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Abstract—Machine tool crack detection is to detect any
damages in the tool during machining and to predict the
breakage of the tool by identifying the appearance of
small cracks in the tool during machining. Machine tool
state monitoring is critical for controlling the work piece
quality and production continuity in the case of mass
production. For assessing tool breakage, machine tool
vibration monitoring is a suitable means. The results
obtained in FE analysis are validated with experimental
data. This work gives a methodology for online crack
detection in machine tools. This work presents an
experimental technique for measuring modal parameters
of a rectangular aluminium plate with cantilever
boundary condition using only the output data, with the
intention to apply the technique to machine toals.
Operational modal analysis is be used for damage
detection by determining the depth as well as the position
of tool cracks. The results obtained are validated with
finite element analysis. To locate the crack, 3D graphs of
the normalized frequency in terms of the crack depth and
location are plotted. The intersection of these contours
gives crack location and crack depth. Out of several case
studies conducted the results of one of the case study is
presented to demonstrate the applicability and efficiency
of the method suggested.

Keywords— crack, finite element analysis, frequency,
mode, operational modal analysis, tool.

I.  INTRODUCTION

Crack damage is one of the main reasons for théimac
tool structure damage. Cracks are small imperfastio
within a material that are created during manufdoetuor
loading. Material imperfections which arise at time of
production or usage of the material are unavoidadoel
hence must be taken into account. Indeed even
microscopic flaws may cause structures which are
assumed to be safe to fail, as they grow over tBeethe
cracks must be detected to avoid such calamities.
Traditional experimental modal analysis (EMA) makes
use of input (excitation) and output (response)
measurements to estimate modal parameters, cogsiti
modal frequencies, damping ratios, mode shapes and
modal participation factors. Operational Modal Arsid
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(OMA) aims at identifying the modal properties of a
structure based on vibration data collected whes th
structure is under its operating conditions, im&,initial
excitation or known artificial excitation. The mdda
properties of a structure include primarily the unat
frequencies, damping ratios and mode shapes. Httugr
Cam, Sadettin Orhan, and Murat Luy [1] conducted
dynamic analysis based on impact echo method of the
cracked beam and a finite element model of thekehc
beams was constructed to verify the experimentalli®
Sadettin Orhan [2] performed free and forced vibrat
analysis of a cracked beam in order to identify ¢heck
in a cantilever beam. X. F. Yang, A. S. J. Swamidiag
R. Seshadri [3] proposed an energy-based numerical
model is developed to investigate the influenceratks
on structural dynamic characteristics during tHeration
of a beam with open crack(s). D.Y. Zheng and N.J.
Kessissoglou [4] obtained the natural frequencied a
mode shapes of a cracked beam using the finiteegiem
method. Jyoti K. Sinha and Michael I. Friswell [5]
conducted the experimental vibration behaviour iEa—
free beam with a breathing crack is simulated for a
sinusoidal input force using a simple FE model #or
crack in beam. Detection of the crack presencehen t
surface of beam-type structural element using ahtur
frequency is presented by Kaushar H. Barad, D. S.
Sharma and Vishal Vyas [6]. H. Nahvi and M. Jabb&ri
established a method for predicting the locatioth depth
of a crack in a cantilever beam using experimental
vibration data. N. T. Khiem and T. V. Lien [8] intfuced
a new method for natural frequency analysis of bedtm
an arbitrary number of cracks is developed on #seb of
the transfer matrix method and rotational springletaf
crack. Jacek Grosel, Wojciech Sawicki and Wojciech
Pakos [9] compared the Classical and Operationaldiio
Analysis on the basis of engineering structures. P.
Mohanty and D. J. Rixen [10] detailed a procedure t
deduce modal parameters from operational response
measurements. Operational modal analysis techniques
allow us to extract the modal properties of strresu
based on their response to non-measured statioviaty
noise. Y. F. Xu and W.D. Zhu [11] presented a non-
contact experimental technique for measuring modal
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parameters of a rectangular aluminum plate witte fre
boundaries using only the output data, with theritibn

to apply the technique to turbine blades.

1.1 Objectives

To obtain a set of modal analysis data of machow t
with cracks at different positions, depth and défa
numbers. To conduct experimental modal analysis of
intact cutting tool and operational modal analykis
intact, single cracked and double cracked cuttiogf. t
Investigate the presence of crack in cutting tosing
modal data generated using finite element analysis.
compare of results between experimental and nualeric
analyses results.

Il. EXPERIMANTATION
Experimental modal analysis and Operational modal
analysis are conducted to find the modal paramsigh
as mode shape and natural frequencies of the steuct
2.1 Test Specimen
Rectangular aluminium plate is selected as the test
specimen with the intention to apply the technidae
machine cutting tool. The dimensions and material
properties of the rectangular aluminum plate being
studied are shown in Table 1.

