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Abstract The vibrations on the cutting tool have a momen-
tous influence for the surface quality of workpiece with
respect to surface profile and roughness during the precision
end-milling process. Singular spectrum analysis (SSA) is a
new non-parametric technique of time series analysis and
forecasting. The significant features of the cutting tool vi-
bration signals from the sensors are extracted and trans-
formed from the SSA-processed vibration signals. In the
present study, SSA is applied to extract and transform the
raw signals of the vibrations on the cutting tool for investi-
gating the relationship between tool vibration and surface
roughness in the precision end-milling process of hardened
steel SCM440. In this experimental investigation, the spin-
dle speed, feed rate, and cutting depth were chosen as the
numerical factor; the cutting feed direction and holder type
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were regarded as the categorical factor. An experimental
plan consisting of five-factor (three numerical plus two
categorical) D-optimal design based on the response surface
methodology was employed to carry out the experimental
study. A micro-cutting test was conducted to visualize the
effect of vibration of tooltip on the performance of surface
roughness. With the experimental values up to 95% confi-
dence interval, it is fairly well for the experimental results to
present the mathematical models of the tool vibration and
surface roughness. Results show that the effects of feed rate
and cutting depth provide the reinforcement on the overall
vibration to cause the unstable cutting process and exhibit
the result of the worst machined surface. The amplitude of
vibration signals along the cutting feed direction is generally
larger than that along other direction. The spindle speed and
tool holder type affect the stability of cutting tooltip during
the cutting process.

Keywords Vibration - Surface roughness - Precision end
milling - Singular spectrum analysis

1 Introduction

In precision machining operation, the surface finish of high
quality is an important requirement for many manufactured
products. The exact degree of surface finish is a consider-
able important factor affecting the function and the cost of
products in the field of manufacturing industry, especially
for the highly durable molds of complex and precise com-
ponents. The mechanism of surface roughness formation
depends on various uncontrollable factors. The cutting con-
ditions of machining operation, including the cutting speed,
feed rate, depth of cut, tool geometry, and the material
properties of both the tool and workpiece, have been reported
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to be fairly strongly correlated with the surface finish
quality of machined parts [1]. During the machining pro-
cess, the relative vibration condition, occurring among the
instrument, cutting tool, chuck, and workpiece, is an in-
extricable part and it has detrimental effects on the
quality of machined surface [2]. Especially, the relative
vibrations of cutting tool and workpiece cause the poor-
machined surface roughness, poor dimensional accuracy
of the workpiece and abnormal tool wear or tool break-
age, which lowers down the productivity and increases
the cost of production. The appearance of vibrations on
the cutting tools is mainly subjected to the cutting dy-
namics process under various cutting conditions. The dy-
namic phenomena of cutting tool induced by the interaction
of elastic system in the cutting process causes the relative
displacement between tool and workpiece, which generates
the vibration of the cutting tool [3, 4]. Moreover, the major
detrimental effect of vibration for the workpiece further wor-
sens the quality of the machined surface. Surface roughness
has been widely used in the index of the machined surface
quality since a reasonably good surface finish was good for
improving the tribological properties, fatigue strength, corro-
sion resistance, and esthetic appeal of the machined product
[5, 6]. Excessive vibration can also cause the damage on the
cutting tool and interfere with the feed rate, cutting speed, and
cutting depth.

The amplitude and natural frequency of cutting tool
vibrations under the resonance during cutting process are
related to the dynamic cutting force and the chip-thickness
variation acting on the cutting tool. The variation of cutting
tool vibrations in the finish cutting process is observed
through the monitor of surface roughness growth on the
machined surface. In the past efforts, most researches was
reported in the literature focusing on using the virtual vibra-
tion signals to analyze the effects of cutting tool vibrations
on the machined surface, and proposed the predicted vibra-
tions model which are determined by the cutting process
dynamics. Mer and Diniz [7] carried out the experiments for
correlating the variation of the tool vibration, tool wear, tool
life, and surface roughness in the finish turning with the
coated carbide tools. Thomas et al. [6] investigated the
effect of cutting tool vibrations on surface roughness during
the lathe dry turning of mild carbon steel under different
cutting parameters including the cutting speed, feed rate,
cutting depth, tool nose radius, tool overhang, and work-
piece length. Jang et al. [8] proposed a measuring technique
of online real-time roughness, which is a monitoring algo-
rithm dealing with the relative cutting vibrations between
tool and workpiece, so as to study the correlation between
surface roughness and cutting vibration in hard turning
process. Abouelatta and Madl [9] proposed the mathemati-
cal prediction model of surface roughness based on cutting
parameters and tool vibrations in turning operations. Dimla
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[10] described a tool-wear monitoring procedure in a metal-
turning operation using vibration features. The monitoring
procedure revealed that the vibration signals’ features are
related to the wear qualification of cutting tool wear.
Risbood et al. [11] utilized the fitted network for predicting
the surface finish and dimensional deviation by measuring
cutting forces and vibrations in the turning process. Li et al.
[12] made an experimental study of tool wear and cutting
force variation in the end milling of Inconel 718 with coated
carbide inserts. Consequently, the various features of cutting
tool vibration signals have been chosen to estimate surface
quality.

The measuring technology of cutting tool vibrations
relies on three steps: (1) selection of sensors, (2) extraction
and transformation of significant features of the raw vibra-
tion signals from the sensors, and (3) classification of the
collected raw vibration signals so as to identify the quanti-
tative estimation of vibration signals and development of a
decision strategy in controlling the machining process. The
significant features of the cutting tool vibration signals from
the sensors are extracted and transformed from the singular
spectrum analysis (SSA)-processed vibration signals [13].
SSA is a new non-parametric technique of time series anal-
ysis and forecast. Alonsoa and Salgadob [14] developed a
reliable tool condition monitoring system which based on
the analysis of the structure of the tool vibration signals
using SSA and cluster analysis. Kilundu et al. [15] utilized
SSA as signal processing tool for dealing with non-
stationary vibrations recorded in metal cutting process.

