
levels predicted by the theoretical relation, we have extracted 
data from [10] sufficient to compute the AE generated in the 
primary deformation zone per the first term of (1). For this 
purpose, Zorev's data for machining plain medium-carbon 
steel (40 steel) with nominal rake of ten degrees was used. For 
given speed and feed, cutting ratio rc and average actual rake 
angle aa were scaled from the experimental curves and used to 
compute shear angle as 

cos aa 4> = arctan : (2) 
rc - sin aa 

Then a measure of the predicted acoustic emission in the 
primary zone was computed as 

[ cos en. ~1 ^ 

M>l'l-^-7 TT A 0) 
sm<£ cos(0 - aa) J 

where K= C4 Tk
ln has been taken as constant. 

Figure 8 shows the RMS computed in this manner as a func­
tion of cutting speed for three different values of feed. It is ap­
parent that a portion of the curve for each feed exhibits an 
essentially linear, monotonically increasing character. 
However, we also observe a deviation from linear response for 
each feed when cutting speed is in the range for which a built-
up edge is developed. For a feed of 0.195 mm, the deviation 
begins when cutting speed drops below approximately 
lOOm/min while for the higher feeds this occurs at pro­
gressively lower speeds. The cutting speeds at which the built-
up edge ceases to affect the acoustic emission at each feed cor­
respond very closely to the conditions which provide a mean 
tool-chip contact temperature of around 600C in Zorev's ex­
periments. That this is the temperature above which a BUE 
ceases to exist when machining steels is generally agreed [11]. 

Referring again to the data in Fig. 3 showing the mean 
acoustic emission RMS versus cutting speed for machining 
4140 in our experiments, we note its similarity to the lower 
curve of computed data in Fig. 8. That the deviation from a 
linear relationship occurs at the higher speed of about 137 
m/min is to be expected in light of the argument above since 
the feed is reduced relative to those of Fig. 8. 

Summary 
While it is difficult, if not impossible, to isolate a single ef­

fect in an oblique cutting operation, our experimental results 
provide strong evidence of a link between presence of a built-
up edge and increased acoustic emission activity. We have 
hypothesized that the primary reason for this link is the in­
crease in effective rake angle associated with the existence of a 
BUE. Calculated results using published experimental data in 
an existing theoretical relation appear to support the 
hypothesis. While the theoretical equation was developed for 
orthogonal Cutting, it is nevertheless reasonable to apply it 
here to qualitatively examine our explanation of the ex­
perimental results. Finally, we note that our use of equation 
(3) ignores acoustic emission in the secondary and tertiary 
zones. The existence of a BUE would generally increase AE 
energy from these sources, so their inclusion should further 
support the experimental evidence presented here. 

Further investigations are needed in order to better under­
stand the BUE and acoustic emission relationship. It is 
planned to explore a wider range of workpiece materials, rake 
angle variations, and feeds. In future cutting experiments, 
comprehensive cutting force data will be obtained for correla­
tion with AE measurements and BUE observations. Ultimate­
ly, it may be necessary to employ a quick-stop mechanism to 
quantify the built-up edge versus cutting conditions for inclu­
sion in a process model. 
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Effects of Geometric and Process Parameters on Drill 
Transverse Vibrations 

O. Tekinalp1 and A. Galip Ulsoy2 

Finite element solutions are used to analyze the effects of 
geometric and process parameters on the drill bit transverse 
vibrations. The effects of cross sectional geometry, of the flute 
helix angle, the drill rotational speed, and the thrust force 
generated during drilling on the drill transverse frequencies are 
investigated. Simulation results also show the transient vibra­
tions of a drill bit under transverse cutting forces at the drill 
tip. 

Introduction 
Drilling is economically one of the most important manu­

facturing operations [1], and drill structural properties have a 
direct bearing on the performance of the drilling process. The 
vibration signal generated during drilling may be used for drill 
wear and breakage detection [2-5]. Drill bit stability becomes 
important when drilling small holes or drilling at high speeds 
[6-8]. The importance of drill bit vibrations on hole quality 
has also been emphasized by numerous authors [9-11]. Hole 
quality in turn is important for the performance of the man­
ufactured part. For example, in the aircraft industry, defective 
fastener holes are known to promote fatigue, and result in 
catastrophic failure of aircraft wings or other structural ele­
ments [12-13]. Hence, various researchers have concentrated 
on modeling the dynamic behavior of drill bits [14-18]. 

The early research in drilling concentrated on the investi­
gation of drilling as an orthogonal cutting process [19-20]. 