Table 1. Test specimen parameters

Parameter Value
Length 0.4m
Width 0.02m
Thickness 0.006m
Young’s modulus  69GN/nf
Poison’s Ratio 0.33
Density 2700kg/m
2.2 Experimental setup
A rectangular aluminium plate is used for

experimentation. The plate is supported at one lgnd
bench vice at one end so as to form a cantilevambe
The beam is excited with the help of an impact hamof
sensitivity 2.25mV/N. Transverse cracks are madthén
beam artificially by using a saw. Integrated elecit
piezoelectric (IEPE) accelerometers of sensitivity
100mV/g are used in this work. The NI USB-4431liedis

to collect the data and ME’scope VES from Vibrant
Technology is used for operational vibrations anutiat
analysis.

2.2 Stages for conducting Experiment

A rectangular aluminium plate is selected as th& te
specimen whose parameters are mentioned in Table 1.
First, Experimental modal analysis of intact beasn i
conducted and the responses are measured. Next,
Operational modal analysis (OMA) of intact beamgte
cracked and double cracked beam is conducted. rElo& ¢

is introduced in the beam at depth of 1mm and 3atra,
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position of 2cm from the fixed end. For a doublacked
beam, crack is made at a depth of 3mm (2cm from the
fixed end) and depth of 2mm (20cm from the fixed)en
Operational Modal Analysis (OMA) requires the resp®m
signals of the investigated structure, the sigrdighe
input forces are not needed. Two accelerometers are
placed at two positions on the beam and the fosce i
applied using an impact hammer, but the force is no
measured. One accelerometer measures roving r&spons
and other serves for measuring reference resp@mness-
correlation functions between the roving and terece

can be generated and used for modal parameter
estimation. OMA setup is shown in Fig. 1.

Fig. 1 OMA setup

M. NUMERICAL ANALYSIS
Numerical analysis is conducted on the aluminiuatepl
using commercial FE software ANSYS 15.0. The
boundary conditions of the plate are set to be emg
fixed so as to form a cantilever beam. The natural
frequencies and mode shapes of the first 2 bendivdes
are calculated.

Fig. 2: Finite Element model of cracked beam

The modal analysis of the intact, cracked and doubl
cracked aluminium beam is done with cantilever
boundary condition. The effect of crack depth otura
frequency of the beam is compared with the restilt o
OMA). Analysis is also conducted for different drac
depths at different locations to study the effefctimck
depth and location on natural frequency and mo@geh
of the beam. These data are used to identify tpéhdend
location of the crack.

V. RESULTS AND DISCUSSIONS
The FRF diagrams of Experimental modal analysis
(EMA) and Operational modal analysis (OMA) are
obtained for intact beam, which are compared td fire
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validity of OMA. The natural frequency of'bending
mode and % bending mode of intact, single cracked and
double cracked beam are obtained from OMA, whieh ar
compared with the results of numerical analysis.

The FRF diagram (Fig. 3) of intact beam as a resilt
Experimental modal analysis (EMA) is obtained. Tih&t
peak shows the *1bending mode frequency which is
31Hz and second peak shows th¥ Bending mode
frequency which is 205Hz.
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Fig. 3: FRF diagram of intact beam (EMA)

The FRF diagram of intact beam as a result of
Operational modal analysis (OMA) is shown in Fig. 4
The first peak shows the®1lbending mode frequency
which is 30.3Hz and second peak shows tHeb2nding
mode frequency which is 197Hz.
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Fig. 4: FRF diagram of intact beam (OMA)

The frequency of intact beam obtained from OMA
matches with the frequency of intact beam obtafineih
EMA with an error of 2.2% and 3.9% for'land 2°
bending mode respectively. Th& dnd 2° bending mode
frequencies of beam under different conditions ioleth
from OMA are listed in the Table 2.
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Table 2: 1st and 2nd bending mode frequencies of beam
under different condition

Condition Position of crack  Frequency (Hz)
of crack
Distance Depth 1° 2"
from (mm) bending bending
fixed mode mode
end
(cm)
0
No crack 0 0 30.3 197
Single 2 1 29.9 194
crack 2 3 28.5 190
Double 2 3 28.1 187
crack 20 2

4.1 Comparison of results of experimental and

numerical analysis

The first and second bending modes obtained from

experimental (Fig. 5) and numerical analysis (FEy.s

compared in this section
[

[}

(a)

e L

Fig. 5: Experiment (a) 1¥ bending mode and (b) 2™
bending mode

Fig. 6: Numerical analysis (a) 1¥ bending mode and (b)
2" bending mode

The F'and 2° bending mode frequencies obtained from
OMA are compared with that of numerical analysise T
comparison is listed in the Table 3.
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Table 3: Comparison of experimental and numerical analysis results

Condition Position of crack Experiment Numerica Experiment  Numerical Error
of the al | Error al Frequency %
beam Frequency Frequenc % Frequency (Hz2)

(Hz) y (Hz)
(Hz)
Distance
from fixed Depth  1%bending 1%bending 2"bending  2"bending
end (cm) (mm) mode mode mode mode

No crack 0 0 30.3 30.713 -1.36 197 192.27 2.4
Single 2 1 29.9 30.476 -1.92 194 191.28 1.4
crack

2 3 28.5 28.570 -0.24 190 184.05 3.13
Double 2 3 28.1 28.444 -1.22 187 179.98 3.7
crack 20 2