In this present work, an attempt had been made to inves-
tigate the relationship between the tool vibration and surface
roughness in the precision end-milling process. A micro-
cutting test is conducted to visualize the effect of cutting
tool vibrations on the performance of surface roughness.
The raw signals of cutting tool vibrations are extracted and
transformed using the technology of SSA. The evaluation of
machinability performances adopts the surface roughness to
identify the quantitative estimation of cutting tool vibrations
under various cutting conditions. This experiment adopted
the harden chromium—molybdenum steel (SCM440) as ex-
perimental specimen. In this experimental investigation, the
spindle speed, feed rate, cutting depth were chosen as the
numerical factor; the cutting feed direction and holder type
were regarded as the categorical factor. A five-factor (three
numerical plus two categorical) D-optimal design based on
the response surface methodology (RSM) is employed to
determine the experimental runs for the operating conditions
of cutting process. Myers and Montgomery [16] and Khuri
and Cornell [17] offered the practical applications of RSM
which is a statistical modeling approach to determine the
relationship between various process parameters and
responses with the various desired criteria, and further to
search the significance of these process parameters on the
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coupled responses. Consequently, the RSM 1is utilized to
describe and identify, with a great accuracy, the influ-
ence of the interactions between different variables on
the response when they are varied simultaneously [18-23].
The D-optimal design concept for non-linear models was
first introduced by Box and Lucas [24], which represents
a specific illustration of two sequential chemical reac-
tions. The D-optimal design is verified to provide the best
possible design for the smallest possible confidence inter-
vals on the estimated model parameters. In this paper, a
mathematical model based on the response surface-based D-
optimal design is proposed for modeling and analyzing the
tool vibration and surface roughness in the precision end-
milling process.

2 Singular spectrum analysis

SSA is an on-parametric technique of time series analysis
and forecast based on principles of multivariate statistics. Its
technique combines the elements of classical time series
analysis, multivariate statistics, multivariate geometry, dy-
namical systems, and signal processing. It decomposes the
original series into the sum of a small number of indepen-
dent and interpretable components such as a slowly varying
trend, oscillatory components, and a structural noise. The
basic SSA algorithm comprises two stages: the decomposition
of a time series and the reconstruction of a desired additive
component.

The decomposition stage requires a embedding and sin-
gular value decomposition (SVD). The process that a matrix
is called the trajectory matrix built from the original time
series is called the embedding. The trajectory matrix con-
sists of vectors obtained by means of a sliding window that
traverses the series. In the embedding step, let X=(x, x,,...,
xy) be the time series of length N to be analyzed, and a given
integer denominated to be window length L with 1<L<N.
The time series X are mapped into the L and lagged vectors
Xi = (xj, %41, ...,x,~+L_1)Tf0r i=1,2,..., K, where K=N—L+
1, with which one constructs the trajectory matrix X=(X,
Xo,..., Xk) of size LxK. The trajectory matrix X is a Hankel
matrix in which cross-diagonals elements x;;, ;=constant
and are equal.

X X X X

X5 X) X3 v Xpyq
X=|.1]=]. ) ) . (1)

Xk XKk XK4+1 XN

Afterwards, the SVD step makes the singular value de-
composition of the trajectory matrix X and provides the
collection of eignevalues and eigenvalues of the matrix S=
XxXT of size LxL. Let A1, Aa..., Aq be the non-zero

eignevalues of S, and U;, U,,..., U, be the corresponding
eigenvectors, in which d=max(i : v/2; > 0). A decomposi-
tion of the trajectory matrix X is obtained into a sum of
matrices

X=T\+T++Ty
= U/ VT + U2 VE + -+ Ui J2gV T

d
= > UV
i=1

where the vector V; = X7 x U;/+/2;. The plot of the eigen-
values in decreasing order is call the singular spectrum
which presents the weight of the norm of each elementary
matrix in the norm of the trajectory matrix.

The reconstruction stage transforms from a LxK matrix
into a time series of length N using the grouping and the
diagonal averaging. The grouping step corresponds to split-
ting the elementary matrices 7; into several groups and
summing the matrices within each group. The grouping step
is a partition of the set of indices 1, 2,..., d into the collec-
tion of m disjoined subsets of I=(/;, I, ..., 1,,). The matrix 7;
corresponds to the group /=([y, b,..., 1,,,). So the trajectory
matrix X can be expanded as

X=T,+T,+..+T (3)

(2)

The diagonal averaging algorithm obtains the recon-

structed time series 7 from the averaging of the corresponding
diagonals of the matrix 77,.

s—1
ﬁ ij,sfz for2 <s<L
Jj=1
~ L
T = %ij,s—j fOI'L+1SSSK+1 (4)
Jj=1
—s+2
va+2 4ZKX_1‘,S__,~ for K4+2<s<N+1
J=5—

3 Experimental design and procedure
3.1 Experimental setup

In this study, the experimental setup for the precision end-
milling experiments is shown in Fig. 1. All the micro-
cutting experiments were conducted without any coolant in
an EMV-600 vertical machining center, which has a maxi-
mum spindle speed of 8000 rpm, machining table size 700 x
450 mm and 16 tools armless type automatic tool change, a
simplified magazine construction. The workpiece material
used in this study is the hardened SCM440 and heat treated
to R; 60 with the following chemical compositions in mass
percent: 0.38~0.43 C, 0.15~0.35 Si, 0.60~0.85 Mn, 0.03 P
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Fig. 1 Schematic diagram of
the experimental setup

Spindle head

z
Workpiece/‘i'

Chuck

max, 0.03 S max, 0.03 Cu max, 0.25 Ni max, 0.90~1.20 Cr,
0.15~0.30 month and bal. Fe. This material has an ultimate
tensile strength of at least 95 MPa and yield strength of at least
75 MPa, commonly used for the high toughness machinery
components such as the rotating shafts, gear, crankshaft, etc.
Before micro-cutting, each experimental specimen was cut as
a rectangular block. The metal cutting process was designed
and machined by using Solidworks CAD/CAM software. The
completion and positioning of cutting process were machined
and controlled by using CNC software.

