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Abstract Aerospace and automobile industries extensively
use components made of plastics and fiber-reinforced plastics
which require micro-machining operations including micro-
drilling to be carried out. Various attempts are reported in the
literature to study different strategies and model the forces in
micro-drilling with a view to produce micro-holes having
large aspect ratio and to reduce drill breakage. The force
models are more statistical than mechanistic in approach. In
the present work, an attempt is made to develop mechanistic
models of thrust and torque in micro-drilling of plain epoxy
sheets. Material model capturing strain rate and temperature-
dependent yield strength of epoxy material and basic princi-
ples of machining are employed for this purpose. The mech-
anistic model for prediction of thrust and torque is validated
using well-planned full factorial design of experiments. Ex-
periments are carried out using a carbide drill of 0.5-mm
diameter with three levels for speed and feed on a high-
speed miniature machine tool specially developed at the lab-
oratory. The material model is extended to glass-reinforced
plastics (GRP), and drilling forces are predicted using the
proposed mechanistic model. In both cases of plain and
GRP sheets, the model predictions are close to the experimen-
tally measured drilling forces.
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NomenclatureDrill geometry and cutting parameters
R Drill radius (mm)
2 W Web thickness (mm)
L Lip length (mm)
re Edge radius (mm)
δ Helix angle (deg)
ρ Semi-point angle (°)
ψ Chisel edge angle (°)
s Feed (mm/rev)
n Spindle speed (rpm)

Cutting elements and relevant conditions
Δr Elemental radial width on cutting lip/

chisel edge (mm)
r Distance from center of the drill to mid-

point of the element chosen on lip/chisel
edge (mm)

ΔL Elemental lip width on lip (mm)
V Velocity at the cutting element (mm/s)
ω Web angle (°)
i Inclination angle (°)
ν Velocity angle (°)
t0 Uncut chip thickness (mm)
tlim Limiting uncut chip thickness (mm)
αref Reference rake angle at the cutting ele-

ment (°)
αn Rake angle at cutting element (°)
β n Friction angle at cutting element (°)
φn Shear angle at cutting element (°)
η Chip flow angle (°)
ε̇ Strain rate in cutting (s−1)
αf Feed angle (°)
ϕ Slip line field angle (°)
Ra Indentation zone radius
C Merchant’s machining constant
τ Shear strength of work material (MPa)
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fP, fQ, fR Elemental forces per unit radial width
along cutting, thrust and radial directions
respectively (N/mm)

fpc, fqc, frc Cutting force coefficients (MPa)
fpe, fqe, fre Edge force coefficients (MPa/mm)
Thruj, Tangj,
Thrulip

Elemental thrust and tangential forces
with reference to drill axis (N)

Thruchi, Thru ind,
Torqlip

Thrust at cutting lips, chisel edge, and
indentation zone (N)

Torqchi, Torq ind Torque at cutting lips, chisel edge, and
indentation zone (N mm)

Thru Thrust force on the drill (N)
Torq Torque on the drill (N mm)

Material property
σy Compressive yield stress of the material

(MPa)
σi(0) Internal yield stress of the material at 0 K

(MPa)
nc Material parameter to characterize the coop-

erative movement of the chain segments
h The primary shear zone thickness (mm)
ε̇ Process strain rate (s−1) (computed for ma-

chining conditions)
ε̇0 Pre-exponential strain rate (s−1)
ΔHβ β Activation energy (KJ/mol)
m Material constant
Va Activation volume (m3)
k Boltzmann’s constant (m2 kg/s2 K)
T Absolute temperature (K)
τcomp, τfib,
τmat

Shear strength of composites, fiber, and ma-
trix, respectively

vfib, vmat Volume fraction of fiber and matrix,
respectively

1 Introduction

Plastics and fiber-reinforced plastics are widely used in auto-
motive and aerospace industries, as these materials offer con-
siderable weight reduction and replace metals and alloys that
find place in different components. The components made of
these plastics also require additional machining operations,
particularly for making holes for functional and assembly
purposes. With miniaturization of features on the components,
they are subject to micro-machining operations that include
micro-drilling as well. Even though micro-drilling is carried
out with drills having diameter less than 1.00 mm, drilling of
holes with diameter 500 μm and below is considered to fall
into the category of micro-drilling [1].

