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1.  INTRODUCTION
Machining operations such as turning, milling, dri ll ing

and grinding are material removal processes that have been
widely used in manufacturing, since the industrial
revolution. Of these processes, dril ling is one of the most
common machining operations in manufacturing. T h e
dril ling operation is also frequently used as a prel iminary
step for many operations like boring, tapping and reaming,
however the operation i tself  is more complex and
demanding [1]. 

Worn dril ls produce poor qual ity holes and in extreme
cases a broken dri l l can destroy an almost f inished part. A
dril l  begins to wear as soon as i t is placed into operation.
As i t wears, cutting forces wil l  increases, the temperature
of  the dri l l  rises and this accelerates the physical and
chemical processes associated wi th dri l l  wear and
therefore dri l l wears faster. Different types of  dri l l  wear
such as flank wear, crater wear and chisel edge wear and
m a rgin wear can be observed on dri l l because of the
geometry of the dri l l  and the cutting conditions vary along
the cutting l ips from the margin to the chisel edge. Dri l l
wear is a progressive process which takes place at the
outer margin of the flutes of the dri l l , due to an intimate
contact with the work-piece as soon as i t is placed into
operation; however the wear occurs at an
accelerated rate once a dri ll  becomes dul l . Direct
measurements such as optical devices, lasers,
proximi ty sensors which tend to be off - l i n e
techniques and indirect measurements in which
cutting force, torque, current, vibration, acoustic
emission are general ly on-l ine techniques [2]. 

Vibration monitoring is of practical interest
applicable in real time, as vibration is emerging as
the most effective and versati le sensing medium
for tool wear analysis. Matrin et al. [3] also

sought a correlation between the vertical vibrations of  a
cutting tool and tool wear in turning operation, for which
they found that the best vibration signals were achieved
the nearer the accelerometer was placed to the point of
contact between tool and work piece. Elwardany et al. [4]
reported study on monitoring tool wear and fai lure in
dri l l ing using vibration signature analysis techniques,
which are sensitive to dril l  wear and breakage in both time
and frequency domains.

Ayesh et al. [5] have used vibration as one of  the
method of indirect method for dril l  tool wear analysis.
They have developed a model to characterise the dri ll ing
process using wavelet analysis of the vibration signal
col lected from the process while cutting in order to detect
w e a r. Thangaraj et al [6] have reported the use of vibration
time domain analysis techniques for predicting dri l l
breakage. 

The aim of the present work is to identi fy suitable
parameters, the monitoring of which wil l  enable prediction
of dri l l  fai lure. To study the joint effect of the controll ing
factors on a response parameter of  the tool , the
mathematical model on the basis of factorial design is used
and the experimentation was carried out accordingly for
the twist dri l ls of 14 mm diameter.
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Table 1: Experimental conditions

No Controlling parameters Levels
a Viscosity (lubricant) 0-33 cst and 1- 45.6 cst

b Cutting speed 0 - 19.7 and 1 - 27.7 m/min

c Number of holes 0 - 8 and 1 - 15 holes

d Feed 0.937 to 1.31 and 1.5 to 2.1 mm/sec

e Diameter 14 mm – X Flute length – 108mm, overall –189mm

Diameter 14 mm – Y Flute length – 108mm, overall – 190mm
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2.  DESIGN OFEXPERIMENTS
A design of experiment with k factors each at two

levels is considered for experimentation. T h e
mathematical model on the basis of factorial design is
formulated as 2k, where k = 4, such as cutting speed, feed,
lubricant and number of holes.

Frequency responses are recorded at each experiment
and the data col lected above is used to establ ish the
regression model. The functional relationship between the
response parameters of  the cutting operation and the
integrated variables for the postulated model is obtained in
the form of l inear equation to interpolate the response by
changing the values of control l ing parameters. The various
experimented parameters selected were shown in Table 1.

3.  EXPERI M ENTAT I O N
Selection of work-piece material, size of work-piece

and lubricating oi l is adopted as per the testing conditions
suggested by the manufacturer. The parameters that aff e c t

the quali ty and performance analysis l ike tool hardness;
tool  geometry, work-piece hardness, temperature and
rigidity of the machine tool were assumed as constant in
the different sets of tests. 

The material was selected as mild steel and the size of
the work-piece was selected as 80 x 80 x 25 mm. In the
pre-machining operations, sequential measurements and
inspections involved are hardness testing (diamond
indentor type), viscosi ty measurement (redwood
viscometer) and measurement of  natural frequency. 

Probe avai lable with the vibration analyser VA – 1 0
(Rion make,), is rigidly screwed to the work-piece. T h e
position of  the probe on the work-piece is decided such
that the maximum osci llations in the horizontal plane
produced by cutting action of a tool are sensed eff e c t i v e l y
with the help of  well-posi tioned sensor. 5 mm dri l l
diameter and M6 tap was used for internal threading for a
length of 20 mm and the length of stud for proper contact
of work-piece and sensor was kept at 12 mm.