Type ACP200 AXMT123508 PEER-G tool inserts made
by Sumitomo Electric Inc. were employed in the experiments.
The surface of cutting tool inserts was deposited with physical
vapor of TiAIN and AICrN. Two types of tool holder are
FMDX-1734-S (A type) and FMDX-2142-S (B type), as
shown in Fig. 2. The former holder has two tool inserts, and
the latter has three.

The monitoring system of cutting condition is composed
of data acquisition system. The data acquisition system
consists of three signal measurement sensors (accelerome-
ter) and a singular spectrum analysis (SSA) device. In order
to detect the vibration condition in the turning process, the
vibration signals were measured using three 353B16 ICP
accelerometers that was placed next to the cutting tool and

Fig. 2 Two types of tool
holders: a FMDX-1734-S

(A type) and b FMDX-2142-S
(B type)

@ Springer

Real-time spectrum
analyzer

sensed the vibration in the X-axial, Y-axial, and Z-axial
direction, respectively. The vibration signals along the cut-
ting path direction was found to be highly sensitive to the
performance of roughness on the machined surface. The
sensitivity of the accelerometer was 10 mV/g (£15%), and
its measurement range was 0.7~20 kHz. These sensed vi-
bration signals collected in the time domain were then sent
to the SSA device for the calculation of root mean square
(RMS) value of vibration signal for each experiment. The
RMS value of vibration signal represents the square root of
the average of the squared value of the vibration amplitude.
Therefore, the vibration signals acquired through the accel-
erometer were extracted and transformed by the SSA device
for the analysis of frequency domain. The procedure of SSA
decomposes a given time series into a set of independent
additive time series according to the content in the Section 2.
The main function of singular spectrum analyzer is to repre-
sent the spectrum characteristics of a given time series signal
in the frequency domain. When the cutting operation is in
process, the sensors dynamically collect the raw vibration
signals. These vibration signals obtained in time domain are
transformed to frequency domain by the fast Fourier transform
(FFT). The power spectrum density analysis is performed
according to the output of FFT. The vibration signals called

b
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spectrum in the frequency domain were analyzed for
different cutting processes. In the experimental setup,
the singular spectrum analyzer is a real-time spectrum
analyzer (four channel real time analyzer, G-Tech Instrument
Inc.) which displays the singular amplitude of frequency
domain immediately. The measured signal bandwidth was
set as 1 kHz.

3.2 Experimental design

In the real end-milling process, the cutting length, and
size of experimental specimen were kept the same so
that no further vibrations are induced by the deflection
of workpiece. The cutting length and size of experimen-
tal specimen were fixed at 80 mm (millimeter) and
100x100%32 mm’ in the experimental design, respec-
tively. In order to visualize the effect of cutting tool
vibrations on the surface roughness, a micro-cutting test
is conducted as follows. The spindle speed (N) was
varied from 3,000 to 5,000 rpm; the feed rate (f) were
changed between 100 and 300 mm/rev, and the cutting
depth (ap) were set from 0.1 to 0.3 mm. The cutting feed
path adopted X-axial and Y-axial direction to compare and
identify the vibration effect induced by spindle header. Table 1
shows the setting of experimental parameters and instrument
under cutting the hardened SCM440 steel in the precision end-
milling process.

In the present study, the frequency and amplitude of
vibration signals were considered as the criterion and
would affect the machinability evaluation in the

Table 1 Experimental parameters and instrument

Working conditions Unit Description

Miller EMV-600 CNC

Workpiece SCM-440 S6

Holder type A type F MDX-1734-S

B type FMDX-2142-S

Insert type ACP 200 AXMT
123508 PEER-G

Cutting length mm 100

Spindle speed () rpm 3,000-5,000

Feed rate (f) mm/rev 100-300

Cutting depth (avp) mm 0.1-0.3

Cutting feed direction X-axial and Y-axial
direction

Cooling Liquid Dry

Accelerometers 353B16 ICP

Data acquisition Real-time spectrum
analyzer

A-type holder has two inserts, and B type has three inserts

precision end-milling process. The value of surface roughness
here was adopted as the machinability evaluation of hardened
SCM440 steel machined in the precision turning process. The
measurements of the surface roughness for the machined
surface were performed by using a Mitutoyo SurfTest-402
with a cut-off length of 80 mm (millimeter) and sampling
length of 60 mm (millimeter). The maximum surface rough-
ness (Rmax) Was used to evaluate the surface roughness of the
machined surface. The frequency and amplitude in the power
spectrum density plots of the vibration signals were recorded
to identify the quantitative estimation of cutting tool vibrations
under various cutting conditions. In the precision turning
process, the lower both amplitude of vibration signals and
surface roughness (R.x) are, the better the indication of the
response characteristics. Those desired responses are regarded
as the smaller-the-better characteristics and influence each
other relatively.

According to the previous analysis in the real cutting
process, the spindle speed (N), the feed rate (f), and the axial
depth of cut (ap), were actually chosen as the three numer-
ical factors for investigation. The cutting feed direction was
adopted along the X-axial and Y-axial directions. The status
of tool holder type sets up two categories including the A
type and B type during the cutting process. It displays that
the number of tool inserts would affect the continuity of
cutting force. The status of cutting feed direction and tool
holder type were regard as the categorical factor. Table 2
shows the controllable parameters and their levels in the
coded and actual values.