Literature survey presented here covers research work car-
ried out in macro- and micro-drilling, with emphasis on plas-
tics and fiber-reinforced plastics as work materials. Since

many attempts to study drilling of the plastics and fiber-
reinforced plastics have some kind of dependence on drilling
of metals, it is not out of place to present a brief review of
macro- and micro-drilling of metals first to understand the
context. In case of twist drill, two types of elements are
involved in metal removal [2, 3]. Drill lips form primary
elements which have higher cutting velocity in comparison
with secondary element. The secondary element is chisel edge
of the drill which removes metal by cutting where the velocity
is high enough as well as by extruding the metal at the center
(referred to as indentation zone) where the cutting velocity is
near 0.

A study on the mechanism of metal removal in macro-
drilling and cutting forces has led to the development of
statistical as well as mechanistic models [4]. The statistical
models use regression techniques to develop the equations in
which the coefficients represent influence of cutting parame-
ters on the cutting forces [5]. The mechanistic models for
cutting forces are strictly based on fundamental mechanical
properties, while some mechanistic approaches evaluate a set
of coefficients which have functional significance in deter-
mining the cutting forces. It is interesting to note that mech-
anistic approaches use oblique cutting principles which are
extended from orthogonal cutting [6, 7].

Micro-drills not only differ from macro-drills in terms of
size but also have higher ratio of chisel edge to diameter and
appreciable cutting edge radius which influences the cutting
phenomenon. Some manufacturers of micro-drills do not pro-
vide land or margin on them. It can be seen from the literature
that approaches for modeling macro-drilling are extended to
micro-drilling also. Mechanistic approach in modeling of
cutting forces in micro-drilling has been reported by Gong
and Ehmaan [8], and the cutting coefficients are evaluated
from drilling experiments that are carried out using a 3.175-
mm drill with a pilot hole slightly larger than the chisel edge.
The cutting coefficients thus obtained are also used to predict
forces acting on the cutting lips as well as the chisel edge.
Being meso-scale drilling of metals, the material strengthen-
ing due to size effect [9] and role of cutting edge radius [10] do
not come into picture.

In an earlier work carried out by Rao et al. in 1964, an
attempt has been made to carry out a fundamental study of
machining characteristics of plastics using orthogonal cutting
experiments similar to those carried out on metals [11]. Ma-
chining studies on plastics have been well documented by
Kobayashi [12]. It is interesting to note that studies on orthog-
onal edge cutting of unidirectional fiber-reinforced laminate
have been carried out with different orientation of fibers
[13–15]. However, drilling is carried out on the surface of
the laminate, and the conditions encountered by the cutting
edges of the drill are different. Most of the work reported in
the literature on macro-drilling of plastics and fiber-reinforced
plastics deal with study of hole quality and cutting forces
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involved [16–19]. A mechanistic approach for predicting
cutting forces in drilling of fiber-reinforced composites
is reported by Chandrasekharan et al. [20]. It is also
mentioned in their paper that the material in the inden-
tation zone is subjected compressive fracture instead of
getting extruded like metals. The literature on micro-
drilling of plastics and fiber-reinforced plastics is quite
limited. Though hole quality in micro-drilling of fiber-
reinforced plastics has been reported, the models for
predicting the drilling forces are statistical in nature
[21, 22]. In developing mechanistic model for micro-
drilling of plastics, size effect in metals commonly
attributed to geometrically necessary dislocation densi-
ties cannot be applied.

