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Abstract: In this paper, an experimental investigation, based on force special parameters, is adopted
to analyze the relationship between the milling tool and adhesive phenomena in milling C17200.
Generally speaking, the adhesive characteristics, force fluctuations, and tool failure are the main
factors affecting the impact of the cutting process on tool wear patterns. However, difficult-to-cut
materials, such as the beryllium—copper alloy C17200, require machining processes with tools with
lives that are difficult to predict, due to their excellent mechanical properties. To analyze the tool failure
process, a series of experiments based on cutting speed and tool geometry are presented in this paper
to observe the adhesive effect on tool flank surfaces and force fluctuations. The results show that the
variation of special force parameters in different directions reveals that the thermal-mechanical effect
on sticking substances reached a possible peak value, with inflection points in different parameters at
200 m/min. The sticking substances and tool surfaces (observed by energy disperse spectroscopy and
scanning electron microscope), wear capacity, and back-scattered electron imaging also confirmed
that adhesion in the wear zone reached a peak value at 200 m/min in the cutting process, exacerbating
the adhesive effect on tool failure.
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1. Introduction

Non-ferrous metals have become significant industrial materials in aerospace, petroleum
exploration, and other extreme working environments, due to their unique physical and mechanical
properties [1]. It is well-known that industrial materials with excellent wear resistance are often used
in critical components [2]. However, adhesive wear, based on the adhesion and self-lubrication of the
materials, has become a significant influencing factor in non-ferrous metal processing in reducing the
actual tool life [3].

Adhesion and self-lubrication are important machinability characteristics, which largely affect
processing quality and tool wear mechanisms. A series of studies on non-ferrous metal machining
has been carried out in detail by industry experts, which focused on the relationship between
the grain structure and the processing technology. Liang and Liu [4] discussed the correlation
between machined surfaces, tool wear, and crystal structure, and they pointed out that the effects of
adhesion—abrasion are the main reason for the reduction in quality of the processed surface. Naskar
and Chattopadhyay [5] investigated the flank wear mechanism on typical coated tools, and their results
showed that plastic deformation, dissolution—diffusion, and abrasion were the crucial causes of tool
failure. An investigation, based on tool wear rates and cutting parameters, was adopted by Sui and
Feng [6] to analyze the influence of flank wear on the cutting force.
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Many researchers have conducted a detailed analysis of elastoplastic deformation in the process,
but machining damages, such as tool wear, fluctuation of the processed surface, and the unpredictability
of machining, had not been explained [7-9]. So, a series of studies based on machining form and force
modes were presented, to observe the relationships among dimensional accuracy, cutting parameters,
cutting force, and machining processes. In the early 1990s, peripheral milling and force mode were
discussed by Budak et al. [10-12], to understand the influencing factors of dimensional accuracy, and
the results showed that the accuracy of the actual machining was greatly affected by the periodic
variation of the milling. Mane et al. [13] discussed the influence of a spindle-bearing system on the
chatter vibration in improving the quality of the processed surface.

Vettivel et al. [14] compared slice speed under different coatings to verify the effect of non-ferrous
metal bonding on the coating. Pang et al. [15] presented a modified Oxley’s predictive theory to
analyze the factors affecting the accuracy of theoretical models. A multi-objective optimization of
a chip-tool interface was adopted by Mia et al. [16] to reduce tool wear and cutting forces, and the
results indicated that the chip formation and friction parameters were greatly affected by the chip—tool
interface situation. A novel mode of surface roughness variation, based on modal interaction, was
presented by Seguy et al. [17], to observe the differences in processing systems.

Interestingly, many studies focused on the processing system itself, but rarely considered the
combined effects of multiple factors. To analyze the machining environment effect on tool failure,
the Fourier transformation was adopted by Wan et al. [18,19], to understand the accuracy of chatter
stability with process force and energy balance principles. A novel theory of thermal-mechanical
analysis, wear mechanisms, and cutting parameters was presented by Li et al. [20], to explain the main
factors of tool failure in ultra-high-speed machining. Du et al. [21] put forward a new optimization
approach for process parameters, to predict the possibility of surface integrity.