The experimental matrix adopted in this study in the
coded form is shown in Table 3. The coded values .X; ;-
123 of the numerical factors used in Tables 2 and 3 were
obtained from the following transformable equations:

N — N,
Y=o ®)
T (©)
ap — apo
X3 = “Aap (7)

where X, X; and X; are the coded values of parameters NV, f,
and ap, respectively. Ny, fo, and apy are the values of N, f;
and ap at zero level. AN, Af, and Aap are the intervals of
variation in N, f, and ap respectively. The coded value Xj
represents the status of cutting feed direction including the
X-axial direction (Xy=1) and Y-axial direction (X3=2), re-
spectively. The coded value X5 represents the status of tool
holder type including the A type (Xs=1) and B type (X5=2),
respectively.
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Table 2 Design schema of machining parameters and their levels

Machining parameters Unit Code Levels
1 2 3 4 5
Numerical -2 -1 0 +1 +2
Categorical 1 2

Spindle speed () rpm X, 3,000 3,500 4,000 4,500 5,000
Feed rate (f) mm/rev X 100 150 200 250 300
Cutting depth (ap) mm X3 0.10 0.15 0.20 0.25 0.30
Cutting feed direction X, X-axial Y-axial
Holder type Xs A B
Table 3 Design layout and experimental results
Run Coded factors Actual factors Responses

Spindle Feed Cutting cutting Tool Spindle Feed Cutting Cutting Tool  Roughness Vibration amplitude

speed rate depth feed holder  speed rate depth feed holder

direction type direction type
X, X X Xy X5 N f ap Rinax X-axial Y-axial Z-axial
(Y1 pm,) (Y2, (Y3, (Ya,
mGs) mGs) mGs)

1 0 -2 -2 2 1 4000 100 0.1 Y A 0.28 922 109.1 176.4
2 +2 -2 -2 1 1 5000 100 0.1 X A 0.14 45.6 58.5 84.2
3 +2 -2 +2 2 1 5000 100 0.3 Y A 0.45 148.6 172.7 268.5
4 -2 -2 0 2 1 3000 100 0.2 Y A 0.22 71.6 87.9 139.7
5 0 -2 -2 2 1 4000 100 0.1 Y A 0.35 116.2 137.1 212.2
6 -2 +2 +2 2 1 3000 300 0.3 Y A 0.49 159.6 189.2 291.2
7 +1 +1 +1 1 2 4500 250 025 X B 0.34 110.7 143.8 208.1
8 +2 +2 -2 2 1 5000 300 0.1 Y A 0.3 97.7 125.8 178.3
9 +2 +2 +2 1 1 5000 300 03 X A 0.26 86.7 107.9 156.5
10 +2 -2 -2 2 2 5000 100 0.1 Y B 0.26 84.2 101.4 148.5
11 -2 -2 2 1 3000 200 0.1 Y A 0.44 144.3 171.9 264.5
12 -2 -2 2 1 3000 200 0.1 Y A 0.44 1439 169.9 261.5
13 +2 -2 -2 2 2 5000 100 0.1 Y B 0.26 84.7 102.6 156.5
14 -2 -2 +2 2 2 3000 100 0.3 Y B 0.38 123.8 146.7 2279
15 +1 -1 -1 1 2 4500 150 0.15 X B 0.28 91.2 112.6 168.4
16 -2 +2 -2 2 2 3000 300 0.1 Y B 0.4 130.3 157.4 238.7
17 +2 -2 +2 1 2 5000 100 03 X B 0.31 101 121.2 186.2
18 -2 -2 0 2 1 3000 100 0.2 Y A 0.22 72.6 86.9 132.7
19 -2 -2 -2 1 2 3000 100 0.1 X B 0.27 87.9 116.7 161.5
20 0 0 0 1 1 4000 200 02 X A 0.21 68.4 85.6 125.8
21 -2 +2 +2 1 2 3000 300 03 X B 0.54 176.9 213.6 321.5
22 +2 +2 +2 1 2 5000 300 0.3 Y B 0.35 115.7 137.1 209.7
23 -1 +1 -1 1 2 3500 250 015 X B 0.31 102.3 121.2 185.2
24 -2 -2 +2 1 1 3000 100 03 X A 0.29 112.7 97.5 173.4
25 +2 +2 +2 2 2 5000 300 0.3 Y B 0.35 116.3 137.2 208.2
26 -2 +2 -2 1 1 3000 300 0.1 X A 0.26 84.7 103.9 152.5
27 +2 +2 -2 1 2 5000 300 0.1 X B 0.17 65.3 67.1 101.5
28 +1 +1 +1 2 1 4500 250 025 Y A 0.35 115.3 136.1 208.7
29 -1 0 0 2 2 3500 200 0.2 Y B 0.29 94.5 112.4 172.4
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3.3 D-optimal design of the response surface methodology

A response surface-based D-optimal design was used to
determine the experimental runs for the operating conditions
of cutting process. The procedures of D-optimal design
consist of the defining level, selection of the fitting model
and the chosen design points. The design points chosen
from the set of candidate points depend on the selected
model. As presented in Table 2, three numerical factors are
varied over five levels, while two categorical factors are at
two categories. In this study, the quantitative form of rela-
tionship between the desired response and independent in-
put variables can be represented in the following:

Y:.f(X17X27X37X47X5) (8)

where Y is the desired response and f'is the response func-
tion (or response surface). In this particular case, the ap-
proximation of Y was proposed by using the fitted second
order polynomial regression model which is called the qua-
dratic model. The quadratic model was exactly suitable for
studying carefully the interactive effects of combinative
factors on the performance evaluations. The quadratic model
of Y can be written as follows:

5 5 5
Y=ap+ Y aXi+ > aiX] + apXiX; )
i=1 i=1

i<j

where ay is constant, a;, a;;, and a;; represent the coefficients of
linear, quadratic, and cross-product terms, respectively. This
model using the quadratic model of fin this study not only
aims to investigate the response over the entire factor space,
but also to locate the region of desired target where the
response approaches to its optimum or near optimal value.
In general, the quadratic model of desired response (Y) can be
expressed in the matrix form as follows:

Y =Xoa+e¢ (10)

where X is a matrix of model terms evaluated at the data
points, € is an error vector. The unbiased estimator & of the
regression coefficient vector c is estimated by using the least-
squares error method as follows.

a=(X"x)"'xTy (11)

where X" is the transpose of the matrix X.