'Graduate Student and Student Member, ASME 
Associate Professor and Member, ASME, Department of Mechanical En­

gineering and Applied Mechanics, The University of Michigan, Ann Arbor, MI 
48109-2125. 

Contributed by the Production Engineering Division for publication in the 
Journal of Engineering for Industry. Manuscript received October 20, 1988; 
revised July 19, 1989. 

Journal of Engineering for Industry MAY 1990, Vol. 112/189 

Copyright © 1990 by ASME

Downloaded From: https://manufacturingscience.asmedigitalcollection.asme.org on 06/27/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



The torque and thrust generated in drilling, and the effect of 
drill point geometry on these forces has been investigated ex­
tensively [21-23]. Characterizing the effect of drill point ge­
ometry on tool life, and designing better drill points has been 
one of the primary goals in drilling [24]. Researchers have also 
concentrated on modeling complex drill point geometries [25-
27]. 

This paper is a continuation of the work previously reported 
in [15-18]. The experimentally validated distributed parameter 
model, and the associated finite element solution method, de­
scribed in [18] is used here to investigate the effect of various 
geometric and operational parameters on the drill bit per­
formance. The effect of the cutting process in drilling is only 
indirectly considered through the externally applied forces. The 
parameters considered here are: drill cross sectional geometry, 
drill flute helix angle, drill rotational speed, and thrust force. 

Modeling 
The model and solution method used to obtain the results 

presented here has been described in detail in a previous paper 
[18]. The model developed was validated by first comparing 
the finite element solutions to some known analytical solutions 
from the literature [18]. The finite element results were then 
also compared to the experimental results reported in [16, 17]. 
Good agreement was observed between experimental and the­
oretical transverse natural frequencies when using a clamped-
pinned boundary condition in the finite element solutions. In 
certain cases the solutions were closer to the clamped-clamped 
boundary condition solutions due to the amplitude dependent 
nature of the vibrations in the experiments. That is, at small 
amplitudes the drill bit behaved like a beam clamped at the 
chuck and pinned at the hole bottom, whereas at high excitation 
amplitudes it behaved like a beam clamped at the chuck and 
clamped at the hole edge. The computer program used to 
generate the results in the next section is described in [28], 
which also contains the program listings. 

One part of the computer program calculates drill bit cross 
sectional properties. First the user inputs the coordinates of 
certain points obtained from measurements on a drill cross 
section. For analysis purposes the drill cross section is ap­
proximated using 4 curves connecting 5 points along the bound­
ary (see Fig. 1). The program then automatically generates the 
boundary mesh and the corresponding triangular interior mesh. 
The mesh generated is used to calculate the cross sectional area 
and the principal area1 moments of inertia of the drill bit. 

The model developed includes the thrust (axial) force, trans­
verse cutting forces and torque, rotation of the drill bit, drill 
helix angle, and drill cross sectional properties. Thus, it in­
cludes the important structural and operational parameters of 
drill bits. Together with the solution method developed, the 
model is potentially useful for drill bit sensitivity, optimization, 
and control studies. Some parametric studies are presented in 
the next section in terms of the drill transverse natural fre­
quencies. It can be conjectured that high natural frequencies 

will result in a high dynamic stiffness, and consequently good 
drilled hole quality. However, quantitative studies relating drill 
natural frequency spectra to drilling performance have not 
been reported. 

Results and Discussion 
Drill bit bending frequencies depend upon both process pa­

rameters, and geometric parameters. Process parameters con­
sidered here are the rotational speed and feedrate. Geometric 
parameters are the drill length, drill flute helix angle, drill cross 
sectional area, cross sectional area moments of inertias, and 
drill point geometry. Considered here are the drill cross sec­
tional geometry, and the drill flute helix angle. For sensitivity 
studies in terms of these parameters a nominal drill with di­
ameter D - 9.525 mm is used at two different lengths, / = 
0.1 m and, / = 0.2 m. All finite element solutions are obtained 
for clamped-pinned boundary conditions. Since rotating shafts 
with dissimilar moments of inertia have different frequencies 
for forward and reverse precession [29], both frequencies are 
shown in Figs. 4-11. The frequencies are normalized by di­
viding them by the lowest forward precession speed of the 
nominal drills. For easy reference the nominal cases are in­
dicated by a vertical line in each plot. The assumed nominal 
values are as follows: nominal thrust force, Fz = 1730 kN; 
nominal rotational speed, co0 = 10 Hz; nominal helix angle 
for the short drill (/ = 0.1 m) is j80 = 94 rad/m, and the 
nominal helix angle for the long drill (/ = 0.2 m) is /30 = 47 
rad/m. 

