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Abstract In the working space model of machining,
an experimental procedure is implemented to deter-
mine the elastic behaviour of the machining system. In
this paper, a dynamic characterization and vibration
analysis has long been used for the detection and iden-
tification of the machine tool condition. The natural
frequencies of the lathe machining system are required
(Ernault HN400 - France) according to three different
situations with no cutting process are acquired. The
system modal analysis is used to identify the natural
frequencies. These frequencies are then compared to the
ones obtained on the spindle numerical model by Finite
Element Method. This work is validated by experimen-
tal tests based on measures of the lathe machine tool
frequencies domain. The main objective is to identify a
procedure giving the natural frequencies values for the
machine tool components, in order to establish a better
condition in the cutting process of the machine tool.
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Nomenclature

BT Block Tool

BW Block Workpiece

[C] Damping matrix

D, Holding fixture diameter (mm)

Dy Workpiece diameter (mm)

fsampiing Sampling frequency (Hz)

fmaz Highest frequency component in
the measured signal (Hz)

(K] Stiffness matrix (N/m)

L, Holding fixture length (mm)

Lo Workpiece length (mm)

[M] Mass matrix (kg)

T Period (s)

x (2) Cross (feed) direction

y Cutting axis

WTM Workpiece-Tool-Machine

wq Damped natural frequency

13 Percentage of damping

1 Introduction

Metal cutting is one of the most important manufactur-
ing processes. The most common cutting processes are
milling, drilling, grinding and turning. These processes
help outline the parts and also as soon as requirements
of the dimensional tolerance, precision or the quality
of the surfaces of the produced part appear. However,
these dimensional accuracies and the final shape of the
part (controlled roughness) often depend on the vibra-
tions appearance during the process [36].

In the cutting process, the vibration is a dynami-
cally unstable phenomenon [41]. These instabilities, of-
ten regenerative, are generated by many factors such as
the workpiece flexibility and tools properties materials,
the machine rigidity, tool geometry (approaching an-
gle, rake angle, etc.) and the cutting tool edge radius,
the nominal cutting conditions such as tool wear, feed
rate and depth of cut, [13] etc. Thus, the knowledge of
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the machining system elastic behaviour is essential to
understand the cutting process [8].

For many reasons, the cutting process’ stability is
very intensely studied particularly its the influence on
the final surface quality [12], [39], [14]. The ordering of
the process under various work conditions is an impor-
tant problem for machining. A large amount of mod-
eling in implemented in order to optimize the cutting
conditions, [19], [4], [20], [40]. The orthogonal cut is the
process that drives the attention more because of its
simplicity in implementation [18].The regenerative as-
pect induced by the surface previously machined which
has a sinusoidal form (waviness on the surface) is an
example. Taking into account the nonlinear interaction
between the tool and its part almost always gives inter-
esting results which go from regular (periodic or quasi-
periodic) vibrations to possibilities of chaotic ones [26]
or, always within the orthogonal framework of the cut,
while utilizing in more the dry friction [27].

The 2D case is also examined while considering its
rigid part but by also taking into account the tool flexi-
bility [9], [17] the tool holder flexibility [12] or the rotor
system [33]. Dassanayake et Al. approach the case of the
workpiece dynamic response to the tool request which
follows a regenerative surface [16], [41]. All the mod-
eling reaches interesting results, but, in general, does
not take into account the whole of the kinematic chain
of the cutting process. We want to describe the entire
kinematic chain of the cutting process thereafter in a
digital richer model and brought closer to the experi-
mental data.

The analysis of the machines’ dynamic behaviour
is an important method to redesign the product or the
manufacturing process and to assure the proper quality,
maintenance and service [1]. When machines or only
parts of them are studied, the dynamic behaviour is
analysed in the following situations:

- Constant operating speed (e.g. speed rate of a ro-
tor);

- Variable speed into a limited operating domain;

- Imposed speed inside the operational domain (e.g.
rotational speed of the spindle 100 to 60,000 rpm);

In all of these mentioned cases the system behaviour
under the external excitation effect is evaluated (fig-
ure 1).