Zeng et al. [22] proposed a hypothesis of notch wear to verify wear processes, improve cutting
efficiency, and reduce production costs in machining difficult-to-cut materials. Heigel et al. [23]
attempted to measure the temperature at the tool—chip interface in cutting difficult-to-cut non-ferrous
metals, to analyze the relationships between cutting temperature, cutting force, and the machining
system. Animproved temperature mode in the tool—-chip contact region was adopted by Werschmoeller
and Li [24] to describe the machining condition.

Additionally, An et al. [25] analyzed a Physical Vapor Deposition-AlTiN coated cemented
carbide tool to satisfy the processing of high hardness materials. Martinho et al. [26] compared tool
performance with the behavior of physical vapor deposition—and chemical vapor deposition—coated
tools. Huang et al. [27] investigated the milling force by using signal analysis to identify cutting chatter,
and the results suggested that the surface quality was positively correlated with the stability of the
cutting process. A method of burr formation was indicated by Cheng et al. [28], to reduce and control
top burr formation and improve the micro-milling surface quality. To further understand the milling
process, Wang et al. [29] tried to explain the actual milling process by the equivalent cutting thickness
method. However, due to the uncertainty of the adhesive process, the tool wear mechanism has rarely
been analyzed by the correlations among sticking substances, tool coatings, and milling forces.

As described in [30], the actual force situation is largely affected by tool runout, cutting force
expression, and the cutting system, and the complexity of different tool coatings makes the milling
process diverse. To improve the force model, Altintas [30] proposed a modified model, based on the
sustained average force and different feed rates, to calibrate six mechanical parameters to analyze the
force on different cutting surfaces.

Some investigations indicated relationships among tool temperature, flank wear, tool material
properties, and complex tool geometry, and the results showed that the temperature of the tool-chip
interface is in negative correlation with the cutting speed [31]. The effect of the elastoplastic deformation
of materials and the mechanical process of the cutter is rarely mentioned in the literature, which has
become a real problem affecting the processing system. To understand the changes in machining,
Wan et al. [32] proposed a blade force model, based on the separation process and elastic—plastic theory,
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to analyze the relationship between the plowing force and the dynamic cutting signal. However, the
influence of the sticking process and wear mechanism on the machining system is still difficult to
observe in traditional theory analysis, due to its randomness and unpredictability.

This work focuses on dynamic processes, the machining system, and cutting parameters to
optimize machining quality which affects the processing costs. Few researchers have attended to
observe the wear process and its mechanism, and the relationships among tool wear, work-piece
characteristics, and force fluctuations are rarely understood. In this paper, an investigation based on an
adhesion—abrasion wear model and adhesive effects is presented, to analyze the relationship between
tool wear and force fluctuations.

2. Materials and Method

2.1. Materials And Experimental Setup

To verify the influence of the plow effect on tool wear, a series of experiments were adopted to
analyze the relationship between the force parameters and the wear mechanism. The material, cut
into dimensions of 200 x 100 x 10 mm?3, used was a Beryllium-Copper alloy, C17200, whose chemical
composition (as shown in Table 1) is Be 1.9%, Co 0.35%, Ni 0.20%, Si 0.15%, Fe 0.15%, Al 0.15%, and
Cu to balance. The milling cutters (SH160-54) were purchased from the Xiamen Golden egret special
alloy Co. Ltd. (Xiamen, China), and the three-axis high-speed cutting machine (SXDK6050D, Ningbo
jiangbei yongjin CNC machine tool Co. LTD, Ningbo, China) and test platform (9257B, Kistler, Bern,
Switzerland) were adopted to monitor the actual change of cutting force, as shown in Figure 1.

Based on this situation, an orthogonal experiment, as listed in Table 2, was established, with
varying cutting speeds (150-250 m/min), feed rates (0.05-0.15 mm/r), and depth of cut (0.5-1.5 mm), to
obtain the wear pattern.

Figure 1. Machining center and test platform.

Table 1. Chemical composition and mechanical properties of C17200.

