
ORIGINAL ARTICLE

Prediction model of peripheral milling surface geometry considering
cutting force and vibration

Boling Yan1
& Lida Zhu1

& Changfu Liu1

Received: 28 April 2020 /Accepted: 9 August 2020
# Springer-Verlag London Ltd., part of Springer Nature 2020

Abstract
Milling surface quality is an important factor to assess the performance of a product, which is usually affected by cutting
parameters. This paper presents a novel model of peripheral milling surface topography considering tool vibration. The model
used the idea of discretization by introducing the milling dynamics and ignored the effect of tool wear, tilting, and thermal
deformation. The simulation results were verified and showed good consistence with experimental results. Afterwards, paramet-
ric analysis was conducted to investigate the impact of process parameters and showed that feed per tooth impacts most on the
surface roughness while axial depth of cut has the least impact. The presented method enables researchers to predict the
peripheral milling surface before processing. Moreover, the method helps to build the formula of surface roughness to conduct
the parameter optimization.

Keywords Milling dynamics . Surface topography . Tool vibration . Process parameters .Modal analysis

1 Introduction

In the field of advanced manufacturing, machined sur-
face quality is an important indicator of product perfor-
mance. Milling surface quality suggests the machining
accuracy and has impact on the abrasive resistance, sur-
face finish, thermal conductivity, and parts’ service life
[1]. The milling surface topography indicates the milling
surface quality and is closely related to milling force.
Usually, the increasing of cutting parameters leads to
the growth of the milling force, which will in turn
cause the tool to deform and vibrate, and the milling
geometry varies due to the change of process parame-
ters. However, the process parameters must be con-
trolled within a proper range to avoid chatter.
According to the regenerative chatter theory, if the cut-
ting force exceeds and extends where the stiffness of
milling system is too weak to maintain the stable vibra-
tion, chatter will happen. Chatter can destroy the

machined surface and leave chatter marks [2]. This ar-
ticle aims to build the prediction model of peripheral
milling surface under chatter-free machining condition,
and the model does not include chatter condition.

In recent years, many researchers have established
the surface geometry model of milling process [3–9].
Omar et.al [4] introduced a model to predict surface
topography as well as cutting force including effect of
tool runout, tool deflection, system dynamics, and tool
tilting. Yang and Liu [5] proposed a prediction model
of peripheral milling surface topography considering
plastic deformation. After experiment and sensitivity
analysis, it is found that the effect of cutting speed
can be neglected to the surface topography and deflec-
tion of tool affects most on the surface profile.
Arizmendi et.al [7, 8] presented the model of both pe-
ripheral and face milling surface topography and the
simulated results showed good agreements with experi-
ments. Milling surface roughness is also a research
hotspot, and many studies focused on this topic
[10–15]. Zhang et.al [10] predicted the surface rough-
ness through the Gaussian process regression (GPR)
considering spindle speed, feed rate, and depth of cut.
Frequency spectrum was conducted based on 3D map of
surface roughness, and it was found that tool vibration
is a critical factor affecting the surface quality. Bolar
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et.al [11] systematically measured milling force and sur-
face roughness of thin-walled workpiece, which were
used to conduct variance and regression analysis and
to predict the cutting force and surface roughness. The
influence of cutting parameters as well as tool diameter
was analyzed through response surface methodology.

Above all, cutting force and tool vibration have great
impact on the surface topography and the process pa-
rameters should be discussed to obtain their impact on
the milling surface. Vibration affects and determines the
machined surface, which should be limited within an
ideal range. In their works, Wan et.al [16, 17] used
dynamic vibration absorber to suppress vibration in
milling of plate-like and cylindrical workpiece. Cutting
force coefficients enable researchers to take the relative
hardness of workpieces and tools into account through
prediction model, and the cutting force and vibration
will be determined once the machine tool, mill, work-
piece, and the cutting parameters are settled. The cutter
and workpiece were discrete along axial direction to get
the contour of section. Then, the displacement of the
tool was added to the contour according to milling dy-
namics. After the verification of simulation, the process
parameters were investigated to study their effects on
the machined surface. The presented method could more
accurately predict the machined surface, and the com-
plexity of the corresponding algorithm is relatively low.
Therefore, the algorithm can achieve both accuracy and
efficiency. In addition, the model presented a method to
calculate the surface roughness, which was proved to be

effective to conduct parameter optimization before pro-
cessing begins.