The transfer function is evaluated as being the ratio
response of the system / dynamic excitation. To diag-
nose one machine or equipment the main characteristics
offered by the transfer function are:

- Dynamic rigidity or compliance;
- Resonance frequencies;

- Damping factor;

- Natural modes of vibration.

By measuring the vibratory severity, we find out
if the vibratory behaviour of a machine exceeds the

TRANSFER FUNCTION
MEASURING
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Fig. 1 Transfer function.

acceptable limits or not [11]. But within results sight, it
is not possible to make an assumption on the vibration
causes. This information could not be obtained by using
a frequency spectrum analysis [38].

We want to establish a model of three-dimensional
turning processes as close as possible to the physical
reality. Thus, this paper aims at testing a methodology
which allows us to characterize the band width of fre-
quencies associated with the unit of each element of the
kinematics chain apart from any operation of machin-
ing. Also, the tasks to perform the frequency analysis
are described in figure 2. In section 2 we present the
experimental device with the plan of frequency spec-
trum acquisition and the experimental results. A finite
element analysis is used in order to find the first twelve
natural frequencies. Those natural frequencies confirm
the first natural frequencies of the system spindle and
the system spindle with workpiece. An example of ex-
perimental results illustrating a consequence of the vi-
brations of the machine tool is given in the Section 3.
Before concluding, the machine tool dynamic charac-
terization is the detailed in Section 4.

2 Experimental vibration analysis
2.1 Ezxperimental device

All machines vibrate and, as the state of the machines
worsens (imbalance of the spindle or other important
shaft, defect of bearing or spindle) the vibration level
increases. An ideal indicator on his state, especially dy-
namic behaviour [19], [9] is obtained while measuring
and by supervising the vibration level produced by a
machine.

While the increase in machine vibration allows us to
detect a defect, the analysis of the machine vibration
characteristics allows us to identify its cause. In this
way, we can deduce with sufficient precision the time
domain, before vibrations become critical.
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Fig. 2 Frequency analysis tasks for a machine tool.

Each component of spectrum FFT corresponds to a
characteristic frequency well defined (imbalance, res-
onance, misalignment etc.) [24]. The analysis in fre-
quency is generally carried out when the machine vibra-
tory level is considered to be higher than the acceptable
threshold [35].

The figure 3 is illustrating the acquisition of the fre-
quency spectrum FFT in the case of the Ernault HN400
lathe - France, LMP Laboratory from University of Bor-
deaux. Accelerometers were fixed on the horizontal and
vertical plans on the bearing fix front part of the lathe
spindle.

Fig. 3 Position of transducers in acquisition schema to ac-
quire vibrations of the spindle ERNAULT. 1- Accelerom-
eter AS020 -vertical plan (V); 2- Accelerometer AS020 -
horizontal plan (H), 3- Gearbox of Ernault HN400 lathe; 4-
Tachometer; 5- Spindle bearing front side; 6- Workpiece.

An example of the vibration level of this spindle
in horizontal plan is illustrated in the figure 4. Vibra-

Fault recognition
by interpretation
of the fregency
spectrum

tion signal versus time was tracked for different spindle
speed levels. The vibration speed level in mm/s (rms) is
situated in the range 0.1-0.3. For this type of machine
tool, in accordance with IEC 34-14 standard the upper
limit of the vibration level is 1.8 mm/s (see Table 1).
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Fig. 4 Vibration level of the Ernault lathe using Tracking
versus time procedure.

2.2 Block Workpiece: BW

As many authors [4], [43], [30], we chose a cylindrical ge-
ometry for the workpiece. The Block Workpiece (BW)
represents the revolving part of the Workpiece-Tool-
Machine system (WTM); it includes the holding fix-
ture, the workpiece and the spindle (figure 5). To make
the whole frame rigid, a very rigid unit (workpiece,
holding fixture) is conceived in front of the WTM ele-
ments (figure 6).

The workpiece geometry and its holding fixture are
selected with D; = 60 mm, Dy = 120 mm and Lo
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Table 1 Limit values in accordance with IEC 34-14.

speed (rpm)

Related  operating Limite value of the effective vibration velocity for shaft heights H in mm

Normal Machine is mounted on specifically design elastic founda- | Specifically designed
tions (e.g. vibration dampers) rigid foundation

(mm/s) 56 < H< 132 | 132 < H < 225 H > 225 H > 40

> 600 < 1,800 1.8 1.8 2.8 2.8

> 1,800 < 3,600 1.8 2.8 4.5 2.8

Fig. 5 Representation of the BW.