Contents (wt.%) Material Properties

. . Tensile Strength ~ Hardness Yield Strength
Be Co Ni Si Fe Al Cu MPa HRC GPa
19 0.35 0.20 0.15 0.15 0.15 Bal 1105 38-44 128

Table 2. Cutting parameters of the multi-factor orthogonal experiment.

V =150 m/min V =200 m/min V =250 m/min
f/(mm~r‘1) ap/mm f/(mm-r'l) ap/mm f/(mm~r'1) ap/mm
0.05 0.5 0.05 0.5 0.05 0.5
0.1 1 0.1 1 0.1 1

0.15 1.5 0.15 1.5 0.15 1.5
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In addition, a single-factor experiment, based on cutting speed (150, 200, and 250 m/min) and
feed rate (0.05, 0.1, and 0.15 mm), was set up to describe and calculate the situation of the cutting
force, which largely indicated the dynamic process. Spectrum analysis was adopted to understand the
composition of the wear process. Finally, tool wear was observed by a scanning electron microscope
(TECNALI, G2 F20, FEI, Hillsboro, OR, USA) and the modified adhesion—abrasion wear model was
used to explain the relationship between the milling process and tool wear.

2.2. Calculation of Cutting Force

In the proposed model, three independent forces, Fr, Ft, and Fa, as described by Altintas, were
used as different discrete elemental elements to explain the three force components: radial, tangential,
and axial, and their detailed expression given as

F; = Kicbh + Kb
Fy = Kacbh + Kaeb, (1)
Fy - Krcbh ‘I’ Krgb

where b is the chip width in the cutting element and & is the undeformed chip thickness.

cos(Bn—an ) +tanixtannssin
Fi = o gt Sl i
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Fae = bh| o2 S (o) @)
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where b is the chip width in the cutting element, & is the undeformed chip thickness, the directions of
shear velocity (@), chip flow (1), normal rake angle («;), and average friction angle (8,), and the shear
stress(Tg).

The proposed model is based on continuous cutting conditions, as described by Altintas [30],
which fully considers the influence of the cutter geometry on the unit cutter, and the oblique cutting
force (again based on Altintas) could be obtained by

Do 2ztanf

tanf = —and p = D

= ®)

where the four unknown angles describe the oblique cutting; that is, the directions of shear velocity
(1), chip flow (1), normal rake angle (@), and average friction angle (8,).

2.3. Wear Process and Force Condition

It is well-known that copper elements have excellent adhesion, which causes an adhesive layer
and built-up edges on the flank surface, but a cutting process with variable thickness often represents
the instability of milling aggravating the tool wear process. Tool failure is affected by the fluctuation of
machining and unpredictability of the sticking situation. The materials were divided into two parts to
complete the material removal process and, so, the force could be broken down into three components
(Ft, Fr, and Fa) to analyze the force process.

However, the sticking substances, adhesive layers, and built-up edges have become a significant
factor which interferes with actual force process, largely causing changes in the mechanical components.
Compared with the force situation and sticking processes, we can easily find that the effect of the
sticking substance on the rake and flank surface is really different to just changing the force parameters,
and the detailed force process could be obtained by

75 cos(Ba — ar)
sin(g)cos(¢ + Ba — )

Fy = Tygke = Fre D = bhe +D, 4)
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F, = Tflank = Fft *D = stpV* D, (5)
V=Vi+Vy (6)
F
qx
Kpe = aq) 50| @)

where D is the diameter of the milling cutter, /, is the equivalent chip thickness, V is the mechanical
volume, and aj is the coefficient variation parameter, which changes with the plow effect.

3. Results

3.1. Spectrum Analysis and Sticking Substance

Sticking substances have become important influencing factors with the continuous improvement
of machining accuracy. As Figure 2 describes, their adhesion and forms are various, due to the
instability of the milling process and material characteristics. Generally speaking, tool surfaces can
be categorized into the following four types: (a) sticking substances on the tool surface; (b) residual
adhesion; (c) single-point wear; and (d) lamellar wear.