The reminder of this article is organized as follows.
In Section 2, the surface generation model considering
tool vibration is presented. Then, the modal test and
modal analysis are conducted to acquire the processing
ability of the machine tool in Section 3. In Section 4,
the surface simulation results basing on the recognized
modal parameters are proved to be accurate through
milling experiment. Conclusions are discussed and listed
in Section 5.

2 Surface generation model of peripheral
milling

2.1 Surface generation model

In ideal peripheral milling process, machined surface can
be seen as a reflection of relative movement between tool
and workpiece, and the milling chips are removed due to
the hardness difference to the cutter. If the milling force
continues to enlarge, the deformation and vibration should
be taken into account. The formation of reproduced sur-
face is shown in Fig. 1.

As in Fig. 1, the reproduced surface contains two face—
end face and side face—and the side face meets the motion of
rotating and feed movement, which arouse the most
concerning in peripheral milling. According to previous re-
searchers [18, 19], the mixture of feed motion and revolution

Fig. 1 The formation of peripheral milling surface
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creates the secondary cycloidal path of tool teeth. Due to the
spiral form of cutting edge, this kind of movement varies
along the different axial depth.

Therefore, if tool and workpiece are discretized in the
axial direction as well as feed direction and the relative
trajectory of tool and workpiece is obtained, the surface

Fig. 3 Description of vibration signal by STFT analysis, ap = 4 mm, ae = 0.5 mm, f = 100 mm/min, n = 1000 rpm, D = 12 mm, Nt = 2

Fig. 2 The Cartesian coordinate system of the cutting edge trajectory equation
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topography of the machined workpiece can be acquired
under certain parameters. The discretization of tool and
workpiece and the tool coordinate system are established in
Fig. 2.

In Fig. 2, four sets of Cartesian coordinate systems are set
as follows.

1. O0X0Y0Z0, workpiece coordinate T0
2. OsXsYsZs, spindle coordinate Ts, and transformation to T0

is T0 = T0, s(s)Ts
3. OvXvYvZv, vibration coordinate Tv. Corresponding trans-

formation is Ts, v(Δv)
4. OjXjYjZj, rotation coordinate Tj. Transformation term is Tv,

j(Ω)

If the rotation coordinate Tj and all the transforma-
tion above are correctly represented, the relative motion
trajectory of the tool and the workpiece can be deduced
accordingly. The coordinate Tjis the geometry of tool jth
tooth, which can be expressed as spiral in polar form,
as in Eq. (1).

x j
y j
z j
1

2
64

3
75 ¼

Rcosθ
Rsinθ

Rθ=tanβ
1

2
64

3
75 ð1Þ

where R is the radius of tool, θ is the coordinate pa-
rameter, and β is the helix angle of the milling cutter.
Thus, the trajectory of the tool and the workpiece is
obtained as in Eq. (2)

T0 ¼ T0;s sð Þ � Ts;v Δvð Þ � Tv; j Ωð Þ � T j ð2Þ

where T0, s(s) and Ts, v(Δv) represent the relative trace
and the amount of tool vibration respectively. The equa-
tions of T0, s(s) and Ts, v(Δv) are given as follows.

T0;s sð Þ ¼
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0 1 0 y tð Þ
0 0 1 z tð Þ
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3
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Fig. 4 Flow chart of the surface
topography simulation in the
peripheral milling process
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In Eq. (3), x(t)y(t)z(t) is the feed movement in X, Y, and Z
directions, Δx(t)Δy(t) is tool vibration in the corresponding
direction,Ω is the spindle speed, and ϕj is the respective angle
of tooth. The equation of T0, s(s)、 and workpiece coordinate
T0 in peripheral milling can be expressed as follows.