In the present work, plain and glass-reinforced epoxy
sheets are taken as work materials to carry out micro-drilling
studies. First, a mechanistic model is developed for plain
epoxy sheet to predict the thrust and torque in micro-drilling,
considering material removal in cutting lip, chisel edge, and
indentation zones. The model is validated by conducting
experiments with solid carbide drill of 0.5-mm diameter. The
mechanistic model is next extended to cover glass-reinforced
epoxy sheet, and the results are compared with experimentally
measured drilling forces.

2 Mechanistic model

Basic studies in machining are carried out by orthogonal
cutting which represents a cutting action with a single sharp
edge placed perpendicular to the direction of cutting. This is a
two-dimensional case with forces acting in a plane. Actual
machining operations such as drilling and milling are multi-
point cutting operations, and they very rarely satisfy orthogo-
nal cutting conditions. In order to study these operations,
principles of orthogonal cutting are extended to oblique cut-
ting and then the investigations are carried out. Also, to
develop mechanistic model of cutting forces, one has to
capture the material behavior as cutting involves very high
strains, strain rates, and temperatures as well as model the
cutting action of different elements of the tool used. In case of
a drill, two different elements, namely cutting lip and chisel
edge, have to be considered. Micro-drills often have diameter
less than 0.5 mm with ratio of chisel edge to diameter being
large in comparison with that of macro-drills, and cut-
ting edge radius in micro-drill plays a significant role
during machining. In some cases, the absence of
margin/land is also a noticeable feature, as in Fig. 1.
Specifications for the drill and the work material used
in the present work are given in Table 1. In the follow-
ing sections, relevant material model for the epoxy
taken up in the present work and modeling of material
removal action of micro-drill will be presented.

2.1 Material model

Researchers working in metal cutting often find Johnson-
Cook’s material constitutive models to be very useful to predict
yield strength at different strain, strain rate, and temperature
[23]. However, these models do not cover polymers like epoxy.
Generally, the compressive strength of the epoxy is found to be
higher than its tensile strength. The epoxy specimens are often
tested under compression to determine the yield characteristics.
A suitable material model for the mechanical response of a
solid amorphous polymer like epoxy, which is dependent on
the temperature and strain rate, becomes necessary. Rio and
Rodríguez [24] presented a material model for the variation of
uniaxial compressive yield stress σy with strain rate ε̇ and
absolute temperature T as described by Richeton et al. in [25]
and the equation is given as:

σy ¼ σi 0ð Þ−mT þ 2kT

Va
sinh−1

ε̇

ε̇0exp − ΔHβ

kT

� �
2
4

3
5
1=nc

ð1Þ

where σi(0) is the internal yield stress at 0 K, m is material
constant, ΔHβ is the β activation energy, Va is the activation
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Fig. 1 Details of micro-drill used in the present work
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volume,ε̇0 is the pre-exponential strain rate, nc is the material
parameter to characterize the cooperative movement of the
chain segments, and k is the Boltzmann’s constant. Richeton
model parameters summarized by Río and Rodríguez [24] for
the epoxy polymer are given in Table 2. The temperature in
micro-drilling is taken to be in the range of 60–100 °C, which
is below the glass transition temperature of the epoxy consid-
ered. From the properties of epoxy listed in different sources,
it is seen that compressive strength is higher than the tensile
strength, and ratio between compressive yield strength and
shear strength varies from 2.5 to 3.5. In the present work, a
ratio of 3 is taken to compute the shear strength (τ) of the
matrix epoxy used in the mechanistic model [26].

In the above equation, value ε̇ corresponding to different
zones of deformation must be taken. The size effect in epoxy-
based plastics is quite different from that in metals. Though
the size effect of epoxy-based plastics has been experimental-
ly identified through indentation method [27] and micro-
compression test [28], a generalized formulation as in the case
of metals is needed. In the absence of such generalized model
and based on the fact that size effect is observed for indenta-
tion depths below 2 μm for different epoxies, its effect is not
included in the material model as feed used in present work is
5 μm/rev and above.

