate metal matrix composites with improved mechanical and physical properties. At present, the study of machining in situ TiB2/Al composite is limited and no specific study has been presented on cutting force. Based on previous work, experimental investigation of cutting in situ TiB2/Al composite was carried out in this study to investigate the cutting force, shear angle, mean friction angle, and shear stress. The results indicated that the feed rate, instead of cutting speed, has a significant influence on the shear angle, mean friction angle, shear stress, and forces, which is different from cutting ex situ SiC/Al composites. Meanwhile, based on Merchant’s theory, a force model, which consists of chip formation and ploughing force, was established to have a better understanding of force generation. A comparison of the results show an acceptable agreement between the force model and experiments. Additionally, at varying feed rates, the linear relationship between the shear angle and mean friction angle is still suitable for cutting in situ TiB2/7050Al alloy composites.
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1. Introduction


Particle-reinforced metal matrix composites (PRMMCs) play an important role in modern industry and tend to replace conventional metal materials due to their superior mechanical and physical properties, such as improved strength, low density and cost, perfect low-temperature performance, and increased wear resistance [1]. According to particle forming methods, PRMMCs are classified into two categories: ex situ and in situ PRMMCs.



Since the 1970s, many machining studies, such as cutting, grinding, wire-electrode cutting, and laser assisted machining [2,3,4,5,6,7], have been carried out on ex situ PRMMCs, whose preparation technology is simple, especially ex situ SiC particle-reinforced aluminum matrix composite. It is found from many studies that, with hard ceramic particles (e.g., SiC, TiB2, Al2O3), the tool wear is terrible and the cutting force is large, which makes machining PRMMCs complex. In order to have a deep insight into the cutting mechanism of PRMMCs, a large number of studies have been carried out on cutting force and force modeling.



Jenarthanan and Krishnamurthy investigated the metal removal rate of machining in situ TiB2/Al composites, respectively [8,9]. They both concluded that cutting speed and feed have a dominant effect on material removal rate. Additionally, with scanning electron microscope (SEM) images, Jenarthanan found that the distribution of TiB2 particles was more or less homogenous. Mahamani and Anandakrishnan researched the influence of cutting parameters and the reinforcement ratio on tool wear, force, and surface roughness with Al-5Cu-TiB2 in situ PRMMs and Al-6061-TiB2 in situ PRMMCs, respectively [10,11]. From experimental results, they both found that there would be an increase in flank wear, force, and roughness as the feed rate increased. Recently, in our previous study of machining in situ TiB2/7050Al composites [12,13,14], the surface integrity, such as surface roughness, residual stress, and microhardness, and tool wear mechanisms were studied. From the SEM images of machined workpiece surface and EDS (energy dispersive spectrometry) of the worn tool face, it was found that no particle pull-out or fracture phenomena occurred, which was different from machining SiC/Al composites [15,16,17].



However, in the machining performance study of a new kind of material, simple experimental study is not enough. Analytical force modeling is needed to investigate the material removal mechanism. Until now, there has been no analytical force modeling report for in situ PRMMCs published, while most of the force modeling work was focused on ex situ SiC/Al composites.



In 2004, Kishawy [18] proposed an analytical force model for cutting SiC/Al composites based on the energy method. It could predict cutting force successfully under the following assumptions: (a) energy in the first deformation zone is three times that in the secondary deformation zone, which is a result from steel machining experiments; and (b) the initial and final particle crack lengths are assumed to be 1 μm with no justification.



Later in 2006, based on Merchant’s analysis [19], Davim et al. and Pramanik et al. developed analytical force model with PCD (polycrystal diamond) tools, respectively [20,21]. In Davim’s model, the ex situ SiC/Al composite was treated as an equivalent homogenous material without justification. However, based on the discovery of particle fracture and displacement during the cutting process [22,23,24], Pramanik et al. thought the effect of particles on force generation could not be ignored. Then, in their model, the cutting force was decomposed into chip formation force, ploughing force, and particle fracture force. Based on Merchant’s theory, the slip-line field theory, and the Griffith theory, the cutting force model was established. The chip deformation was assumed to occur only in the shear plane, while the chip-tool interface friction force due to the hard particles was out of consideration.