The algorithm of D-optimal design for choosing design
points is to select the set of design points by the selected
quadratic model, which results in 19 minimum model
points, and 5 points of them are used to estimate the lack-
of-fit and replicates as well. The 29 experimental runs based
on D-optimal design were performed to provide the suitable
framework for this cutting experimentation, as shown in
Table 3. It also displays the run numbers and the observed

responses. Each cutting experiment was carried out two
times at different time under the same conditions to ensure
that the experimental data were repeatable.

4 Results and discussion
4.1 Identification of cutting tool vibration

For identifying the elastic deformations of the MFTW (ma-
chine-fixture-tool-work) system and their influence under the
no cutting condition, the power spectrum density plots and the
vibration amplitudes in the X-axial, Y-axial, and Z-axial direc-
tion of the cutting tool were collected. These sensed vibration
signals collected in the time and frequency domain were
regarded as the basic reference to compare the quantitative
estimation of cutting tool vibrations under various cutting
conditions. This process is to identify the dynamic parameters
of the MFTW system such as system damping and stiffness in
standstill under various cutting conditions. It is essential for
time domain signal analysis to understand the overall vibra-
tion level generated in cutting process. The vibration raw
signals of the X-axial, Y-axial, and Z-axial direction on the
cutting tool were recorded within 150 ms. Figure 3 reveals the
vibration amplitudes in the X-axial, Y-axial, and Z-axial direc-
tion of the cutting tool under the standstill and idle running
conditions. The idle running condition sets up the status of
spindle speed to be 5,000 rpm. It shows that the trend of
vibration signals amplitude under the standstill condition is
similar to under the idle running condition. From the visual-
ized time domain vibration data, the average values of vibra-
tion signals amplitude are 2.917, 4.006, and 4.117 mGs in the
X-axial, Y-axial, and Z-axial direction, respectively. The power
spectrum density plots of other vibration signals in the fre-
quency domain under the standstill and idle running condi-
tions are shown in Fig. 4. It is observed that the characteristics
of'the peaks appear at the frequency within 0~4 kHz and these
peaks are regarded as the excited natural frequency induced by
the structure of machine. It also shows that the trend of these
peaks under the standstill condition is similar to under idle
running condition. Consequently, these results were to identi-
fy the dynamic parameters of MFTW system such as system
damping and stiffness under the standstill and idle running
conditions.

When the material of workpiece was cut, large amplitude
vibrations induced by cutting force were generated on the
cutting tool, especially in the cutting feed direction. Figure 5
reveals the vibration amplitudes in the X-axial, Y-axial, and
Z-axial direction of the cutting tool under the dry cutting
conditions. The dry cutting condition employs the cutting
parameter setup of spindle speed of 3,000 rpm, feed rate of
100 mm/rev, cutting depth of 0.10 mm, and X-axial cutting
feed direction. In real end-milling process, the material of
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Fig. 3 The vibration amplitude |;7_ Standstl I — Ide mnnngl
of a X-axial, b Y-axial, and ¢

Z-axial direction on the cutting
tool under the standstill and
idle running conditions
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workpiece is fed into a rotating multi-point cutting tool.  cutting forces during the contact of the cutting edge will
Under non-steady-state and cyclic conditions, the varying  result in the variation of chip thickness. Under these
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Fig. 4 The power spectrum of a 7 —Stndell I — Ide running
the cutting tool under the
standstill and idle running : ; :
Y-axial, and ¢ Z-axial direction,
respectively
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conditions, the varying cutting forces can easily excite the  that the change of the vibration amplitudes is obviously
natural frequency of the MFTW system and is harmful to the =~ performed in the cutting process. However, comparing the
tool life and surface finish generated. From Fig. 5, it reveals ~ amplitudes shown in Fig. 5, it can be found that the
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dominant spectrum peaks of vibration signals amplitude in
the Z-axial direction of the cutting tool are larger than those
in the X-axial and Y-axial directions. The vibration induced
by the non-steady-state cyclic conditions of the varying
cutting forces can be significant validation in the Z-axial
direction of the cutting tool. It can be observed that the
average values of vibration signals amplitude are about
110.0, 93.9, and 171.9 mGs in the X-axial, Y-axial, and Z-
axial direction, respectively. In the precision end-milling
process, the vibration stability of cutting tool affects the
quality of the machined surface. The status of vibration
signals amplitude corresponds to the amount of unstable
conditions acting on the tip of cutting tool. These amplitudes
present the status of the relative movement between the
cutting tool and workpiece, and are regarded as dominant
factors affecting the surface roughness.

The power spectrum density plots of these vibration signals
along the X-axial, Y-axial, and Z-axial direction in the frequen-
cy domain are shown in Fig. 6. It is observed that the dominant
spectrum peaks appear at the frequency within 2~4 kHz in the
X-axial and Y-axial direction of the cutting tool during the real
end-milling process. The frequencies of the characteristic
peaks at the high-frequency band (above 5 kHz) are found to
be not very sensitive to the cutting conditions. But, the dom-
inant spectrum peaks along the Z-axial direction of the cutting
tool appeared at the low frequency band of 0.5~1.5 kHz. It
was caused by the interaction between the tooltip and the
elastic recovery induced by the feed force of cutting tool.

4.2 The analysis of the proposed quadratic mathematical
model

The 29 experimental runs were conducted in duplicate, and
the average values of surface roughness (Y7, micrometers),
X-axial vibration amplitude (Y;, milligauss), Y-axial vibration
amplitude (Y3, milligauss), and Z-axial vibration amplitude

Fig. 5 The vibration amplitude
of X-axial, Y-axial, and Z-axial

(Y4, milligauss) along with the design matrix are listed in
Table 3.