T0;s sð Þ ¼
1 0 0 f t tð Þ
0 1 0 R
0 0 1 0
0 0 0 1

2
664

3
775

i. Down milling

Tv; j Ωð Þ ¼
cos Ωt þ ϕ j

� �
sin Ωt þ ϕ j

� �
0 0

−sin Ωt þ ϕ j

� �
cos Ωt þ ϕ j

� �
0 0

0 0 1 0
0 0 0 1

2
664

3
775; T0

¼
ft tð Þ þ Rcos Ωt þ ϕ j−θ

� �þΔx
R−Rsin Ωt þ ϕ j−θ

� �þΔy
Rθ=tanβ

1

2
664

3
775

ð4Þ

(a) 1st order of mode shape (b) 2nd order of mode shape

(c) 3rd order of mode shape (d) 4th order of mode shape

Fig. 5 Modal simulation via finite element analysis (ANSYS 17.2)

Table 1 Tool parameters
and milling force
coefficients

Name Value

Number of tooth Nt 2

Tool diameter D 12 mm

Tool length L 75 mm

Cutting edge length Lc 30 mm

Kt 1189 MPa

Kr 158.8 MPa
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ii. Up milling

Tv; j Ωð Þ ¼
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2.2 Description of tool vibration

As discussed in Eq. (2), the transformation term Ts, v(Δv)
should be systematically discussed. Under ideal conditions,
milling tool is simplified as a cantilever beam. The vibration
trace of tool can then be considered as trace of tool center
position (TCP). Forced vibration occurs under stable cutting
condition [18], which is closely related to the dynamics of
machine tool [20, 21]. Figure 3 shows the vibration of a
thin-walled workpiece. The vibration is measured by an ac-
celerometer attached to the workpiece.

Fig. 6 The formation of
peripheral milling surface

Table 2 Results of modal
parameter identification Modal orders Natural frequency (Hz) Damping ratio (%) Stiffness (N/m)

Cutter x direction 1st 1013 3.08 1.10e7

Cutter x direction 2nd 1550 3.23 1.74e7

Cutter x direction 3rd 2825 3.54 1.15e7

Cutter y direction 1st 1013 1.83 7.30e6

Cutter y direction 2nd 1700 2.79 9.21e6

Cutter y direction 3rd 2888 1.73 1.67e7
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As in Fig. 3, tool wear can be easily recognized according-
ly. If the tool wear is ignored, the tool vibrates periodically,
and the changing frequency is identical to the tooth passing
frequency (ωT = 2πΩNt/60) [18]. The vibration in one period
can be decomposed into two stages, one is caused by cutting
and the other is a kind of attenuated vibration. The first part
can be described as sine wave, whose time ratio to the whole
cycle equals to τ = 2 arccos[(R − ae)/R]/π. Combined STFT
analysis with vibration knowledge, the frequency of the
damping decay is closely related to the first order natural fre-
quency of the processing system ωn

Under ideal cutting condition without considering tool
wear and structural mode coupling effect, the vibration Δx
or Δy can be expressed as Eq. (5).

Δx Δyð Þ ¼
ΔAsin πt=2tkð Þ; 60k

ΩNt
≤ t < tk

ΔAsin 2πωn t−tkð Þð Þ= 2πωn t−tkð Þ½ �; tk ≤ t <
60 k þ 1ð Þ

ΩNt

8>><
>>:

k ¼ 0; 1; 2⋯

ð5Þ

whereΔA is the amplitude of displacement and has a rela-

tionship with cutting force coefficients. tk ¼ 60 kþτð Þ
ΩNt

, where

τ = 2 arccos[(R − ae)/R]/π. The forced vibration equation of a
two-DOF where x and y are perpendicular to each other is
expressed as Eq. (6).

M sf g″ þ C sf g0 þ K sf g ¼ Ff g
M ¼ mx 0

0 my

� �
K ¼ kx 0

0 ky

� �
C ¼ cx 0

0 cy

� �
; sf g ¼ x tð Þ

y tð Þ
� �

Ff g ¼ Fx tð Þ
Fy tð Þ

� �

ð6Þ

where Fx(t) and Fy(t) are the combination of two stages in
Eq. (4). According to superposition principle of linear system,
the solution of Eq. (6) is the superposition of vibration in stage
one and in stage two. The first term of cutting force is har-
monic, leading to a forced vibration. The second term can be

transformed into Fourier series, and the solution is the sum of
vibration aroused by these series. The numerical solution of
second order differential equation can be deducted through
MATLAB.

2.3 Flow of surface generation simulation under plane
machining

The milling surface generation model can be deducted after
the tool vibration is obtained. Figure 4 demonstrates the sim-
ulation strategy of plane milling surface prediction model:
processing parameters as well as the vibration in time domain
are input firstly to get the trace of tool tip as Eq. (2). Secondly,
the residual height y in time t and layer i is compared with the
initial value Hy(x, z). TheHy(x, z) value changes to y if y ≤
Hy(x, z). After three-order iterations from t (time) to i (layer),
the matrix Hy contains the information of machined surface.