Compared with traditional metals, the tool wear in non-ferrous metal machining is largely affected
by the change of the sticking process. When the milling process begins, the work-piece materials begin
to adhere to the tool surface continuously, due to the thermal softening effect and the complicated
contact form between the work-piece and tool surface has become a significant factor in reducing
actual tool life.

Lamellar

Single-point adhesive wear

adhesive w ear-_,
e Y ~.,

© | ()

Figure 2. Sticking substance and adhesive wear. (a) adhesive morphology; (b) residual form of the
adhesion; (c) single-point adhesive wear; (d) mixed wear pattern.
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As Figure 2 shows, sticking substances on the tool surface have become important products which
affect the machining process. The tool life is reduced by the adhesive process caused by the material
characteristics. To observe the influence of sticking substances on the cutting process and tool-failure
mechanisms, a spectrum analysis based on the region of adhesion—-abrasion wear is presented, and the
results show that a large amount of the work-piece material severely remains in the worn area of the
cutter. The morphology of the wear region indicates that the process of adhesion—-abrasion and tool
wear is inter-dependently dynamic.

Figure 3 shows the tool wear pattern versus sliding time under the same feed rate, from 150 m/min
to 250 m/min. The running-in friction stage can be obviously noticed from the adherent phenomenon.
The greater the cutting speed, the closer the contact of accumulation on adhesion, which meant that
the work-piece materials will have adhered to the tool surface, causing more sticking substances to
influence the wear process.

Figure 3. Tool wear patterns. (a) tool wear pattern at 150 m/min cutting speed; (b) Tool wear pattern at

200 m/min cutting speed; (c) Tool wear pattern at 250 m/min cutting speed.

Figure 4 illustrates the components of the tool surface at feed rates of 150 m/min, 200 m/min, and
250 m/min. In the sliding friction process, the work-piece materials were adhesive at the tool surface,
due to the action of self-lubricity. It is evident that the tool surface was also covered with an adhesive
layer at all cutting speeds. On the one hand, the reduction of Cu elements on the tool surface with
an increase of cutting speed does not mean the decrease of sticking substances; it just means that the
bonded materials fell off easier, which exacerbated the tool wear process easier. On the other hand, the
variation of Ti elements could be an important index to indicate that the speed of 200 m/min had the
minimum wear value.
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Figure 4. Relationship between element content and processing speed. (a) Adherence rate;
(b) basic resin.

3.2. Cutting Force and its Parameters

Due to the adhesive characteristics of the milling process, variation on tool surface, as in Figure 4,
will sustain the constantly-changing tool surface condition. Compared with the theoretical force,
because of its adhesive effect, the actual force based on adhesive wear has become a significant reason
in the reduction of tool life, which will lead to more instability.

To observe the relationship between the adhesive effect and force, the calibration of cutting force,
based on cutting speeds at 150 to 250 m/min was adopted to identify the fluctuation of force parameters
which can represent the force trend of the cutters. The specific force coefficients (l_ch and l_fqe) can be
obtained by a linear regression of the data using different milling processes.

Figure 5 shows force fitting in three directions under different cutting speeds, using the same
type of milling cutters to simulate similar milling process. The force parameters are calibrated as the
cutting speed increases, and the results show that a cutting speed of about 200 m/min is the inflection
point of the parameter; which means a change in cutting force and its direction, caused by the cutting
speed. Additionally, it shows that the force direction is not as stable as expected to explain the tool
wear mechanism and the actual force values in the linear calibration.
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Figure 5. Linear parameter calibration. (a) The k, was calibrated at the cutting speed of 150 m/min;
(b) The k, was calibrated at the cutting speed of 200 m/min; (c) The k, was calibrated at the cutting speed
of 250 m/min; (d) The k; was calibrated at the cutting speed of 150 m/min; (e) The k; was calibrated at
the cutting speed of 200 m/min; (f) The k; was calibrated at the cutting speed of 250 m/min; (g) The
k¢ was calibrated at the cutting speed of 150 m/min; (h) The k; was calibrated at the cutting speed of
200 m/min; (i) The k¢ was calibrated at the cutting speed of 250 m/min.
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To verify the difference, Figure 6 illustrates a two-dimensional parameter variation of the
single-factor experiment, using TiAIN coated tools. The results showed that the force parameters of
TiAIN coated tools, under different cutting speed, have a turning point, which indicates that the force
on the cutting edges gradually changes as the cutting speed increases. It can be noted that the cutting
speed at 200 m/min could be an important factor in implying a variation of the milling process.
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Figure 6. The trend of decomposition stress. (a) The parameter K. varies with the cutting speed;
(b) The parameter K¢ varies with the cutting speed; (c) The parameter K, varies with the cutting speed;
(d) The parameter Ky, varies with the cutting speed; (e) The parameter Ki. varies with the cutting speed;
(f) The parameter Kt varies with the cutting speed.
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3.3. Wearing Capacity and Back-Scattered Electron Imaging