In 2009, Dabade et al. [25] developed a model of chip-tool friction in orthogonal cutting ex situ SiC/Al composite with PCD tools. However, in this model, both the effect of the ploughing force produced by the tool cutting edge and the particle fracture force due to hard particles were ignored. Sikder and Kishawy proposed a modified model based on Pramanik’s model in 2012 [26]. Different from Pramanik’s force model, the Johnson-Cook (J-C) constitutive model was used in calculating the chip deformation force. An assumption was made that the particles were spherical. Additionally, two-body and three-body rolling friction theory were applied in obtaining the chip-tool friction force.



Compared with ex situ SiCp/Al MMCs (metal-matrix composites), the in situ TiB2 particle-reinforced 7050Al alloy composites have evenly-distributed and smaller particles. Additionally, the particle-matrix interface is clean and no obvious particle pull-out phenomenon has been found in our previous cutting study, which is different from that of cutting ex situ SiCp/Al MMCs. In order to have a better understanding of cutting this new kind of in situ PRMMC, the cutting force of machining in situ TiB2 particle-reinforced 7050Al alloy composite was researched and an attempt was made to build a force model based on the shear plane theory. Furthermore, with the experimental results of cutting forces and chip thickness, the shear angle, mean friction angle, and shear stress were also investigated.




2. Materials and Methods


2.1. Tool and Workpiece Material


PCD straight cutting edge mills were used in tests. The tool diameter is 12 mm and the rank and flank angles were 8° and 10°, respectively. Each mill has two straight cutting edges with an edge radius of 0.02 mm. The chemical composition of the 7050Al alloy matrix, particle size, and volume are shown in Table 1 and Table 2. The workpiece material, whose microstructure is presented in Figure 1, was in situ 6 wt % TiB2/7050Al composites prepared by an exothermic reaction process [27] at Shanghai Jiao Tong University. The main exothermic reaction process during the material preparation process is as follows:
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Figure 1. Microstructure of the composite used in the experiments.
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Table 1. Chemical composition of the matrix material.







	
Elements

	
Zn

	
Zr

	
Mg

	
Cu

	
Al






	
Composition (wt %)

	
6.3

	
0.11

	
2.3

	
2.2

	
Balanced










Table 2. Size and volume of particles.







	
Particle

	
Size

	
Volume






	
TiB2

	
50–200 nm

	
6%











2.2. Experiment Design


The down-milling experiments were carried out under dry conditions. A computer numerical control milling machine (type YHVT850Z, Yonghua Machinery Co. Ltd., Yanzhou, China), whose spindle power is 5.5 kW and maximum spindle speed is 8000 rpm, was applied in our study. For orthogonal cutting with straight cutting edge mills, the workpieces were cut into sheets, as shown in Figure 2. Table 3 shows the detailed parameter levels during tests.


Figure 2. Experimental design and process.
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Table 3. Detailed parameter levels for single-factor tests.







	
Factors

	
Notation

	
Level




	
1

	
2

	
3

	
4

	
5

	
6






	
Cutting speed (m/min)

	
vc

	
20

	
30

	
40

	
50

	
60

	
70




	
Feed rate (mm/z)

	
fz

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6




	
Cutting depth (mm)

	
ap

	
1

	
2

	
3

	
4

	

	




	
Cutting width (mm)

	
ae

	
8










During the experiments, a Kistler 3D force measuring platform (type 9255B, Kistler, Winterthur, Switzerland) was used to measure cutting forces. For each experiment, cutting was performed for over 15 s and repeated three times. After each test, chips were collected and a micrometer was used to measure the chip thickness five times and the average value was selected for calculating the shear angle.