Table 4: Normalized first mode frequency

Crack depth
(mm) 0.5 1 15 2 2.5

Crack

position

from

the fixed end (mm)
50 0.997591 0.993879 0.983362 0.970501 0.943705
100 0.99847 0.996125 0.989418 0.981083 0.963338
150 0.999153 0.997819 0.994009 0.989223 0.978869
200 0.999577 0.998958 0.997135 0.994823 0.989776
250 0.999837 0.999609 0.998958 0.998112 0.996223
300 0.999967 0.999902 0.99974 0.999577 0.999153
350 1 0.999967 0.999967 0.999967 0.999935

Table 5: Normalized second mode frequency
Crack depth
(mm) 0.5 1 15 2 25

Crack

position

from

the fixed end (mm)
50 0.999376 0.998492 0.995943 0.992875 0.986789
100 0.999948 0.999844 0.999584 0.99922 0.998544
150 0.999012 0.997452 0.993135 0.987778 0.976491
200 0.998232 0.995475 0.987726 0.978156 0.958236
250 0.998492 0.996151 0.989546 0.981328 0.963749
300 0.999376 0.99844 0.995683 0.992198 0.984553
350 0.999896 0.999792 0.999532 0.999116 0.998284
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As the experimental value matches with numel
analysis values with a small error, normalized fietgies
are determined for different crack depth and ci
are shown in the Table 4 and TableespectivelyThese
normalized frequencies obtained from finite elen
analysis (Ansys) for different crack depth and taraare
used to study the effedtf crack in natural frequenci
and mode shape of the cantilever beam.

4.2 Variation of normalized frequencies with crack

depth and location
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Fig. 7: Normalized first mode frequency vs crack position
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Figure 8: Normalized first mode frequency vs crack depth
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Fig. 9: Normalized second mode frequency vs crack
position
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location from finite element analysis. Normalize
frequency is the ratio of cracked beam fiency to that
frequency of intact beam.
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Fig. 10: Normalized second mode frequency vs crack
depth

It is clear from the Fig7 and Fig. 8 that first mode
frequency is least affected when the crack dept
0.5mm. The fundamental frequency is mostly affe
when the crack depth is 2.5mm and is located mm
from the fixed end. From Fig. 9 and F10 it is observed
that seconanode frequency is mostly affected for a cr
depth of 2.5mm, when the crack is located at 200
from the fixed end i.e., at the center of the dawdr
beam. From all these observations it can be coadl
that the change in frequencies is a functioc crack depth
as well as the location of the cre
4.3 Identification of crack depth and locatior
The three dimensional plot of normalized first m
frequency and second mode frequency with crackhc
and crack location is shown in Fig. 11 aFig. 12
respetively. On the basis of 3d surface plot a coni
line, which has the same normalized frequency tiesL
from a combination of different crack depth andckr
location can be plotted with crack location andckr
depth as its axes.
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Fig. 11: Three dimensional surface plot of normalized
first mode frequency vs crack depth and location
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Fig. 12: Three dimensional surface plot of normalized
second mode frequency vs crack depth and location

From Table 4 and TablB, it is found that for a crac
depth of 2mm at a distance of 200mm from the fizad,
the ' mode and % mode normalized frequencies of 1
beam are obtained as 0.9948 and 0.9782. The cc
lines with the values of 0.9948 and©82 are retrieve
from the first two modes respectively as shownig. 13
and Fig. 14.
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25 25
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Fig. 13: Contour plot of normalized first mode freguency
(0.9948) vs crack depth and location
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Fig. 14: Contour plot of normalized second mode
frequency (0.99782) vs crack depth and location

To determine the crack depth and crack locatios,
contour line with the values of 0.9948 and 0.9782
plotted on the same axes as shown in the 15. It is
observed that the two contour lines are interseeted
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common point, which indicates the location and dey
the crack.

09782

50 100 ‘150 200 250 300 350
location

Fig. 15: Crack identification technique using frequency
contours

V. CONCLUSIONS

The ExperimentaModal Analysis (EMA) matches wit
Operational Modal Analysis (OMA) of an intact wi#m
error of 2.2% for first mode and 3.9% for seconddendt
is due to the additional mass of the refere
accelerometer used in the OMA as compared to E
where a fixedaccelerometer is only used for measul
the response. OMA is conducted for beams havingk¢
at different position and location and it matchesh
numerical analysis values with a maximum error .883,
because it is very difficult to achieve fixed Indary
condition experimentally at one end. It is foundttbrack
location and crack depth produce noticeable effiectae
first and second bending mode frequencies. Na
frequency decreases with increase in crack dephta
reduction in stiffnessfdhe beam. It also decreases as
crack moves towards the fixed end. The reasorsisttte
presence of crack near the fixed end reduces itfieess
near the support significantly. Contour lines

normalized frequencies obtained from three dimenzl

surface plot of normalized frequency with crack ttie
and location are used to identify the crack depth
location. It is a method for predicting the locatiand
depth of the crack based on changes in the ne
frequencies of the tool under operg conditions.
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