The coating condition of the tool surface at three different speeds is detailed in Figure 7. Smaller
adhesive layers of work-piece materials after 20 m of processing distance could be obtained by tools
with a higher cutting speed. In particular, the sticking substances had a significant factor of influence
in the wear process. After a milling distance of about 20 m, it could be seen that the worn areas in
the back-scattered electron imaging appeared to be brighter as the cutting speed increased, which
means that more tool materials were observed in the wear zone. This may be due to serious flank wear
occurring on TiAIN coated tools, which contributed to the adhesive layers.

Figure 7. Back-scattered electron imaging. (a) The coating condition of the tool surface at 150 m/min;

(b) The coating condition of the tool surface at 200 m/min; (c) The coating condition of the tool surface
at 250 m/min.

To verify the influence of sticking substances on flank wear, the wear capacity after 20 m of
processing distance, material adherent rate, and material removal rate are listed in Figure 8. Tool wear
on the flank surface can be clearly seen in Figure 8, and it is noted that the tool wear is obviously
positively correlated with cutting speeds with different slops. Nevertheless, the adhesive rate of the
tool flank wear in the wear zone decreased obviously, compared with that in the non-wear zone.
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Figure 8. Wear and tool surface conditions. (a) Tool wear with cutting speed; (b) material adhesion
rate and removal rate.

4. Discussion

In this paper, the wear process was, respectively, analyzed by experiments with three kinds of
cutting speeds and feed rates, and a single-factor experiment adopted to understand the force rule
with the cutting speed. The results exhibited that the adhesive layer on the tool surface significantly
affected the wear process of C-W/Co tools with a TiAIN coated flank face used for the dry-milling of
the Beryllium-Copper alloy C17200. The relevant mechanisms are discussed below.

The basic morphology of the wear areas and their principal component analysis are exhibited in
Figures 2 and 3. It was shown that the more serious flank wear in dry-milling C17200 was affected by a
thermal-mechanical effect caused by adhesion behavior. In the sliding friction process, the sticking
substances, adhesive layers, and their composition are as listed in Figure 4. It is worth noting that the
cutting force parameters can be used in illustrating the effects of a built-up edge on the flank surface,
which is difficult to characterize due to the complexity of typical milling cutter geometry. Figure 5
shows the floatation values of cutting parameters to identify variation trends of the local forces, and the
results showed that a downward trend was presented in the shearing action (K,) and that a turning
point at 200 m/min was indicated in the shearing action (K;. and K:) and edge action (K, and K).
Additionally, there was a continuous upward trend in edge action (Kt), which indicates that the cutter
bears more severe lateral force in the milling process.

At this point, it is possible to investigate the condition of the tool surface under different cutting
parameters. Fillot et al. [33] reported the relationship between adhesion particles and the wear process
and pointed out that the physicochemical parameter plays an antagonistic role on the wear process.
As in Figures 2 and 6, sticking substances and adhesive effects have become the most important factors
which affect tool life. Figure 2 shows several common forms of flank wear, and the exfoliation of a
sheet or mass is a common form of tool wear. As the actual milling starts, a thermal-mechanical effect
will be generated by the plastic deformation in the first deformation zone, which causes the sticking of
substances and built-up edges. The tool geometry changes dynamically in the milling process, due to
repeated adhesion shedding. Therefore, a bigger milling force is required to deal with the increased
front angle of the cutter generated by the built-up edges. Considering the trend of the decomposed
force and the stressed state of the crystal, four kinds of tool surface morphology clearly reflected the
effect of adhesive behavior on tool wear.