2.2 Material removal action in micro-drilling

In general, material removal in drilling happens in three dis-
tinct regions, namely cutting lip (primary), chisel edge (sec-
ondary), and indentation regions. Material removal at lip and
chisel edge (excluding indentation) regions is by cutting ac-
tion. From literature, it is seen that phenomena associated with
orthogonal cutting of plastics are observed to be similar to
those in metal cutting [11, 12]. However, shearing no longer
occurs along a plane when the depth of cut is as small as in
micro-cutting. Therefore, applicability of thin zone models in
such cases has to be justified. In a work reported by Tounsi
et al. [29], the shear zone is approximated by a rectangular
zone and a main shear plane along which maximum shearing
occurs is identified within this rectangular zone. In the present
work, main shear plane as suggested in Tounsi’s model is
taken as a limiting case, and all the relevant parameters are
computed on the basis of thin zone model. Appropriate
oblique cutting model derived from thin zone orthogonal
model is used in developing mechanistic model for cutting
forces in micro-drilling.

2.2.1 Cutting lip (primary) zone

Figure 1 shows cutting lip geometry for the micro-drill.
It is usual to consider a radial element of width Δr at a
radius of r from the drill axis which corresponds to an
oblique element ΔL on the lip. The relation between Δr
and ΔL is given by Δr=ΔLsinρcosω where ρ is the
semi-point angle and ω is the web angle. This element
is treated as an oblique cutting edge, and forces acting
on it are estimated from the principles of oblique cut-
ting. The cutting edge also introduces ploughing/rubbing
effect due to the radius at the edge. Therefore, the
forces acting on the chosen element for unit radial
width Δr in the cutting (fP), thrust (fQ), and radial (fR)
directions are expressed as

f P ¼ f pct0 þ f pe ð2aÞ

f Q ¼ f qct0 þ f qe ð2bÞ

f R ¼ f rct0 þ f re ð2cÞ

where fpc, fqc,, frc are cutting force coefficients; fpe, fqe, fre
are the edge force coefficients; and t0 is the uncut chip thick-
ness at the lip region given by

Table 1 Tool and workpiece material specifications

a. Tool specification (Walter Titex K30F)

Tool material WC-Co

Size, 2R 0.5 mm

Web thickness, 2W 0.12 mm

Helix angle, δ 24°

Point angle, 2ρ 118°

Chisel edge angle, ψ 125°

Cutting edge radius, re 2 μm

b. Workpiece material specification

Plain epoxy-based plastics

Composition Araldite LY556 and HY951 (10:1 by
weight)

Sheet size 40 mm×32 mm

Sheet thickness 2.2 mm

Fiber-reinforced epoxy-based plastics

Fiber (size) Glass (10 μm)

Fiber strength Tensile, 3.40 GPa

Shear, 300 MPa

Volume fraction 30 %

Fabric count (weave
type)

32×30 (plain)

Average fabric
thickness

200 μm

Sheet size 40 mm×32 mm

Sheet thickness 2.2 mm

1180 Int J Adv Manuf Technol (2014) 75:1177–1187



t0 ¼ ssinρcosν
2

ð3Þ

where s is feed and ν is velocity angle.
In the present work, cutting coefficients are found from the

work of Armarego and Brown [3] as

f pc ¼
τcosνcosi cos βn−αnð Þ þ tanitanηsinβn½ �

sinϕncosω cos2 ϕn þ βn−αnð Þ þ tan2ηsin2βn

� �1=2 ð4aÞ

f qc ¼
τcosνsin βn−αnð Þ

sinϕncosω cos2 ϕn þ βn−αnð Þ þ tan2ηsin2βn

� �1=2 ð4bÞ

f rc ¼
τcosνcosi cos βn−αnð Þtani−tanηsinβn½ �

sinϕncosω cos2 ϕn þ βn−αnð Þ þ tan2ηsin2βn

� �1=2 ð4cÞ

where τ is shear strength.
The edge coefficients found from the model proposed by

Abdelmoneim and Scrutton [30] are given:

f pe ¼
τre

sinρcosω
2θ0
cosθ0

þ πsinθ0tanθ0

� �
ð5aÞ

f qe ¼
τre

sinρcosω
2

ffiffiffi
3

p
sinθ0

h i
ð5bÞ

f re ¼ f pesini ð5cÞ

where the value of stagnation angle θ0 is taken as
14°.