Table 2: Tool X (Hardness 60 Rc, Natural Frequency as 60 Hz)

Exp. no Viscosity (Cst) Cutting speed Feed No. Of holes Initial Hz Final Hz Initial Ra Final Ra
(m/min) (mm/sec) (Microns) (Microns)

1 33 19.7 0.937 8 180 60 6 6.31
2 33 19.7 1.5 8 125 70 5.89 6.19
3 33 19.7 0.937 15 180 135 5.92 7
4 33 19.7 1.5 15 70 70 4.69 4.89
5 33 27.7 1.31 8 65 175 4.84 5.1
6 33 27.7 2.1 8 65 185 6.1 6.26
7 33 27.7 1.31 15 85 185 6 6.31
8 33 27.7 2.1 15 85 60 4.89 5.32
9 45.6 19.7 0.937 8 135 130 5.89 6.29
10 45.6 19.7 1.5 8 150 135 5.69 6.09
11 45.6 19.7 0.937 15 65 145 5.89 6.85
12 45.6 19.7 1.5 15 55 95 4.61 4.73
13 45.6 27.7 1.31 8 88 66 4.33 4.74
14 45.6 27.7 2.1 8 52 144 4.03 4.94
15 45.6 27.7 1.31 15 140 140 5.89 6.16
16 45.6 27.7 2.1 15 140 140 4.61 5.11

Table 3: Tool Y (Hardness 61 Rc, Natural Frequency as 66 Hz)

Exp. no Viscosity (Cst) Cutting speed Feed No. Of holes Initial Hz Final Hz Initial Ra Final Ra
(m/min) (mm/sec) (Microns) (Microns)

1 33 19.7 0.937 8 75 45 3.26 4.1
2 33 19.7 1.5 8 70 70 4.26 4.61
3 33 19.7 0.937 15 75 75 4.92 6.1
4 33 19.7 1.5 15 75 75 4.92 6.13
5 33 27.7 1.31 8 65 90 5.93 6.25
6 33 27.7 2.1 8 140 150 5.91 6.13
7 33 27.7 1.31 15 125 125 5.23 4.96
8 33 27.7 2.1 15 130 130 4.74 4.84
9 45.6 19.7 0.937 8 140 140 3.00 3.79
10 45.6 19.7 1.5 8 140 140 4.02 4.29
11 45.6 19.7 0.937 15 55 75 4.89 5.9
12 45.6 19.7 1.5 15 96 110 4.51 4.89
13 45.6 27.7 1.31 8 135 135 5.71 6.00
14 45.6 27.7 2.1 8 135 140 3.88 4.1
15 45.6 27.7 1.31 15 135 135 4.8 5.1
16 45.6 27.7 2.1 15 135 130 4.47 4.57
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4.  EXPERIMENTAL DATA
Total of 32 dril ling experiments with 14mm diameter

were carried out on a radial dri ll ing machine and vibration
frequency response was recorded for the 1st hole, 5t h h o l e
and the 8t h hole for 8 hole work-piece and for 15th holes
work-piece 1s t, 5t h, 10t h and 15th hole. The vibration analyser
setting for running condition was selected as amplitude
mode as velocity (mm/sec), averaging mode (linear and
number of averages as 10) and span as (500 Hz). T h e
experimental data is as shown in Tables 2 and 3 for tool X
and tool Y.

5.  A N A LYSIS OF E X P E R I M E N TA L D ATA
Factorial regression analysis is used to generalise the

relationship of the controllable variables with the response
variables. To establish the regression model, the method
used was the least square method. The method used is based
on the principle that the actual value of response and the
predicted value using the model, for the same set of
independent variables should be as minimum as possible.
The theory uses the application of derivatives so that the
solution of  the first derivative (with respect to the
parameters in the postulated model), which is equated to
zero, gives the value greater than zero for the second
derivative. The functional relationship between response
parameters (Ra and F) of the cutting operation and the
integrated independent variables (s, f, n, t) for the postulated
model of total experimentation is given by 

Ra = kµα sγ f δ tβ (1)

F = kµα sγ f δ tβ (2)

Where,

Ra - Surface roughness (microns)
F - Frequency response (Hz)
S - Speed (m/min)
f - Feed (mm/sec)
n - Number of holes
µ - Viscosity of lubricants 
α γ δ β - Exponents to be determined using regression analysis
K - Co-efficient of regression 

The form of Equations (1) and (2) is non l inear and
hence log transformations of each variables is taken for the
purpose of converting them into l inear equation.

log Ra = log µ + α log µ + γ log s + δ log f + β log t (3)

log F = log µ + α log µ + γ log s + δ log f + β log t (4)

The Equations (3) and (4) may take the form as

Y = a0 +a1 x1 + a2x2 + a3x3 ------- + ε (5)

Where, 

Y is the transformation of true response (Ra and F) on a
logarithmic scale x1, x2 and x3 are the transformed
independent variables (µ , s, f, t) and is the total error in the

experimentation. a1, a2, a3 are the coefficient of
logarithmical ly transformed variables and k is the
characteristic coefficient of the generalised equation and it
is antilog of a0

β = (X1 . X )- 1 X1 . Y ( 6 )

Where β is the column vector of the the parameter x is the
matrix of the transformed independent variables (a0, a2, a3

and a4) and Y is the column vector of the output variable (Ra

and F) .