3. Effect of Cutting Parameters


In the actual milling process, the directions of instantaneous cutting forces Fc (force in the cutting direction) and Ft (force in the feed direction) change every moment, as shown in Figure 3a. However, the directions of measured cutting forces Fx and Fy are invariable as the Kistler force measuring platform settled. Hence, a transformation from measured cutting forces to instantaneous cutting forces is needed with a given immersion angle θ, presented in Figure 3a by Equation (2):
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(2)






Figure 3. Peripheral milling process with straight cutting edges: (a) directions of instantaneous cutting forces; (b) uncut chip thickness.
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However, during down-milling experiments with straight cutting edges mills, the uncut chip thickness and cutting forces both change with the immersion angle θ, as shown in Figure 3b. As the maximum chip thickness was measured and considered in the following force modeling, the cutting forces should be calculated as follow:
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(3)




where δ is the immersion angle at the maximum uncut chip thickness under a certain cutting width ae, which could be determined using Equation (4):
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(4)







With Equations (3) and (4), the instantaneous cutting forces could be obtained using measured cutting forces. The effect of cutting parameters on cutting forces is shown in Figure 4. It can be seen that the force in the feed direction is larger than that along the cutting direction. Additionally, the different values between the forces in feed and cutting directions changes little with an increase in the cutting speed, except at 30 m/min. However, it tends to get larger as the feed rate or cutting depth increases.


Figure 4. Effect of cutting parameters on forces: (a) fz = 0.2 mm/z, ap = 3 mm; (b) vc = 40 m/min, ap = 3 mm; and (c) vc = 40 m/min, fz = 0.2 mm/z.
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Meanwhile, it is obvious that the feed rate has the highest influence on cutting forces followed by cutting depth and speed. With an increase in the feed rate or cutting depth, the cutting forces increase linearly. This may be due to the increase of the cutting area and removed material volume as the feed rate or cutting depth increased. Additionally, in low-speed cutting (the spindle speed is around 1857 r/min as the cutting speed equals 70 m/min), the cutting speed does not significantly influence the cutting forces, as shown in Figure 4a. The presence of hard particles resulted in the highly brittle nature of in situ TiB2/7050Al composites, which can be seen from the common formed saw-teeth chips at low cutting speed, as shown in Figure 5. Thus, with using PCD tools, the friction at the chip-tool interface was small, resulting in little fluctuation of the cutting force as the cutting speed increased.


Figure 5. Common formed saw-teeth chips under low cutting speed: (a) side face of saw-teeth chip; and (b) free surface of saw-teeth chip.
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In most cases during low speed cutting, cutting speed does not influence the cutting forces significantly. However, according to studies and discoveries of machining ex situ SiC/Al composites [28,29], some contradictory reports were found. With the presence of the BUE (built-up edge), forces at low cutting speeds are lower than that at high speeds. However, what is different from machining ex situ SiCp/Al composites is that there is no obvious decrease or increase in the cutting forces as the cutting speed increases. To have a better understanding of the cutting force in machining in situ TiB2/7050Al composites, the work of force modeling is needed and will be discussed in the following section.




4. Modeling of Machining Forces


With the in situ synthesis method, the in situ TiB2/Al composite obtains a much better adhesion at interfaces between ceramic particles and matrix material. Compared with the preparation method and process of ex situ PMMCs, the reinforcement is generated in matrix material through chemical reactions during the whole material preparation process. Additionally, in our previous studies, no particle pull-out or fracture phenomena have been found.



Given all of this, it can be seen that the in situ TiB2/Al composite could not be treated as a simple combination of particles and matrix material. Considering the small size and volume of particles (size: 50–200 nm, volume: 6 wt %) and high viscosity of the matrix material, it is assumed that the in situ TiB2/Al composite is an equivalent homogenous material, which means that the particle fracture force is no longer treated separately. Hence, the cutting force consists of two main parts: (a) chip formation force; and (b) ploughing force. Then the analytical force model can be expressed as follows:
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(5)




where Fc represents the resultant force in cutting direction, and Ft represents the resultant force in thrust direction. Fcc and Fcp stand for the chip formation and ploughing forces along the cutting direction, respectively. Ftc and Ftp represent the chip formation and ploughing forces in the thrust direction, respectively.