= 30 mm (cf. figure 6).These dimensions retained for
these test tubes were selected using the Finite Ele-
ments method coupled to an optimization method by
SAMCEFY software. It is necessary to determine the
holding fixture length L; to obtain a significant stiff-
ness in flexion. Usually, the first vibration mode of the
Block Workpiece should be at higher frequencies.

------------

D,

5¢ Support part holder X

Workpiece

L, Ly

L

Fig. 6 Geometry of holding fixture / workpiece.

The stiffness is calculated on the basis of the dis-
placement ¢ for a given force P and a Young modulus
E = 21 x 10° N/mm?:

P} M
T 3E.I’

with inertial moment :

7.D}
. 2
ol (2)

A holding fixture length : L; = 180 mm, for a stiff-
ness in flexion of 7 x 107 N/m, is reminded. This value
is in the higher limit of the acceptable zone of rigidity
for conventional lathe (cf. figure 7), [32], [21], [22].

I =

0.08~

o (mm)

0.064
o0ss- K=7110N/m

0.032 /,"\\
gL Stiffuness acceptable aria -\,

o

Deformation

—0.016 [~

—0.032 [~

—0.048

0.064

-0.08 1 1 1 1 1 1 1 |
400 300 200 100 0 100 200 300 400

Workpiece length L (mm)

Fig. 7 Representation of the acceptable aria of the work-
piece deformation.

2.3 Block Tool: BT

In this case, the BT part includes the tool, the tool-
holder, the dynamometer, the fixing plate on the cross
slide (figure 8). The six-components dynamometer [15]
is fixed between the cross slide and the tool-holder. It
is necessary thereafter for the measurement of the me-
chanical actions of cutting.

2.4 Experimental results

The natural frequencies experimental values obtained
following the impact tests are detailed in the figure 9
and 10, considering blocks BT and BW respectively.
Using an impact hammer, the natural frequencies of
each block, for each element, are given accordingly the
machine axes directions x (cross direction), y (cutting
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b /
/ Six-component
| dynamometer @

Fig. 8 Representation of the block tool BT.

direction), and z (feed direction) see figure 3. A three di-
rections accelerometer is positioned on each element, in
each direction and the elements tested were the subject
of the hammer impact. An example of result is given
into the figure 9, where the natural frequencies of whole
block BT are presented, with all the components.

Y'Y, N AP T NPT SO D

Acceleration [m/s?]

0 200 400 600 800 1000 1200
Frequency [Hz]

Fig. 9 Natural frequencies representation for the block-tool
BT (direction : x color red, y color blue, z color green).

The results corresponding to the BW unit are pre-
sented in the figure 10. The natural frequencies domain
is indicated for each component of the system by car-

0.20+

0.15

0.10

Acceleration [HZ]

0.05-

0 200 400 600 800 1000 1200

Frequency [Hz]

Fig. 10 Natural frequencies for the block-work-piece BW
(direction: x color red, y color blue, z color green).

rying out a modal superposition in the figure 11. These
results are consistent with those met in the literature
(32], [29], [10], [34] [23].

Different components

BT/BW

| Tool |

| Dynamometer | BT

} BW

| Fixing plate |

| Carriage |

t + + + + + + t t 1 Hz
200 400 600 800 1000 1200

Fig. 11 Natural frequencies domains superposition of the
machine tool components at the time of the impact for each
element.

Using the layout of the tool free oscillations, (pre-
sented in the figure 1), the £ damping percentage is di-
rectly given by the logarithmic decrement curve, start-
ing from N consecutive maximum; the measured period
T of the damped oscillations give the damped natural
frequency wy of the system.

With the obtained values wy and £, we cannot calcu-
late any damped natural frequency. The values of these
parameters allow calculating: the stiffness K, the equiv-
alent mass M and the equivalent damping coefficient C'
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Fig. 12 Test of free displacement during of one impulse
using an impact hammer.

for each part BT and BW and for all three directions.
Here is an example for these values.