In order to ensure the goodness of fit of the mathematical
quadratic model obtained in this study, the test for significance
of the regression model, the test for significance on individual
model coefficients and the test for lack-of-fit need to be
performed [16, 17] as shown in Table 4. These tests are
performed as analysis of variance (ANOVA) procedure by
calculating the “F value”, the “Prob.>F”, the determination
coefficients (R?), adjusted R-squared (R*-adjusted), and the
adequate precision (AP). The values of “F value” and the
“Prob.>F” imply a statistical significance on the regression
model and the particular linear, quadratic, or interaction terms.
Usually as the desired confidence level is set to 95%, the value
of “Prob.>F” smaller than 0.05 signifies that the regression
model is considered to be statistically significant, which is
desirable as it demonstrates that the terms in the model have a
significant effect on the responses. The determination coeffi-
cient R? is defined as the ratio of the explained variation to the
total variation and is a measure of the degree of fit. When the
value R* approaches to unity, the better the response model fits
the actual data, the less the difference between the predicted
and actual values exists. The adjusted R-squared (R*-adjusted)
presents a measure of the amount of variation around the mean
explained by the model, adjusted for the number of terms in
the model. The adjusted R-squared (R*-adjusted) decreases as
the number of terms in the model increases if those additional
terms do not add value to the model. Furthermore, the value of
AP in this model, which compares the range of the predicted
value at the design point to the average prediction error, is well
above 4. The value of the ratio is greater than 4, which
presents the adequate model discrimination. These models
obtain higher values of the R, R*-adjusted, and AP at the
same time.

From the results of Table 4, the obtained quadratic
mathematical models for the responses Y; (surface roughness,
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Fig. 6 The power spectrum of
X-axial, Y-axial, and Z-axial

W —Haid R—Y-aoal R —Zaual

direction on the cutting tool
under the dry cutting conditions
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micrometers), Y,(X-axial vibration amplitude, milligauss),
Y3 (Y-axial vibration amplitude, milligauss), and Y, (Z-
axial vibration amplitude, milligauss) can be regarded as
significant effect for fitting and predicting the experimental
results and meantime the test of lack-of-fit also displays to be
insignificant.

Table 5 shows that the values of “F value”” and “Prob.>F”
for each term on the performances of the obtained quadratic
mathematical models. The terms can be regarded as signifi-
cant terms due to their “Prob.>F" values are less than 0.05.
The backward elimination process eliminates the insignificant
terms to adjust the fitted quadratic models. These insignificant
model terms can be removed and the test of lack-of-fit also
displays to be insignificant. Through the backward elimina-
tion process, the final quadratic models of response equation
in terms of coded factors are presented as follows:

Y, = 0.2801 — 0.0385X; + 0.0215X; + 0.0591X;
—0.0365X; -+ 0.0138X5 — 0.0892.X52 + 0.1339.X32
—0.0344X,.X; — 0.0335X,.X

(12)

Table 4 Results of the ANOVA for the fitted models

L13 3 6k 7k 8k 9k 10k
Linear [Hz]

Y, =103.6052 — 13.0439.X; 4 8.2089.X; + 3.1444.X;3
+6.7644X, + 0.0138X5 — 29.2985X,% 4 42.5610X3>

—12.2615X,X, — 6.4822X1 X5 — 13.6264X,Xs
(13)

Y3 = 112.9526 — 112.9526X, + 13.6081.X; 4 20.8377X;3
+14.1051.X; + 6.2551X5 — 33.2635X,% + 48.7115X37

—12.6395X1.X; — 7.18057X1.X5 — 14.2708X4.X
(14)

Y, = 180.8447 — 25.6075X; + 10.7889.X; + 33.3734.X;
+21.2924X, + 4.5278Xs — 58.2459X,% + 72.3312.X;32

—18.8073X1.X; + 5.4720X, X,
(15)

Final quadratic models Surface roughness, R;.x

X-axial vibration amplitude

Y-axial vibration amplitude = Z-axial vibration amplitude

) (12) (¥3) (Ys)

F value 14.37 10.64 10.18 14.09
Prob.>F <0.0001 0.0003 0.003 <0.0001
R 0.928 0.950 0.948 0.962
R*-adjusted 0.895 0.861 0.855 0.893
Adequate precision 16.048 15.640 13.767 15.956

(AP)
Lack-of-fit Not significant Not significant Not significant Not significant
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Table 5 Results of the ANOVA

Symbol Surface roughness, R.«(Y;) X-axial vibration amplitude (¥,)  Y-axial vibration amplitude (¥3)  Z-axial vibration amplitude (Y)
F value Prob.>F F value Prob.>F F value Prob.>F F value Prob.>F

X\(N) 32.974 0.0002* 25.043 0.0005* 20.447 0.0011% 33.040 0.0002*
X 9.147 0.0128* 8.976 0.0134? 9.422 0.0118* 8.219 0.0168*
Xz(ap) 72.283 <0.0001° 54.190 <0.0001? 43.239 <0.0001* 72.373 <0.0001?
X4 36.582 0.0001* 0.683 0.4278 23.447 0.0007* 36.042 0.0001?*
Xs 5.379 0.0428* 8.128 0.0172?% 5.283 0.0444? 5.214 0.0455*
X2 0.037 0.8495 0.265 0.6177 0.221 0.6478 0.002 0.9645
X2 18.985 0.0014* 11.801 0.0064* 11.438 0.0070* 17.018 0.0021*
X2 34.1 0.0002* 18.435 0.0016* 18.996 0.0014* 33.295 0.0002*
XX 19.855 0.0012* 16.259 0.0024* 13.615 0.0042* 17.995 0.0017*
XX 0.0350 0.8552 0.710 0.4189 0.365 0.5587 0.102 0.7556
XXy 4.071 0.0713 3.974 0.0742 2.485 0.1460 3.138 0.1069
XX 4.27 0.0657 6.582 0.0281% 6.089 0.0332% 4.182 0.0681
XX 0316 0.5861 2.5324 0.1426 1.236 0.2922 0.394 0.5442
XXy 0.226 0.6441 1.120 0.3146 0.269 0.6151 0.262 0.6193
XX 0.809 0.3896 0.088 0.7726 0.026 0.8751 1.094 0.3201
X3X, 1.87 0.2019 2.194 0.1693 1.450 0.2562 2.167 0.1717
X3X; 1.76E-05 0.9967 0.505 0.4934 0.258 0.6219 0.013 0.9102
X4 X5 31.8 0.0002* 32.7864 0.0002? 28.078 0.0003* 33414 0.0002*