4.1. Computing Shear Angle, Mean Friction Angle, and Shear Stress


In order to calculate the cutting forces Fcc and Ftc, the shear angle φ, mean friction angle β, and shear stress τs are needed. In milling processes, the true tooth path is a composition of the rotary motion of the tool with the rectilinear motion of the workpiece along the feed direction. Hence, the actual tooth path shape of a cutter during milling process is a trochoid, which is also named an elongated cycloid, as shown in Figure 6. However, as the feed rate fz is much smaller than the cutter diameter D, a circular tool-path approximation is mostly used by neglecting the actual trochoidal tool motion [30].


Figure 6. The actual cycloid tool path of a milling cutter and the widely-used ideal circular tool-path approximation.
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With this assumption, the uncut chip thickness, which is defined as h in Figure 7, h(θ) in Figure 3b could be calculated easily. Then the maximum uncut chip thickness hmax could also be determined with Equations (4) and (6):
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(6)






Figure 7. Merchant’s orthogonal cutting model.
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Then, based on the shear plane theory, the shear angle here could be determined from the chip compression ratio as follows:
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(7)




where γ represents the tool rank angle and Rc is the chip compression ratio. The chip compression ratio could be calculated with the measured chip thickness after cutting tests as below:
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(8)




where hc and hmax represent the measured chip thickness and the maximum uncut chip thickness, respectively.



Meanwhile, with the cutting forces measured in Section 3, the mean friction angle β could also be calculated with Equations (3) and (4) and the following Equation (9):
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In some studies, the shear stress was treated as a constant parameter. However, shear stress is different and fluctuates in a definitive range under different cutting parameters. In order to obtain exact shear stress, it will be determined experimentally in this study. With measured forces Fx and Fy, the cutting and thrust forces could be determined with Equations (3) and (4). Then the shear stress on the shear plane could be determined using the following equation:
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(10)




where A is the cross-sectional area of the cut.



The shear angle φ is the angle at which the shearing phenomenon occurs, as the shear stress reaches the material shear strength. In analytical cutting force modeling, the shear angle φ is one of the most important factors which has great influence on chip shape and cutting forces, whether using the shear plane method or using the shear zone method. According to Pramanik [30], at varying cutting speeds, the linear relationship between shear angle φ and (β − γ), which was observed in machining monolithic metal, is still approximately suitable for cutting ex situ SiC/Al composites, as shown in Equation (11):
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(11)







However, whether the relationship in Equation (11) is still suitable for cutting in situ TiB2/7050Al composites is unknown and needs further study. During orthogonal cutting of in situ TiB2/Al composites, as discussed in Section 3, it is obvious that the feed rate plays an important role on cutting forces. Then the relationship between shear angle φ and (β − γ) at varying feed rate is shown in Figure 8.


Figure 8. Relationship between (β − γ) and shear angle φ at varying feed rates.
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From Figure 8, it is obvious that the linear relationship is still suitable for cutting in situ TiB2/Al composites at varying feed rates and it is given with the following linear regression:
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Then the relationship between the feed rate and shear angle, mean friction angle, and shear stress could be determined, as follows:
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(13)







Thus, the shear angle φ, mean friction angle β and shear stress τs for calculating the chip formation force could be determined using Equation (13).




4.2. Chip Formation and Ploughing Forces


The single shear plane model from Merchant is applied in this study for the chip formation force. With the shear angle φ, mean friction angle β, and shear stress τs calculated in Section 4.1, the chip formation forces in cutting and feed directions can be calculated with the following equations:
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(14)




where A is the cross-sectional area of the cut, and γ is the tool rank angle, respectively.