(a) modal test in X direction (b) modal test in Y direction

Fig. 7 Comparison of experimental transfer function curve and fitted curve

Fig. 8 Three-dimensional lobe diagram
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The simulation of vibration is also demonstrated in Fig. 4,
where the cutting force coefficients Kt and Kr should be ob-
tained firstly by cutting force experiment. Combining the cut-
ting force coefficients, modal parameters, and Eq. (5), the
description of tool vibration is deducted.

3 Modal analysis of machine tool

As presented in Section 2.3, the modal parameters should be
obtained to conduct vibration simulation. Therefore, modal
test should be conducted to get the surface topography.
Solid carbide tool UP210-S2-12030 and aluminum 6061T6
workpiece (100 × 50 × 20 mm3) are selected to conduct sim-
ulation and experiment. Since the workpiece is not a kind of

thin-walled workpiece, its vibration is much smaller than the
tool, which is ignored.

Apart frommodal parameter recognition, modal finite anal-
ysis is also important to get knowledge of mode shape as well
as modal test setup.

3.1 Mode shape simulation via finite element

As mentioned above, vibration affects the formation of
surface. However, different vibration frequency may
have different influence on the surface generation ac-
cording to their vibration shape. With the help of finite
element analysis, the mode shape can be acquired. The
results of modal analysis of machine tool holder are
demonstrated in Fig. 5.

Fig. 9 Simulation of vibration and trace
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The spindle is not included in the analysis, so the
natural frequency of each mode does not equal to the
actual value. As shown in Fig. 5, the directional defor-
mation has maximum amplitude at tool tip in all the
modal orders. Therefore, the accelerometer should be
placed at tool tip during modal test to get a more con-
vincing result. In addition, the vibration has different
shapes according to different spindle speed as well as
milling force. When the rotation frequency is close to
the natural frequency, the resonance may happen.

3.2 Modal test and modal parameter identification

The cutting force coefficients have already been acquired
through previous work. Table 1 illustrates the tool parameters
as well as the force coefficients.

The facilities used to conduct the modal test consist of
impact hammer, laser vibrometer, and the data acquisition
card.

Figure 6 illustrates the measurement direction of modal test
and the experimental devices. As shown in the figure, tool tip
is motivated for the relatively low stiffness. Both the hammer
force and the acceleration of mill in X and Y directions is
submitted into the modal analyzer to obtain these two direc-
tion frequency response functions. The recognized modal pa-
rameters are shown in Table 2 and the transfer function curve
is shown in Fig. 7.

As in Fig. 7, higher order of frequency beyond 3000 Hz is
omitted because of its small impact on the dynamics of milling
cutter. Comprehensively consider the real part and image part
of the fitted curve, the recognition of modal parameters is
roughly consistent with the experiment results

(a) Tool tip trace in different tool axial layer

(b) Simulation of surface topography without

considering vibration 

(c) Simulation of surface topography

Fig. 10 Simulation of surface generation model
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4 Results and discussion

4.1 Simulation of tool dynamics and surface
topography

Lobe diagram can be depicted according to cutting force co-
efficients and modal parameters as in Table 1 and Table 2,
which is shown in Fig.8. The cutting thickness is selected
within the range from 0.8 to 1.8 mm, and the spindle speed
is between 1000 and 10,000 rpm [22].

To conduct experiment and time domain simulation, cut-
ting parameters are chosen as follows. Axial depth of cut ap is
4 mm, radial depth of cut ae is 0.5 mm, X direction feed per
tooth ft is 0.3 mm/z, and the spindle speed is 1000 rpm. Up
milling is selected to conduct simulation and experiment.

As in Fig. 9(a), vibration has the identical tendency as
expressed in Section 2.2 and similar to the result of time do-
main simulation. Therefore, time domain simulation can be
used as illustrated in Fig. 4.

According to spindle speed and the number of teeth, the
changing frequency of vibration isωT = 418.67Hz, attenuation
frequency equals to ωn = 1013Hz. Figure 8(b) demonstrates
the formation of ith layer cutter (axial depth i × dz) residual
height as well as the displacement of tool center. The residual
height forms due to the contour line of the discrete cutter, and
synthesizing of these layers leads to the topography of the
peripheral milling surface. The simulation result is displayed
is Fig. 10 (a), (b), and (c).