*Indicates the significant term

Figure 7a—d display the normal probability plot of the
residuals for each response, Y;, Y5, Y3, and Y4. Notice that
the residuals generally fall on a straight line, which implies
that the errors are normally distributed. Furthermore, it
adequately supports the least-squares fit. The results of
comparison prove that the predicted values of Y;, Y5, Y3,
and Y, are close to those readings recorded in the experi-
ment with a 95% confidence interval.

4.3 The effect of machining parameters on the vibration
amplitudes

In the end-milling process, the machining parameters adopt-
ing the spindle speed (N), the feed rate (f), and the depth of
cut (ap) were chosen as the three numerical factors so as to
investigate the influences on the vibration amplitude. The
influences of machining parameters on the performance of
the vibration amplitude have been analyzed, which is based
on the above-proposed mathematical model in Section 4.2.

Figure 8 shows the response surface and contour plot for
the X-axial, Y-axial, and Z-axial vibration amplitudes in
relation to the spindle speed (V) and feed rate (f) with the
cutting depth (ap) maintained at the middle levels under the
X-axial cutting feed direction and A-type tool holder. From
Fig. 8, it can be seen that the tendency of the X-axial, Y-
axial, and Z-axial vibration amplitudes slightly decreases
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with an increase of spindle speed. This event shows that
the dynamic stiffness of MFTW system keeps constant
during the end-milling process. Increasing the spindle speed
promotes the rotation stability of spindle head, which results
in suppressing the vibration amplitude. As seen above, the
X-axial, Y-axial, and Z-axial vibration amplitudes obviously
increase with increasing the feed rate. In the micro-cutting
process, the vibration stability of cutting tool affects the
quality of the machined surface. The status of feed rate
corresponds to the amount of resistance force acting on the
edge of cutting tool. This resistance force for the workpiece
is regarded as the cutting force. The increase in the feed rate
causes the increase of the resistance force in the cutting feed
direction. Further increase in the feed rate causes the excited
vibration appearance to appear more discontinuous chip.

In the cutting process, the resistance force acting on the
cutting tool is mainly generated by the status of feed rate and
depth of cut. The increase of cutting depth causes the in-
crease in the resistance force at the tooltip, which excites
more vibration appearance. The effects of feed rate (f) and
depth of cut (ap) on the X-axial, Y-axial, and Z-axial vibra-
tion amplitudes with keeping the spindle speed () at the
middle levels under X-axial cutting feed direction and A-
type tool holder are presented in Fig. 9. From Fig. 9, it can
be obviously seen that the X-axial, Y-axial, and Z-axial
vibration amplitudes increase with increasing the value of
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cutting depth. In general, the increase of cutting depth
improves the resistance force, especially in the cutting feed
direction.

According to the visualized time domain vibration data
obtained from the experiments for various cutting condi-
tions in Table 3, it is found that the average overall values of
Y-axial and Z-axial vibration amplitudes have been enlarged
by 4.71% and 69.28%, respectively, as compared with those
of the X-axial vibration amplitude. As the results of analysis
discussed above, the all vibration amplitudes are principally
influenced by both the feed rate and cutting depth.

4.4 The effects of cutting feed direction and tool holder type

The status of cutting feed direction and tool holder type
were regarded as the categorical factors in this study. The
cutting feed direction represents the moving direction of
spindle to provide the cutting action. During the end-
milling process, the cutting tool edge removes material and

meantime moves along the feed direction. As a result,
the resistance force acting on the cutting tool derives
from removing material and moving along feed direc-
tion. Therefore, the excited vibration amplitudes along
the cutting feed direction are larger than those along
other direction. Figure 10a and b reveal the vibration
amplitudes in the X-axial, Y-axial, and Z-axial direction
of the cutting tool under the X-axial and Y-axial cutting
feed directions, respectively. It shows that the amplitude
of vibration signals along the cutting feed direction is
generally larger than that along other direction. But,
from Fig. 10a, b, it can be seen that the tendency of
the Z-axial vibration amplitudes are not obviously influ-
enced by the cutting feed direction. This event is to
identify the dynamic stiffness of spindle system along
the Z-axial direction. As the cutting feed direction is
along the X-axle, the average overall values of X-axial
vibration amplitudes have increased by 5.08%, as com-
pared with those of the Y-axial vibration amplitude according
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Fig. 8 The response surface and contour plot for the a X-axial, b Y-
axial, and ¢ Z-axial vibration amplitudes between the effect of spindle
speed (V) and feed rate (f) with the cutting depth («p) maintained at the
middle levels under the X-axial cutting feed direction and A-type tool
holder

to the experimental data in Table 3. Simultaneously, the aver-
age overall values of X-axial vibration amplitudes under the }-
axial cutting feed direction have increased by 4.21%, as
compared with those of the Y-axial vibration amplitude. The
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Fig. 9 The response surface and contour plot for the a X-axial, b Y-
axial, and ¢ Z-axial vibration amplitudes between the effect of feed rate
(f) and cutting depth (ap) with the spindle speed (V) maintained at the
middle levels under the X-axial cutting feed direction and A-type tool
holder

effect of cutting feed direction on the X-axial and Y-axial
vibration amplitudes is identical in the whole variation

capacity.
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Fig. 10 The vibration a
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In the end-milling process, the cutting edge of tool insert
runs through the length of the cutting portion as well as on
the face radially up to a certain cutting depth. The amount of
tool inserts for the tool holder is to provide the status of
cutting point on the workpiece. The quantity of cutting point
determines the non-steady-state cyclic conditions of the
cutting process. Here, A type and B type of tool holder
adopted in the experiment have two and three tool inserts,
and present two and three cutting points in a period, respec-
tively. Figure 11a, b reveal the vibration amplitudes in the X-
axial, Y-axial, and Z-axial direction of the cutting tool using
the A type and B type of tool holder, respectively. It is