Cross Sectional Geometry. Figure 2 shows the cross section 
of the D = 9.525 mm drill bit used in the experiments reported 
in [17]. Drill cross sectional parameters are calculated for this 
cross section for the D = 9.525 mm drill bit and for the D = 
6.35 mm drill. The results are given in Table 1 together with 
the corresponding cross sectional properties of solid shafts of 
the same diameter. It can be observed that the drill cross 
sectional area is approximately half of the cross sectional area 
of the solid shaft. The area moments of inertias are 65-70 
percent of the solid one in one principal direction, and 13-15 

Fig. 2 Triangular mesh generated for D = 9.525 mm nominal drill cross 
section using automatic mesh generation routines. /, = 58.61 10~12 m4, 
/2 = 290.2 10-12 m", Area = 34.59 10-s m2 

Table 1 . Cross sectional properties of two twist drills used in [17], and 
also the cross sectional properties of solid shafts of the same diameter 

Fig. 1 Drill cross sectional geometry used for mesh generation. Due 
to symmetry only the upper half of the cross section is shown. 

/ t(m4) 

/2(m4) 

Area (m2) 

D = 6.25 mm 

drill 

5.24E-11 

9.77E-12 

1.37E-05 

shaft 

7.98E-11 

3.17E-05 

D = 9.535 mm 

drill 

2.90E-10 

5.86E-11 

3.46E-05 

shaft 

4.04E-10 

7.13E-05 
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Table 2 Comparison ot the bending frequencies of the 0 = 9.525 mm 
nominal drill and the thick web drill. Forward and reverse first bending 
frequencies in two orthogonal directions are given for: I - 0.2 m, ji0 = 
47 rad/m, Fz = 1.73 kN, «,„ = 10 Hz 

f 
« n x 

« n x 

C0ny 

C0ny 

Nominal drill (Hz) 

467 

-447 

1550 

-1530 

Thick web drill (Hz) 

' 447 

-437 

1477 

-1457 

Fig. 3 The new cross section obtained by doubling the web thickness 
of the standard D = 9.525 mm drill. /, = 61.43 10"12 m4, l2 = 303.59 
10-12 m4, Area = 39.41 10"6 m2 

percent of the solid one in the other principal direction. Burn-
ham [7] suggests that one can use an equivalent diameter to 
calculate the bending stiffness of a drill and recommends the 
formula, 

D„ = 0.788 D (1) 
How can we, for example, change the cross sectional geometry 
to increase the bending stiffness of a drill cross section? More­
over, how will this change in the cross sectional geometry effect 
the bending frequencies of drill bits? To analyze these cross 
sectional effects, the cross section of the nominal drill (D = 
9.525 mm, shown in Fig. 2) is changed by doubling its web 
thickness (i.e., the line II in Fig. 1). The new cross section is 
given in Fig. 3. The cross sectional area and area moments of 
inertias are also given in the captions of Figs. 2 and 3. In­
creasing the web thickness increases both the cross sectional 
area moments of inertia and the cross sectional area. The 
bending frequencies for this new cross section and for the 
nominal cross section are given in Table 2. There is only a 
slight drop in the bending frequencies with this new cross 
section, which is due to the substantial increase in cross sec­
tional area compared to the cross sectional area moment of 
inertias. Hence the new cross section has not affected the 
bending stiffness or bending frequencies substantially. Here a 
change in the web thickness is considered for illustrative pur­
poses only, one cannot change the drill cross section arbitrarily. 
The basic shape and its effect on the drill point should be 
considered. Although not presented here, other possible 
changes in the drill cross sectional geometry were also analyzed. 
The gain in bending stiffness or bending frequencies was typ­
ically negligible. 

Drill Helix Angle. The helix angle, |80, is one of the most 
important structural properties of drill bits, and its effect on 
the bending frequencies is shown in Figs. 4 and 5. The untwisted 
short drill has a fundamental bending frequency of J = 1599 
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Fig. 4 Change in natural frequencies with helix angle (40 elements). D 
= 9.525 mm, / = 0.1 m, u„ = 10 Hz, Fz = 1.73 kN 
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Fig. 5 Change in natural frequencies with helix angle (40 elements). D 
= 9.525 mm, / = 0.2 m, w0 = 10 Hz, Fr = 1.73 kN 