Web angle ω used in the above equations is given by

ω ¼ sin−1 W=rð Þ ð6Þ

where W is the half web thickness.
Based on Stabler’s rule, chip flow angle η is assumed as

inclination angle i which is given by

i ¼ sin−1
W sinρ

r

	 

ð7Þ

The rake angle αn is given by

αn ¼ αref−ν ð8aÞ

where velocity angle ν is

ν ¼ tan−1 tanωcosρð Þ ð8bÞ

and reference rake angle αref is computed for a given helix
angle of the drill δ as

αref ¼ tan−1
tanδcosω

sinρ−tanδsinωcosρ

	 

ð8cÞ

When the uncut chip thickness t0 is less than a limiting
value tlim, the rake angle αn gets modified [10] as

αn ¼ sin−1
t0−re
re

	 

for t0 < tlim ð9Þ

where re is cutting edge radius and tlim is the limiting value
given by tlim=re(1+sinαn). Otherwise, Eq. 8(a) is directly
used.

A modified shear angle relation used by Rao and
Shunmugam [23] to predict shear angle φn is given as:

φn ¼
C−βn þ αn

2
ð10Þ

Table 2 Richeton model param-
eters for the epoxy chosen [24] Model parameters Symbol (unit) Value

Internal yield stress at 0 K σi(0) (MPa) 265

Material constant m (MPa/K) 0.551

Pre-exponential strain rate ε̇0 (s−1) 7.783×107

β activation energy ΔHβ (KJ/mol) 35

Parameter characterizing cooperative
movement of chain segments

n 3.514

Activation volume V (m3) 8.84×10−29

Boltzmann’s constant k (m2 kg/s2 K) 1.3806503×10−23

Int J Adv Manuf Technol (2014) 75:1177–1187 1181



where C is Merchant’s machining constant.
The strain rate (ε̇ ) on the shear plane is given by Tounsi

et al. [29] as

ε̇ ¼ 2Vcos αnð Þffiffiffi
3

p
hcos ϕn−αnð Þ ð11Þ

where V is cutting velocity (mm/s) at radius r and h is
primary shear zone thickness (=t0/2).

The thrust and tangential forces at jth element on the lip
with reference to drill axis can be found from the following
equations:

Thru j ¼ f Q j
cos ν sin ρð Þ− f R j

cos i cos ρþ sin i sin ν sin ρð Þ
h i

Δr

ð12aÞ

Tang j ¼ f P j
Δr ð12bÞ

Therefore, thrust force (Thrulip) and torque (Torqlip) on
both the lips can be computed by summing over all N ele-
ments.

Thrulip ¼ 2
Xj¼N

j¼1

Thru j ð13aÞ

Torqlip ¼ 2
Xj¼N

j¼1

Tang jr j ð13bÞ

2.2.2 Chisel edge (secondary) zone—indentation zone
excluded

The procedure followed for prediction of cutting forces
acting on the chisel edge is similar to that described in
Section 2.2.1. One portion of the chisel edge represent-
ed as C (half chisel edge length minus radius of inden-
tation zone Ra) in Fig. 2 is divided into M elements.
Elemental forces ΔFP and ΔFQ acting on a given
element of width Δr and thickness s/2 at a distance of
r from the drill axis in cutting and thrust directions can
be expressed by Eq. 2(a) and 2(b). The relevant cutting
force coefficients can be derived from Eq. 4 using
conditions for orthogonal cutting, namely i=η=ω=ν=0.
In the final form, Eqs. 4(a) and 4(b) appear as:

f pc ¼
τcos βn−αnð Þ

sinϕncos φn þ βn−αnð Þ ð14aÞ

f qc ¼
τsin βn−αnð Þ

sinϕncos φn þ βn−αnð Þ ð14bÞ

The edge force coefficients are expressed by Eqs. 5(a) and
5(b).