0m 40m  50m 60m  70m 80m  90m 100m 110m 120m 130m 140m  150m

Linear [Sec]

observed that the amplitude of vibration signals using the
B type is generally smaller than that using the A type. The
multi-point cutting process can be similar to the continuous
cutting process, which represents a steady cyclic condition
of cutting process. This event provides the more stability of
overall vibration on the cutting tool, which leads to the
results of the best machined surface and the continuous chip.
According to the data in Table 3, it is found that the average
overall values of X-axial, Y-axial, and Z-axial vibration
amplitudes using B type tool holder have decreased by
12.2%, 14.71%, and 16.28%, respectively, as compared with
those using A type tool hold.
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Fig. 11 The vibration
amplitudes of the cutting tool
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4.5 The machinability evaluation of surface roughness

More stability of cutting tool leads to the results of the best-
machined surface and the continuous chip. Figure 12a—c dis-
plays the relation between the surface roughness and the
vibration amplitude in the status of various spindle speed,
feed rate, and cutting depth, respectively. The effect of spindle
speed on the value of surface roughness is presented in
Fig. 12a, which shows that the change of surface roughness
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is identical to the results of vibration amplitude in the Fig. 8. It
displays that the surface roughness tends to decrease with the
increase in the spindle speed. From Fig. 12b, it displays the
relation between the surface roughness and the vibration am-
plitude in the status of various feed rate, which can prove that
the effect of feed rate improves all the values of the surface
roughness and the vibration amplitude. The effect of feed rate
promotes the unstability of the overall vibration to cause the
unstability of cutting process, and exhibits the result of the
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Fig. 12 The relation between
the surface roughness and the
vibration amplitude in the status
of various parameters: a
spindle speed, b feed rate, and
¢ cutting depth
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worst machined surface. Figure 12c¢ displays the relation
between the surface roughness and the vibration amplitude
in the status of various cutting depth, and the cutting depth has
obviously affected the surface roughness and the vibration
amplitude. Consequently, the overall vibration in the tip of
cutting tool is unfavorable to the roughness of the machined
surface. Therefore, the best surface roughness is achieved at
the highest spindle speed and lowest both feed rate and cutting
depth as expected. These results had been attributed to the
increase in spindle speed and decrease in both feed rate and
cutting depth, which leads to the decrease in the cutting force
and promotes the equivalent stiffness and damping coefficient
of cutting tool tip, hence the machined surface has lower value
of surface roughness.

Figure 13a, b displays the relation between the surface
roughness and the vibration amplitude in the status of

cutting feed direction and tool holder type, respectively.
From the results of Section 4.4, the amplitude of vibration
signals along the cutting feed direction is generally larger
than that along other direction and hence the machined
surface exhibits a worse quality in the cutting feed direction.
But, the tendency of the Z-axial vibration amplitudes is not
obviously by the cutting feed direction. The Z-axial vibration
amplitudes play a dominant factor affecting the surface rough-
ness. The effect of cutting feed direction on the overall vibra-
tion of cutting tooltip is not obvious, and hence, the variation of
surface roughness identifies along any cutting feed direction.
From Fig. 13D, it is observed that the machined surface using
B-type tool holder presents a good quality. The overall vibra-
tion using B-type tool holder is more stable than that
using A-type tool holder during the cutting process. The
surface roughness of the machined surface using B-type

Fig. 13 The relation between a
the surface roughness and 1 - — 240
the vibration amplitude in the 0.26 1| —m— Surface roughness (Y,) Ql'ttmg conditions:
status of a cutting feed direction ] X-Axial vibration (Y Spindle speed=4000 rpm
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tool holder displays the reduction of 8.16%, compared to
that using A-type tool holder in the same cutting conditions.

5 Conclusions

This research adopts the technology of SSA to extract
and transform the raw signals of cutting tool vibrations
for investigating the relationship between vibration and
surface roughness in the precision end-milling process
of hardened SCM440 steel. An experimental plan of a
five-factor (three numerical plus two categorical) D-
optimal design based on the RSM was employed to
carry out the experimental study. According to the developed
mathematical model, the machinability evaluation in the pre-
cision end-milling process has been analyzed and draws the
following conclusions:

(1) The status of the vibration amplitudes between the cut-
ting tooltip and workpiece is verified that the dominant
factors will affect the surface roughness.

The results of ANOVA confirm that the mathematical
models of surface roughness and vibration amplitude
obtained in this study are fairly well fitted with the
experimental values with a 95% confidence interval.
The effects of feed rate and cutting depth provide the
reinforcement on the overall vibration to cause the
unstability of cutting process and exhibit the result of
the worst machined surface.

Increasing the spindle speed promotes the rotation
stability of spindle head, which results in suppressing
the vibration amplitude. The amplitude of vibration
signals along the cutting feed direction is generally
larger than that along other direction.

The cutting process using B-type tool holder (three
inserts) is to benefit the stability of cutting tool, com-
pared to that using A-type tool holder (two inserts) in
the same cutting conditions. Hence, the machined sur-
face exhibits a good quality.
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