22 0 0
M=| 053 0], (3)
0 025
12x103 0 0
C= 0 089x103 0 . (4)
0 0  0.12x103

The stiffness matrix k is given in another work [7].

2.5 Numerical model of the assembly of the lathe
spindle Ernault HN400.

A finite element analysis was used to find the spindle
natural frequencies domain of the machine tool and
of the assembly BW (spindle with the workpiece at-
tached). The figure 13 shows the mesh (4,290 nodes,
16,310 elements) and spindle numerical model. The fig-
ure 14 shows the model by adding the workpiece. In
these two cases the boundaries conditions used are:
blocked translations and free rotation around z axis (cf.
figure 3) .

g Geometrical scals: 1 | Numerical scale: 1/42.151081

Fig. 13 Spindle numerical model.

5

Geometrical seale: — 2 Mumerical scale: 1/42.151081

Fig. 14 Spindle with workpiece BW numerical model and
boundary conditions.

Accordingly numerical models were obtained the re-
sults for the first twelve natural frequencies of these two
models (represented in the figure 13 and 14). Vibration
mode for the first natural frequency is represented in
the figure 15 and the numerical values of first twelve
natural frequencies are represented in the figure 16.

3 semcer

Fig. 15 Vibration bending mode for the first natural fre-
quency.

We can observe that the first spindle natural fre-
quency of the system with workpiece is about 675 Hz

and it is lower considering only the spindle system (1,600 Hz).

These results are consistent with those experimentally
obtained (figure 17).

On the acquired signal FFT spectrum (spindle sys-
tem turning, without cutting process) we can see the
first frequency 675 Hz and, on the right side, the fre-
quency with the value 1,599.1 Hz (corresponding to the
spindle alone).

3 Experimental results for chip segmentation
frequency in turning

Through the finite element method, Wang et Al. [42]
establish that the main reason of the segmented chip
formation are the fluctuations of the tool chip contact
and the shear band length. However, all contact fluc-
tuations induce vibrations that could induce the seg-
mented chips. The main objective of this section is to
check experimentally the relevance of this conjecture in
a turning process.
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Fig. 16 Spindle natural frequencies polynomial trend of
the machine tool.
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Fig. 17 Experimentally FFT spectrum; spindle turning at
1,000 rpm.

The methodology is based on the chip segmenta-
tion frequencies acquisition according to different cut-
ting speeds and feed rates. The measurement of chip
segmentation frequencies was realized by three meth-
ods:

- Acquisition, at a high frequency, of cutting forces
and Labview FF'T signal processing;

- Chip geometric measurement based on microscopic
observations;

- FFT spectrum acquired using Vibroport 41 (Schenck)
simultaneously with the signal for cutting forces in
order to validate the segmentation frequency (fig-
ure 18). During this work, two working parame-
ters were considered: the cutting speed Ve = 60-120
m/min and the feed rate f = 0.2-0.47 mm/rev. The

cutting depth was kept equal to a constant value:
ap = 1 mm.

In the following, it was proposed to study the fre-
quency of the shearing plane formation. To do so, mea-
surements at high-frequency sampling of cutting force
signals were performed first. Then, geometrical mea-
surements on the chip saw teeth were made. Finally,
the frequency related to facet appearing on the ma-
chined surface was calculated and compared with the
frequency acquired with Vibroport 41.

The aim of this section is to propose a calculation
procedure dealing with the saw tooth frequency appear-
ing during machining based on measurements on the
chip section. Measurements are made using a micro-
scope.