As described in Fig. 10, if vibration of the tool is not in-
cluded, the surface along axial direction is linear, which is the
same as Fig. 10(b). When vibration is considered, the surface
is wavy along axial direction. The surface roughness is mainly
composed of two directions: one is resulted from the motion
of feed as well as rotation, which is parallel to the feed

direction. The other is formed because of vibration, which is
parallel to the tool axis. If the influence of vibration is ignored,
the surface geometry can only be affected by feed per tooth ft,
which is quite inconsistent with the experimental results.

To test the effect of cutting force, a set of simulation was
conducted under different chip thickness and feed per tooth,
which can be seen in Fig. 11.

Compared with simulation result in Fig. 10, the result of
Fig. 11(a) has more feed marks because of the reduction of
feed rate. However, it is obvious that the residual height in
feed direction and the vibration marks in axial direction are
smaller than that of Fig. 10. As in Fig. 11(b), the amount of
feed marks keeps the same with Fig. 10, while the vibration
marks are much larger than Fig. 10. As we know, milling force
increases with the increase of chip thickness or feed per tooth.
The conclusion can be drawn from the simulation that with the
increase of cutting force and tool vibration amplitude, the
surface roughness tends to increase.

4.2 Experimental verification of presented model

To validate the simulation results, a set of cutting test was
conducted. The experiment environments are shown in Fig.
12 and the cutting parameters are listed in Table 3

The milling surface is measured through laser scanning
confocal microscope LEXTOLS 4100. The comparison of
simulation and experiment under same cutting parameters is
shown in Fig. 13.

Note that the unit in experimental results is μm. As dem-
onstrated in Fig. 13, the topography of peripheral milling and
simulation has something in common. Firstly, the marks left
on the feed direction have the same amount under same scale
when feed per tooth is identical. Secondly, the surface along

(a) Feed per tooth reduce to 0.05mm/z (b) Radial depth of cut increase to 1mm

Fig. 11 Simulation of surface generation model
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tool axis changes periodically. Thus, we can say that the mod-
el presented is effective to simulate the surface topography.

There are subtle differences between simulation and exper-
iment, however, which may be because of tool tilt, scratch, or
burning of workpiece and other reasons. Therefore, surface
roughness was chosen as an indicator to examine the accuracy
of the model. The simulated surface topography is used to
predict surface roughness, whose value is acquired by the
average line roughness of ten sections. The roughness of sim-
ulation and experiment is listed in Table.4.

As shown in Table.4, when feed per tooth is higher than 0.2
mm/z, the surface roughness is close to the value of experi-
ment, and the maximum relative error is smaller than 20%.
When feed per tooth is lower than 0.2 mm/z, the difference
between simulation and experiment is relatively large. This
may be because of the lack of accuracy of the machine tool
or other unknown reasons.

Above all, the presented surface model can be used to pre-
dict the peripheral milling surface geometry as well as surface
roughness.

4.3 Simulation parametric analysis and formula of
surface roughness

Parametric analysis according to surface generation model is
conducted to explore the influence of process parameters on

roughness. Since the simulated surface roughness has been
proved to be accurate enough, the simulation surface rough-
ness data is chosen. The growth tendency of surface roughness
to different process parameters is depicted in Fig. 14.

Note that when the effect of ap is discussed, the other pa-
rameters are fixed as follows: ae = 0.5 mm, ft = 0.3 mm/z. On
the other side, when ae is discussed, the other parameters are
as follows: ap = 1 mm, ft = 0.3 mm/z. As demonstrated in Fig.
14, depth of cut ap has little impact on the surface roughness
comparing with cutting thickness ae within the chosen range.

A more detailed parametric analysis is shown in Fig. 15 to
analyze the difference in the growth trend of various
parameters.

Combing the result in Fig. 14 and Fig. 15(a), the depth of
cut ap has little impact on surface roughness when a single
factor is taken into account. In Fig. 15(a), (b), and (d), little
interaction can be seen. In Fig. 15(c), however, axial depth of
cut affects the slope of curve in a small scale, which can be
inferred that ap and ae are not independent variables.
Moreover, it can be found that the effect of these factors on
surface roughness is nonlinear.