Furthermore, the results of force analysis showed that tools bear a greater force fluctuation at
the cutting speed at 200 m/min. Based on the results given in Figures 5 and 6, the adhesive layer may
greatly affect the tool geometry within the cutting speed range, which causes the variation of force
parameters [34]. The fluctuation of the special force parameters with different milling speeds was
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calculated in this paper to verify the possibility of being caused by an adhesive layer, and the results
showed that the cutting force parameter (K) produced a relatively obvious turning shape at 200 m/min.
Compared with traditional wear processes, there is a different tendency between cutting speed and tool
wear. In the traditional force situation, the force F has bigger effect with an increase in cutting speed.
Asilluminated by Figure 6, it can be deduced that the cutting force and its direction subversively change
as the cutting speed increases. At the same time, tool wear with variable force changes dramatically,
which has a great effect on work-piece precision. Meanwhile, the thermal-softening effect begins to
take place, and the built-up edges become larger when the cutting speed increases, with a higher
cutting temperature. The adhesion leaves the tool surface and causes the adhesion—abrasive wear in
the machining process; thus, it influences the working accuracy and tool life.

To better understand the mechanism of the adhesive effect on tool flank wear, the capacity and
back-scattered electron images are presented in this paper to measure the actual wear amount during
the dry-milling of C17200. In Figure 8, the values were obtained by the averaging of five points to
show the adhesive condition on the tool surface. The results showed that sticking substances on the
tool surface did not increase dramatically with wear. Comparing the adhesions, surface topography,
and force fluctuations, we easily found that fewer sticking substances did not necessarily mean less
adhesive wear. The values calculated by Equation (1) showed that the cutting edges had a great
variation in force, which was most likely caused by adhesion. Furthermore, the results of wear capacity
and back-scattered electron imaging at different cutting speeds also confirmed the effect of sticking
substances on flank wear.

5. Conclusions

An experimental investigation on the relationship between the force parameters and tool
adhesion—abrasion wear is presented in this paper. A series of studies were set up, and the following
conclusions were obtained:

1.  Four kinds of cutter surface morphology were analyzed in this paper to show the possibility of
adhesive layer formation on a flank surface at cutter speeds of 150, 200, and 250 m/min, which
represent three different states in the adhesive process: adhesion, shedding, and residual.

2. The cutting force parameters (based on Altintas [30]) were calculated in this paper, and the results
show that the force parameters produced a relatively obvious turning point at 200 m/min. The
tool geometry and its variation could be the main reason for a significant variation of milling
force and tool wear.

3. Compared with tool surface composition under different cutting speeds, the adhesive layer
content reached a peak value at 200 m/min. Additionally, the thermal-mechanical effect of the
work-piece on a processed surface leads to serious adhesive—abrasion wear on the flank surface.

4. Under other evaluation methods (as mentioned in Figures 7 and 8), the critical speed of 200 m/min
is recommended, as the tool is not violently positive with the cutting speed due to transformation
on the wear pattern.
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Nomenclature

Symbol Quantity Unit

f

Feed per tooth mm/z

F. Cutting force in orthogonal cutting N

T Shear Stress MPa

F; Thrust force in orthogonal cutting N

v Cutting speed m/min

E. Average cutting force in orthogonal cutting N

n Spindle rotate speed r/min

T; Average thrust force in orthogonal cutting N

ap Axial depth of cut mm

Fy Milling force in the X direction N

o} Shear angle deg

Fy Milling force in the Y direction N

T Torsion N

F, Milling force in the Z direction N

Kix Cutting parameter in the X direction

F Total cutting force N

Kix Cutting parameter in the Y direction

h Cut thickness mm

Kax Cutting parameter in the Z direction

b Side milling width mm

B Helical angle deg

z Tooth number

D Cutter diameter mm
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