Meanwhile, the matrix metal Al is easier to be softened under high cutting temperature, which makes it easier to adhere to the cutter edge. The ploughing force produced by the cutter edge should be considered in force modeling. Since the in situ TiB2/Al composite is treated as an equivalent homogenous material and the particle size and volume are too small (size: 50–200 nm; volume: 6 wt %), only the matrix material Al is assumed to take part in ploughing.



Based on the slip line field method, the ploughing forces, such as Fcp in the cutting direction and Ftp along the feed direction, could be determined by considering the edge radius rn [31]:
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(15)




where τm is the shear stress of the matrix material and l represents the active cutting edge length.





5. Verification and Results


To validate the force model in Section 4, a group of tests was carried out. The predicted chip formation force was calculated with Equations (13) and (14) and the ploughing force was determined by Equation (15). Then, using Equation (5), the resultant forces in cutting and thrust directions could be obtained.



Figure 9 shows the comparison results between predicted and measured forces under varying cutting depths. It is obvious that the cutting forces increase as the cutting depth increases, and that the increasing rate of cutting force is slightly larger than that of the thrust force under different cutting depths. Additionally, the predicted force results of analytical force model show a same trend with measured forces with an error of less than 9%, which shows an excellent quantitative agreement with the analytical force model developed before.


Figure 9. Comparison between the predicted and measured forces at varying cutting depth (vc = 40 m/min, fz = 0.2 mm/z): (a) cutting force; and (b) thrust force.
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Figure 10 shows a comparison between the predicted and measured forces at different feed rates. As analyzed before, the feed rate has a dominant influence on cutting forces and, from Figure 10a,b, it can be seen that whether the predicted cutting and thrust forces or the measured ones all increase linearly as the feed rate increases, which verifies the conclusion made before.


Figure 10. Comparison between the predicted and measured forces at varying feed rate (vc = 40 m/min, ap = 3 mm): (a) cutting force; and (b) thrust force.



[image: Metals 07 00197 g010]






Finally, four groups for comparison with varying combinations of cutting parameters were performed with a prediction error within 9%, as shown in Figure 11. Moreover, the effect of the cutting speed on the predicted and measured cutting forces is so small that it could be ignored, which is accordant with the conclusion that the cutting speed has a minimal influence on the cutting force, shear angle, and shear stress, as discussed in Section 3 and Section 4. With large feed and depth, as shown in group #2, the predicted and measured forces are both the largest. With small feed and depth, as group #1 or #3, the forces predicted and measured both decrease.


Figure 11. Comparison between the predicted and measured forces under different combination of cutting parameters: (a) cutting force; and (b) thrust force; (#1) vc = 20 m/min, fz = 0.2 mm/z, ap = 2 mm; (#2) vc = 30 m/min, fz = 0.4 mm/z, ap = 3 mm; (#3) vc = 40 m/min, fz = 0.3 mm/z, ap = 1 mm; (#4) vc = 50 m/min, fz = 0.1 mm/z, ap = 4 mm.
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From the 12 groups of verification test results shown in Figure 9, Figure 10 and Figure 11, the average prediction error is 9%, indicating that it is acceptable for the force model developed in Section 4. From the test results, the conclusions made about influence of the feed rate and cutting speed on the shear angle, mean friction angle, shear stress, and cutting forces before are also acceptable.



Additionally, the shear angle and mean friction angle were also investigated in this study. Figure 12 shows the influence of cutting parameters on shear and mean friction angles during cutting in situ TiB2/Al composites. For the shear angle, from Figure 12a,c, it seems that the cutting speed and cutting depth do not significantly influence the shear angle. With the cutting speed or depth increasing, the shear angle increases and decreases slightly, respectively. However, it increases linearly as the feed rate increases from 0.1 mm/z to 0.4 mm/z, and the shear angle increases slightly when the feed rate exceeds 0.4 mm/z, as presented in Figure 12b. Furthermore, from Figure 12, it is obvious that the feed rate influences the shear angle significantly, which is the same as the effect on cutting forces in Section 3.