However, the rake angle at the element on the chisel edge
must be taken according to [6]:

αn ¼ αref þ αs ð15aÞ

where reference rake angle αref and feed angle αs are,
respectively, given by

αref ¼ −tan−1 tanρcos π−ψð Þð Þ ð15bÞ

αs ¼ tan−1
s

2πr

� �
ð15cÞ

The limiting condition in Eq. 9 must be considered while
taking into account the edge radius effect on rake angle in
cutting.

Since the feed and cutting velocities are also comparable in
this zone, velocity according to the next equation must be
taken to compute shear strain ε̇ using Eq. 11.

V ¼ n

60

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ 2πrð Þ2

q
ð16Þ

Ra

Indentation

zone

Chisel edge

Cutting lip

C

r
r

Δ ψ

Fig. 2 Chisel edge and indentation zone
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The thrust and tangential forces at kth element on the chisel
edge with reference to drill axis can be found from the fol-
lowing equations

Thruk ¼ f Qk

h i
Δr ð17aÞ

Tangk ¼ f Pk

� �
Δr ð17bÞ

The thrust force (Thruchi) and torque (Torqchi) due to chisel
edge cutting can be found by summing over all M elements
and multiplying by 2 to account for two portions of chisel
edge on either side of the indentation zone.

Thruchi ¼ 2
Xk¼M

k¼1

Thruk ð18aÞ

Torqchi ¼ 2
Xk¼M

k¼1

Tangkrk ð18bÞ

2.2.3 Indentation zone

In the indentation zone, the velocity is near zero, and material
in this zone is pushed backward due to compressive stress.
This zone cannot be neglected in micro-drilling, as its contri-
bution to the drilling forces is appreciable [8, 20]. The portion
of the chisel edge at this zone is considered to be a rigid wedge
having a semi-angle ofαn given by Eq. 13 in which feed angle
αs is zero. Using slip-line solution provided by Kachanov
[31], normal force acting on the wedge is determined. From
the normal force, thrust force and torque at the indentation
zone can be found as

Thruind ¼ 8τ 1þ ϕð ÞsRasinαn

cosαn−sin αn−ϕð Þ ð19aÞ

Torqind ¼
4τ 1þ ϕð ÞsRa

2cosαn

cosαn−sin αn−ϕð Þ ð19bÞ

where angle ϕ is found out iteratively from the relation,

2αn ¼ ϕþ cos−1 tan
π
4
−
ϕ
2

	 
� �
ð19cÞ

Radius of the indentation zone is obtained from the relation
involving feed s and semi-point angle ρ as [32]:

Ra ¼ s

4tan
π
2
−ρ

� � ð20Þ

2.2.4 Total forces acting on a micro-drill

Total thrust force (Thru) and torque (Torq) acting on the drill
can be found by adding the values at all three zones.

Thru ¼ Thrulip þ Thruchi þ Thruind ð21aÞ

Torq ¼ Torqlip þ Torqchi þ Torqind ð21bÞ

3 Experimental validation

For validating the model developed in the previous section,
micro-drilling experiments are conducted on an in-house de-
veloped miniaturize machine tool (MMT) having a high-
speed spindle with a speed range of 5,000 to 100,000 rpm
and a runout of less than 1 μm [33]. The spindle speed is
controlled through the frequency converter which allows in-
finitely variable speed within the range. A piezo-electric dy-
namometer Kistler MiniDyn 9256C2 with a minimum reso-
lution of 0.002 N and Kistler multi-channel charge amplifier
Type 5070A are used to measure thrust force and torque
during micro-drilling.