Hz (forward precession) with increasing twist this frequency 
increases to 1971 Hz when |80 = 94 rad/m. Hence there is 
almost a 23 percent increase in the fundamental bending fre­
quency. As can be seen from the graphs the first bending 
frequencies in the two principal directions get closer and closer 
and tend toward an average value. That is, an increase in /30 
increases the bending stiffness. Note that the nominal helix 
angle selected for each of the drills corresponds to a total of 
1.5 turns along the drill length. In the manufacturing of drill 
bits the amount of twist is determined according to certain 
cutting properties. Too much twist may result in the entan­
glement of chips in the drill helix groove and make cutting 
difficult due to increased friction and rubbing. On the other 
hand as can be seen from Figs. 4 and 5 the amount of twist 
affects the bending stiffness of the drill bit. However, there is 
a region above 80 rad/m for the short drill and 40 rad/m for 
the long drill where change in the fundamental natural fre­
quency is less than 5 percent. Thus, for both drills, there is 
not much to be gained in terms of increased natural frequencies 
by introducing more than 1.5 turns along the drill length. 

Drill Rotational Speed. In Figs. 6 and 7 the effect of spindle 
speed, a>o, on the bending frequencies of short and long drills 
is illustrated. As the spindle speed increases both forward and 
reverse precession frequencies in two orthogonal directions 
increase. This effect, as shown in Fig. 8, becomes much more 
pronounced for slender drills. In this case the lower funda­
mental precession speeds for forward and reverse precession 
approach one another and become equal for a rotational speed 
around 65 Hz. At this frequency (65 Hz) the rotational speed 
(thick line) is equal to the precession speed, and the drill bit 
is unstable above this critical speed [29]. The rotational speed 
for a drill bit is selected with the cutting speed in mind. Like 
other cutting processes, in drilling the cutting speed is limited 
for a given tool workpiece interface. Higher cutting speeds 
result in poor tool life. In drilling the cutting speed varies along 
the drill lip, and the highest cutting speed is achieved at the 
drill periphery. Hence to keep the cutting speed optimal, lower 
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Fig. 9 Change in natural frequencies with thrust force (40 elements). 
D = 9.525 mm, / = 0.1 m, u„ = 10 Hz, /30 = 94 rad/m 
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Fig. 10 Change in natural frequencies with thrust force (40 elements). 
D = 9.525 mm, / = 0.2 m, u0 = 10 Hz, /30 = 47 rad/m 
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spindle speeds are used for larger diameter drills. On the other 
hand different workpiece materials may permit different cut­
ting speeds. For example, a major tool manufacturer recom­
mends a 10 Hz spindle speed when drilling a 1020 steel with 
a D = 9.525 mm drill. The recommended spindle speed is 
increased to 30 Hz when drilling aluminum, and to 35 Hz when 
drilling aluminum with a D = 6.35 mm drill. Twist drills are 
typically operated well below the critical speed region. How­
ever, as shown in Fig. 8, slender drills may become unstable 
at spindle speeds close to those used in normal operation. This 
phenomenon has been observed in previously reported exper­
iments when drilling with long (/ = 0.24 m), and slender {D 
= 3.175 mm, and D = 4.763 mm) drills [16]. 

Thrust Force. The effect of thrust force, Fz, on the natural 
frequencies is shown in Figs. 9-11. The nominal valueof thrust, 
corresponding to recommended speeds and feeds, is again 
shown by the vertical line in each figure. As can be seen from 
these figures, increase in thrust force results in a decrease in 
the natural frequencies. The effect of thrust force on the bend­
ing frequencies of twist drills is much more pronounced in 
slender drills, as expected. The thrust force is a function of 
feedrate, drill point geometry, and the workpiece material. For 
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Fig. 11 Change in natural frequencies with thrust force (40 elements). 
D = 6.35 mm, / = 0.24 m, a0 = 10 Hz, /30 = 47 rad/m 

example, a thrust force formula given by Shaw [21] is, 

Fz = &Hb • 
Z>> 

1 -
D 

K)' 
+ 2.2 (5)" + Q (0 (2) 

where, / is the feedrate, Hb the Brinell hardness of the work-
piece, w the web thickness, D the drill diameter, and Cx and 
C2 are constants. For a given drill, thrust force increases with 
the feedrate. Feedrate affects the depth of cut, and the tool 
life. Hence, it is typically optimized with respect to tool life. 
However, for long and thin drills the feedrate is decided solely 
based on the buckling condition of the drill bit [6-7, 16]. In 
Fig. 11 bending frequencies for a slender drill are given (D = 
6.35 mm, and / = 0.24 m). This drill will buckle beyond a 
thrust force of 1100 N. When the recommended feed [30] for 
a shorter size of this drill is used, the drill will be very close 
to the buckling point (vertical line). In practice the drill bit 
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Fig. 12 Input force and corresponding time response at various nodes 
in two orthogonal directions (5 elements). D = 9.525 mm, / = 0.1 m, £„ 
= 94 rad/m, Fz = 1.73 kN, w0 = 10 Hz, total time span = 0.003 s. = 80 
time steps. 

will buckle below this theoretical point since drill bits are not 
ideally straight. 