By considering the mean speed of chip evacuation
on the tool rake face and the distance Az.p;p measured
between two shearing planes the frequency can be es-
tablished as:

100V
6A$chip ’

I
n

()

Fr.cc =

Workpiece

- — Cutting
o tool

Accelerometer: (

Kistler
dynamometer _j Distribution device
"""""" T Charge
i/ amplifier
PC data

" acquisition
PC device
Labview puBS

software

Vibroport 41
(Schenck)

Fig. 18 Experimental acquisition chain in turning process

where F}.cq is the frequency of the formation of
shearing planes determined from chip geometry (Hz);
Vs is chip slip speed on the tool rake face (m/min);
Axcpip is the distance between two consecutive shearing
planes measured in the direction of the tool rake face
(mm).
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Assuming that the mass of the metal deformed dur-
ing machining is constant, it can be written the follow-
ing equation:

p1Vefap, = p2Vsecl.. (6)

p1 and po are the densities before and after defor-
mation respectively (kg/cm?); V. is the cutting speed
(m/min); f is the feed rate (mm/rev); a, is the cut
depth (mm); e, is the chip thickness mean; [, is the
chip width (mm). Neglecting material compressibility,
it is assumed that the ratio p;/ps is equal to the unit.
Consequently, the chip slip speed Vs on the tool rake
face is given by the equation:

fap

ecle

Vi=V.e . (7)

It appears that feed rate variation, for a fixed cut-
ting speed, does not have a great influence on the ap-
pearance frequency of the shearing bands. This influ-
ence is larger when the cutting speed increases (fig-
ure 19 and 20). Frequency increases as the cutting speed
increases; being a direct influence of the cutting speed
on the chip evacuation speed -equation (7)

frequency [Hz]
16000
14000

12000 Lz~
10000 ////={’//
8000 _J

60007444.E=:=zzl’";-f

4000
2000
0

f =0.125[mm/rev]

—e— FhzSCF
—s—FhzCG

60 80 100 120
Ve [m/min]

Fig. 19 Frequency accompanying saw-tooth chip formation
depending on cutting speed f=0.2 (mm/rev)

Principal eigen frequencies values obtained with Vi-
broport 41 using module Transfer Function, for the as-
sembly tool holder - Kistler dynamometer - support -
transversal saddle are the followings: 150 Hz in Z di-
rection, due to the assembly tool holder, in the case
using four screws to fix the tool; 850 Hz in Y direction,
1,300 Hz in X direction and 2,400 Hz in Z direction,
due by the assembly transversal saddle and Kistler dy-
namometer; eigen frequency in Z direction had a strong
influence on the dynamical behaviour of the machine
tool assembly.

Figure 21 presents an example of FFT spectrum ac-
quired during hard turning. This is a good example of a

frequency [Hz]
12000

/ = 0.2 [mm/rev]

10000 :
8000 Fad

6000

—+e— FhzSCF|
—s— FhzCG

4000

2000

0

60 80 120
Ve [m/min]

Fig. 20 Frequency accompanying saw-tooth chip formation
depending on cutting speed f = 0.2 (mm/rev)

very easy separation of the chip segmentation frequency
by the machine tool vibrations. Other two significant
frequencies were 11,950 Hz and 17,925 Hz - the first
two harmonics.

5975 Hz

.....................................

......... ey Tt

T T
1e+004 1.5e-+104
Hz

Fig. 21 Test with Vibroport 41; V.=80 m/min; f=0.125
mm/rev

=
2e+004

Figure 22 presents one significant example of a dif-
ficult case to separate the frequency of chip segmen-
tation. The segmentation process appears at 6,087 Hz
and the significant vibration of machine tool appears at
5,212 Hz. It was important to know and also avoid the
frequency due to the instability signal. The useful do-
main considering the proper signal of transducers was
3 - 15,600 Hz. These limits are imposed by the piezo-
electric accelerometers.
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Fig. 22 Acquisition using V.,=60 m/min and f{=0.05
mm/rev

4 Machine tool dynamic characterization -
turning process recommendations

4.1 An analysis according to three configurations

The dynamic characterization of the machining system
is supplemented by an analysis according to three con-
figurations: electric motor drive, electric motor turning
the spindle, electric motor turning the spindle and ad-
vance movement coupled [5]. The three axes accelerom-
eter is placed on the tool body and the one-way ac-
celerometer is located on the bed near the spindle. The
frequencies values are presented in the figure 23 when
the machine tool is not in charge with the cutting pro-
cess, for the three configurations mentioned. The fre-
quencies below 100 Hz, belong to the engine behaviour,
the amplitudes are very weak, very low and appear on
each tests configuration.