6.  STATISTICAL TABLES
The statistical software SPSS is used for the analysis of

dri lling problem. All  the parameters such as multiple R, R
Square, Adjusted R Square, Standard error, Regression and
Residual were obtained. The summary of statistical output
for the final frequency and surface roughness for tool X and
tool Y is as shown in Tables 4 to 7.

Table 4: Summary output of final frequency (Hz) for tool X

Table 5: Summary output of final frequency (Hz) for tool Y
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7.  MODIFIED REGRESSION EQUATIONS
Equations established by regression analysis are as shown

below:

For Drill X: F = 112.3269 µ 0.0312  s 0.0527 t 0.0067 f 0 .0312 (7)

For Drill Y: F = 104.698 µ 0.0713 s 0.0877 t -0.0047 f 0.0312 (8)

For Drill X: Ra = 4.54 µ 0.0045 s -1.1196 t -0.0382 f -0.0238 (9)

For Drill Y: Ra = 3.76 µ 0.0033 s -0.0944 - t -0.0422 f 0.0312 (10)

The modified regression models used for plotting the
graphs are;

For Frequency: Fγ X. = 126.42 s 0.0527  f -0.0319 (11)

Fγ X. = 133.48 s 0.0877  f 0.0319 (12)

For Surface Roughness RaX = 4.26 s -0.0696  f -0.0232 (13)

RaY = 3.48 s -0.0944  f 0.0181 (14)

These equations are val id within the region of the
experiments and hence can be used to interpolate the
response by giving appropriate values of cutting speed and
v i s c o s i t y.

8.  V I B R ATION SIGNATURES A N D
G R A P H S

Vibration signatures are recorded with the help of VA 1 0 ,
F F T analyser in ideal condition as well as in running
conditions. The vibration signatures for tool VX (XT0) in
ideal condition and (XT1 to XT2) are in running conditions.
Similarly for tool V Y (YT0) in ideal condition and (YT1 to
YT2) are in running conditions are as shown below as VX

and VY.The graphs for frequency and surface roughness
were plotted, on Y axis cutting speed (m/min) and on X axis
as feed (mm/sec). The graphs for frequency were as shown
in Figures 1 to 4 and graphs for surface roughness were as
shown in Figures 5 to 9.

9.  RESULTS AND DISCUSSIONS
The results obtained for predominant vibrations, surface
roughness by statistical analysis for tool X and tool Y have
been analysed. 

a ) In case of  predominant vibration, the original  
regression models of Equation (11 and 12) for both the 
tools are not statistical ly justif ied. The errors in the 
estimated coefficients of  the parameters are high and 
the regression coefficient is low and consequently the 
patterns of contour plot are not matching adequately for 
both the tool X and tool Y.

b) In case of tool X predominant vibrations are increasing 
with increase in cutting speed while the same is 
decreasing with increase in feed. In case of tool Y
predominant vibrations are decreasing with increase in 
cutting speed while the same is decreasing wi th 
increasing feed.

c) While comparing both the tools for vibration i t is 
observed that predominant vibration in case of tool X at 
natural frequency (Figure XT0) measured in free field 
conditions, which is getting excited during cutting for 
al l combination of cutting speed and feed (XT0 to XT2).
This clearly indicated that more wear of tool X because 
of resonance and in case of tool Y (Figure YT0), the 
natural frequency measured in free field condition is 
not getting excited in any combination of cutting speed 
and feed. This is justified from (Figure Vy- YT 1 to YT 2).

d) Tool X has lower hardness value of 60 Rc as compared 
to tool Y, which has a hardness value of 61 Rc. T h u s
indicating that tool Y is sti ffer than tool Y. 

e) The regression models (Equations 13 and 14), for 
surface roughness are not statistical ly justi f ied. This 

Table 7: Summary output of final Ra for tool Y

Table 6: Summary output of final Ra for tool X
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may be due to some experimental  errors. The 
regression coefficient is not sufficiently large and the P
values (signif icance values) are high. This may be 
because of the improper behavior observed by the 
contour plots. However for same combinations of 
cutting speed and feed the Ra value is more for tool X 
as compare to that of tool Y.

C O N C L U S I O N S
Vibration analysis method can be effectively appl ied

for the quali ty and performance analysis for dri ll ing tools.
Cutting speed. Feed, viscosity, number of holes, natural
f requency and surface roughness can be used as a inputs
for qual i ty and performance analysis. Based on the
statistical analysis and   nature of  graphs the better qual i ty
and performance of  the tool is decided. The tool Y is better
in design as no natural frequency is getting excited in
operating condi tions, which is better in qual i ty and
performance than tool X, within the range of experimental
values and the parameters studied for the above work. ■
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