Transverse Forces. To test the significance of the trans­
verse cutting force components on drill bit vibrations a sim­
ulation is performed. The drill bits considered are subjected 
to a random transverse cutting force, well within the limits of 
transverse cutting forces typically measured while drilling. This 
random force is applied to the drill after lowpass filtering. 
Figure 12 shows the filtered input and deflection of the shorter 
(/ = 0.1 m) drill bit at each of the 5 nodes in the finite element 
solution. This drill shows a 0.8 mm maximum deflection near 
the tip, which is rather large and certainly unacceptable for a 
drilling operation. It should be recognized, however, that a 
drilling operation starts with a center punch operation to get 
the drill going correctly into the material. For regular twist 
drills the drill bit will not feed into the material and wander 
around or simply break without a center punch. Once inside 
the hole the drill generally gets support from the walls of the 

hole and does not wander very much. However, for high pre­
cision drilling even a very small imperfection in the hole may 
be unacceptable [12, 13]. Similar results, although not shown 
here, were also obtained for the longer (/ = 0.2 m) drill, and 
maximum vibration amplitudes in that case were observed to 
be as high as 6 mm. 

Summary and Conclusions 
The predictions of a previously presented and validated [18] 

model are used to show the importance of various parameters 
on drill bit performance. In particular the effects of rotational 
speed, thrust force, helix angle, and cross sectional properties 
are discussed. The rotational speed has a direct effect on the 
stability of the drill bits, but this effect is not significant for 
standard spindle speeds and short drills. However, when slen­
der drills are used higher rotational speeds are shown to cause 
instability. Thrust force also becomes important for long slen­
der drills. It is shown that for long slender drills of dimensions 
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readily available in the market, low feedrates should be used 
to prevent buckling. Helix angle affects drill bits by increasing 
the transverse stability of the drills. Typically an untwisted (/30 
= 0 rad/m) drill will have a minimum bending stiffness that 
is half that of a twisted one. It is shown that the contribution 
of the helix angle to the bending stiffness becomes negligible 
after approximately 1.5 turns along the length. The effect of 
cross sectional properties of twist drills on bending frequencies 
is also investigated. It is found that, while retaining the basic 
geometry of the drill cross section, not much improvement can 
be achieved. 

The model of drill vibrations presented here is potentially 
useful for studies in drill design, process optimization, and 
process control. Although the model presented here is rather 
general, it may be desirable to incorporate some extensions to 
more complex drill geometries (e.g., multiple flutes). It is also 
desirable to combine this type of vibration model with a model 
of the cutting process in drilling (e.g., [31]). Such a combined 
cutting process and drill vibration model is an important topic 
for future research. 
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Experimental Investigations into Electrochemical Spark 
Machining of Composites 

V. K. Jain1, S. Tandon2, and P. Kumar3 

Reports have indicated the poor performance of the conven­
tional type of cutting tools during machining of composites. 
In this paper electrochemical spark machining {ECSM) for 
the cutting and drilling of holes in the composites is being 
proposed. The feasibility of using ECSM for composites was 
first ascertained. Then, kevlar-fiber-epoxy and glass-fiber-
epoxy composites as work material, copper as tool material, 
and an aqueous solution of NaCl as electrolyte were used. It 
has been concluded that the ECSM is a viable solution for 
cutting of Fiber Reinforced Plastics (FRP). For achieving 
desired accuracy, surf ace finish, and economics of the process, 
the machining parameters should be optimized. 

1 Introduction 
The machining of composites requires special consideration 

about the wear resistance properties of the tool materials and 
the cutting tool geometry. High speed steel (HSS) is unsuitable 
as a tool material for machining composites because of its 
comparatively low wear resistance. Hence, carbides and dia­
monds are used as tool materials. A serious problem of FRP 
machining is the generation of airborne dust. The dust has to 
be extracted and filtered out carefully, otherwise serious health 
hazards may occur [1]. Drilling in composites [2, 3] results in 
delamination, and furry and undersized holes. Another major 
problem faced during drilling of FRP is the inconsistency in 
the quality achieved at the tool exit side [1]. Another method 
used for machining of FRP is water jet cutting (WJC) [4]. 
From a physical point of view, the water jet has good pre­
conditions for cutting FRP as there is no potential for thermal 
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