Domains of frequencies

: two 4inem:ltics chains are running: spindle chain |

’ I

d + + + t H
200 400 600 800 1000 1200 “

Fig. 23 Frequencies domains representation in the case
with no cutting process.

The frequencies corresponding to no cutting pro-
cess are given [6] for the three directions in the case of
the kinematics chain ”electric motor turning the spindle
and advance movement coupled”. The measured signif-
icant frequencies are into the domain of 230 Hz up to
1,000 Hz (see figure 24), and more, on the three x, y
and z directions.

Different components
of machine tool system

| Tool |

} BW

| Tool-holder |

| Dynamometer | BT

| Fixing plate |

I Carriage l

D No cuttingprocess: only drive motor is turning |

i I drive motor and spindle are turning |

| ::N_o ftjllillg_p_rgc_es_s_tl\‘:_) l‘.i chains are r dle chain |
+ + + + + } ————+—+ Hz
200 400 600 800 1000 1200

Fig. 24 Natural frequencies superposition in the case of no
cutting process.

4.2 About a better management of the cutting process

In order to better manage the cutting process, the fol-
lowing recommendations are considered:

Increasing the workpiece rigidity. In order to
reduce the vibrations problems at the time of the ma-
chining of the thin walls it is always well adapted, as
known previously, to rigidify the part by an adapted fix-
ture, when that is possible [30], [37], [31]. The process
simulations allows us to specify before to have begun
machining the most adapted solution, and even it is
possible to redesign the shape of the workpiece in order
to bring more rigidity to him.

Control of the cutting stiffness by reducing ax-
ial tool engagement. The theory of the stability lobes
highlighted very early the importance of the relation-
ship between the workpiece stiffness or the tool, and the
cutting stiffness (the coefficient which links the tool dis-
placement into the material to the cutting pressure, in
the vibration direction). The most significant parame-
ter to decrease this ratio is roughly speaking the pro-
jected cutting tool edge length in the material, which
always impose to the specialists in machining process
to naturally reduce the tool axial engagement [25], [34].

Modifying the cutting tool angles. Another way of
decreasing the cutting stiffness is to exploit the tool
angles so that the cutting pressure should be parallel
with the wall. Thus the cutting stiffness would be the-
oretically null.

These two possibilities of stiffness control are major
in the vibratory phenomenon during machining, in tools
selection (angles, coatings etc.) and the strategies of
machining in generally have the tendency to exploit
these two effects [3], [28].

Limit the possibility to generate vibrations,
avoid the resonance.
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- Avoiding the frequencies with problems: by choos-
ing the proper speed of the spindle (considering the
stability lobes theory);

- Adding damping: by lubrication, controlling the pres-
sure on the assembly surfaces, etc;

- Obtaining the excitation spectrum: by tools with
variable step, by the spindle rotation with variable
speed;

- Controlling actively: by the use of actuators (axes
machine, turret etc.) controlled dynamically accord-
ing to measurements, in order to eliminate the vi-
brations. For the moment, in practice, the achieve-
ments in this field are mainly regulations of average
effort or power by the reduction of the tool advance

[19], [2].

5 Conclusion

Within the framework of this study, the objective was
to find (starting from the experimental tests in turning)
a correlation between the frequency founded on the ac-
quired FFT spectrum and the dynamic process based
on the elastic system Machine tool, Workpiece and Tool
device.

Machine tools and particularly, in this paper, the
lathe, evolved to the limits of certain parameters of cut-
ting that consist in a better control of the process. In
this context, the subject ”dynamic characterization” is
very important and could help on the development of
a simulation model for the cutting process on the ma-
chine tool.

This research was validated by experimental dy-
namic tests being based on measurements of the fre-
quencies domain of the machining system Ernault HN400
lathe, in the LMP laboratory of the University of Bor-
deaux, France. Nevertheless, the method used is appli-
cable to other machine tools also (milling, drilling etc.).

Taking into account the recommendations summa-
rized in the section 4 the cutting process could be better
managed.

The following step in our research will be to make a
prediction for the cutting conditions and to supplement
the necessary knowledge toward a global and indus-
trial model of cutting process considering a 3D model
in turning.
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