The degree of influence of each parameter on surface
roughness can be observed through Fig. 15 within the specific
range. Among all three parameters considered, axial depth of
cut ap has the least impact on surface roughness followed by
the radial cutting depth ae, and the feed per tooth ft affects
most on the surface roughness.

Since the value of surface roughness had already
been verified in Section 4.2, the empirical equation
can be deducted if interaction of ap and ae is ignored,
as in Eq. (6).

Sa ¼ 6:1505� a0:004p � a0:069e � f 2:084t ð6Þ

where the unit of Sa is μm, ap ae are mm, and ft is mm/z.
The index in the empirical formula confirms the conclusion

(a) cutting experiment (b) machined workpiece

Fig. 12 Cutting experiment and
workpiece

Table 3 Range of cutting parameters

Process parameters Range Increment

Spindle speed Ω 1000 rpm 0

Axial depth of cut ap 1~4 mm 1 mm

Radial depth of cut ae 0.5~2.0 mm 0.5 mm

Feed rate f 200~800 mm/min 200 mm/min
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raised above. Equation (6) can be used in machining parame-
ter optimization when feed per tooth is larger than 0.1 mm/z
and the effects of different cutting process on surface rough-
ness are independent.

5 Conclusion

In this paper, a novel model of surface generation con-
sidering cutting force and vibration is established. The

Fig. 13 Comparison of simulation and experiment results under different feed per tooth
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simulated surface geometry shows good consistence
with that of the experiment, and the results of surface
roughness in simulation are close to the experiment re-
sults. Afterwards, parametric analysis is introduced to
study the influence of process parameters. The conclu-
sions drawn from the present work are as follows.

& The cutting force coefficients in the model represent
the relative hardness of the tool and workpiece and
the modal parameters represent the dynamics of the
machine tool. If the tool and workpiece are deter-
mined, the surface geometry can be predicted under
certain cutting condition.

& The presented model can be used to predict the peripheral
milling surface according to theoretical research and ex-
periments, which can save both time and material.
Furthermore, the surface roughness can be acquired under

current experimental conditions when feed per tooth ft is
over 0.2 mm/z.

& Combining the analysis of geometry and roughness,
the order of impact on the surface generation is ft >
ae > ap, where feed per tooth ft affects both feed
marks and vibration amplitude, and the radial depth
of cut ae has larger impact on vibration than axial
depth of cut ap. Although the axial depth of cut has
the least effect on the machined surface compared
with other parameters, the effect should not be ig-
nored when cutting thickness is relatively large.

& To acquire an ideal machined surface as well as
processing efficiency, the axial depth of cut ap
may be chosen to a relat ively large value.
However, when the cutting stability is considered,
the value of ap should be lower than the stable limit
to avoid chatter and critical condition.

Table 4 Surface roughness of
simulation and experiments Cutting parameters Simulated roughness Experimental roughness Relative error

ap = 4 mm, ae = 0.5 mm, ft = 0.1 mm/z 0.049 μm 0.211 μm 76.78%

ap = 4 mm, ae = 0.5 mm, ft = 0.2 mm/z 0.207 μm 0.248 μm 16.53%

ap = 4 mm, ae = 0.5 mm, ft = 0.3 mm/z 0.486 μm 0.493 μm 1.42%

ap = 4 mm, ae = 0.5 mm, ft = 0.4 mm/z 0.873 μm 0.838 μm 4.18%

ap = 2 mm, ae = 1 mm, ft = 0.1 mm/z 0.050 μm 0.235 μm 78.72%

ap = 2 mm, ae = 1 mm, ft = 0.2 mm/z 0.216 μm 0.263 μm 17.87%

ap = 2 mm, ae = 1 mm, ft = 0.3 mm/z 0.513 μm 0.641 μm 19.97%

ap = 2 mm, ae = 1 mm, ft = 0.4 mm/z 0.927 μm 0.834 μm 11.15%

ap = 1 mm, ae = 2 mm, ft = 0.1 mm/z 0.051 μm 0.314 μm 83.76%

ap = 1 mm, ae = 2 mm, ft = 0.2 mm/z 0.224 μm 0.266 μm 15.79%

ap = 1 mm, ae = 2 mm, ft = 0.3 mm/z 0.535 μm 0.551 μm 2.90%

ap = 1 mm, ae = 2 mm, ft = 0.4 mm/z 0.982 μm 0.880 μm 11.59%

Fig. 14 Growth tendency of
surface roughness to different
process parameters
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