Figure 12. Effect of cutting parameters on shear and mean friction angle: (a) cutting speed; (b) feed rate; and (c) cutting depth.
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Regarding the mean friction angle, the same phenomenon is also found in Figure 12a–c that the feed rate also has a dominant influence on the mean friction angle. In Figure 12c, with the increasing cutting depth, the mean friction angle decreases slightly. However, as the cutting speed increases, the mean friction angle fluctuates slightly around 48 degrees, and no obvious increase or decrease was found under the considered cutting speed.




6. Conclusions


In this study, the force, shear angle, mean friction angle, shear stress, and normal stress were researched in cutting in situ TiB2/7050Al alloy composite. Additionally, with Merchant’s theory, a force model was proposed for cutting force prediction. Based on the experimental results of orthogonal cutting tests with two straight cutting edges, the following conclusions can be drawn:

	
With the in situ synthesis method, the in situ TiB2/Al composite was treated as an equivalent homogenous material. The cutting force was considered to consist of chip formation and ploughing forces, which were calculated based on the single shear plane method and the slip line field theory, respectively. Additionally, comparison tests showed an excellent and acceptable agreement between the predicted forces and the experimental ones.



	
On the contrary of cutting ex situ SiCp/Al MMCs, it was found that, at varying feed rates instead of cutting speeds, the linear relationship between the shear angle φ and (β − γ) seems to be still suitable for cutting in situ TiB2/7050Al composites:
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It seems that the influence of cutting parameters on normal stress is higher than that on shear stress. Similarly with ex situ SiC/Al MMCs, the normal stress of cutting in situ TiB2/Al composites increases with an increase in the cutting speed. Differently, the normal stress also increases as the feed rate increases, which is opposite to ex situ SiC/Al MMCs. However, the shear stress seems to fluctuate slightly around 300 MPa under different cutting parameters.



	
Among all of the cutting parameters, feed rate plays an important role in the cutting forces, shear angle, mean friction angle, shear stress, and normal stress, instead of the cutting speed, which is found to have a dominant influence on measured forces Fcc, Fct, and shear angle φ in cutting ex situ SiC/Al composites. The relationship between the feed rate and shear angle, mean friction angle, and shear stress is given below:


[image: there is no content]



(16)
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Nomenclature




	A
	Cross-sectional area of the cut (mm2)



	B, C
	Constants in Equation (14)



	D
	Cutter diameter (mm)



	vc
	Cutting speed (m/min)



	fz
	Feed rate (mm/z)



	ap
	Cutting depth (mm)



	ae
	Cutting width (mm)



	h
	Uncut chip thickness (mm)



	hc
	Chip thickness (mm)



	hmax
	Maximum uncut chip thickness (mm)



	Rc
	Chip compression ratio



	δ
	Immersion angle at maximum uncut chip Thickness (deg)



	θ
	Instantaneous angle of immersion (deg)



	φ
	Shear angle (deg)



	β
	Mean friction angle (deg)



	γ
	Rank angle (deg)



	rn
	Cutting edge radius (mm)



	Fx, Fy
	Cutting forces measured by force measuring platform



	Fc
	Total force in the cutting direction (N)



	Fcc
	Cutting force for chip formation (N)



	Fcp
	Cutting force for ploughing (N)



	Ft
	Total force in thrust direction (N)



	Ftc
	Thrust force for chip formation (N)



	Ftp
	Thrust force for ploughing (N)



	Fs
	Shear force on the shear plane (N)



	Fn
	Normal force on the shear plane (N)



	Fu
	Friction force on the rank face (N)



	Fv
	Normal force on the rank face (N)



	l
	Active cutting edge length (mm)



	τs
	Shear stress of MMCs (MPa)



	τm
	Shear stress of matrix material (MPa)
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