The specimen for the experimental work for the first set of
experiments is a rectangular sheet of 2.25 mm thickness made
out of matrix material and having a dimension 40×32 mm.
The matrix material is made of bifunctional diglycidyl ether of
bisphenol A (DGEBA)-type epoxy resin (LY556) and
triethylene teramine (TETA)-type curing agent (HY951) in
the ratio of 10:1 by weight. The prepared matrix mixture is
cured at room temperature for 24 h and post-cured for 2 h at
150 °C. The glass transition temperature (Tg) is identified as
115 °C. The second set of experiments is carried out on the
GRP sheet of the same size having the same matrix and six
layers of woven glass 32×30 (count) fabric with a volume
fraction of 30 % (Table 1). The average thickness of each
fabric layer is about 200μm [21]. The specimen is clamped on
a special fixture which is turn mounted centrally on the
dynamometer so as to avoid any adverse moments during
machining, with uniform torque on the clamping screws.
The entire setup is placed on a vibration isolation table to
avoid any vibration transmitted from the surrounding. Table 3
gives the experimental plan involving full factorial design
with speed and feed at three levels. A solid carbide drill of
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0.5-mm diameter with specification given in Table 1a is used.
The levels of speed (20,000, 30,000, and 40,000 rpm) and
feed (5, 10, and 15 μm/rev) are chosen based on recommen-
dations in literature and micro-drill manufacturer’s catalogue
[21, 22]. For each condition, a blind hole of 0.6 mm is drilled
directly (without pecking cycle) to capture the variation in
thrust and torque values. Figure 3 shows typical thrust and
torque signals obtained during micro-drilling experiment, cor-
responding to the conditions specified in the first row of
Table 3.

4 Results and discussion

It is seen from Fig. 3 that full engagement happens after entry
of the drill point, and a dwell of 0.5 s is allowed before with-
drawing the drill. These zones are marked on the plots for
better visualization of variation of forces during different
phases of drilling. In an earlier work reported by the authors
[21, 22], maximum values of thrust and torque acting on the
drill are taken for analysis as they are considered critical in
controlling the drill breakage. It is observed that such maxima
can occur anywhere during the drilling cycle. Since the mech-
anistic model proposed in the present work predicts thrust and
torque during full engagement phase, it is considered appro-
priate to take the average values of thrust and torque in the full
engagement zone and compare with the predicted values.
Based on a minimum of three trials carried out for the spec-
ified drilling conditions, the average thrust and torque values
are given in Table 3.

4.1 Plain epoxy sheet

For predicting the drilling forces using the mechanistic model,
appropriate value of C has to be used in Eq. 8. In orthogonal
machining of plastics, Rao et al. [11] identified C to be 1.57
(90 deg) and discussed the role of friction in determining the

forces. In the present work, (C−βn) is taken as a single
parameter for prediction and analysis of thrust and torque at
lip and chisel cutting edges. The predicted thrust force (Thru)
and torque (Torq) are given in Table 4 with (C−βn)=1.29 for

Table 3 Average thrust and torque measured during micro-drilling

Sl. no. Speed, n (rpm) Feed, s 10−3 (mm//rev) Plain GFR

Thru (N) Torq (N mm) Thru (N) Torq (N mm)

1 20,000 5 0.5984 0.2967 0.9299 0.3685

2 30,000 5 0.5657 0.2484 0.9910 0.3316

3 40,000 5 0.5442 0.2222 0.9036 0.2930

4 20,000 10 0.9207 0.3278 1.4565 0.4633

5 30,000 10 0.8699 0.3184 1.3535 0.4074

6 40,000 10 0.8252 0.2516 1.3436 0.3417

7 20,000 15 1.2107 0.4365 1.8636 0.7000

8 30,000 15 1.1180 0.3978 1.8782 0.5618

9 40,000 15 1.0044 0.3225 1.7085 0.5505

a) Epoxy sheet

b) GFR Epoxy sheet
Thrust Torque

Fig. 3 Typical plots showing variation in thrust and torque during micro-
drilling (speed, 20,000 rpm; feed, 5 μm/rev). a Epoxy sheet, b GFR
epoxy sheet
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plain epoxy sheet considered in this work. From Fig. 3a, it can
be seen that thrust exists during the dwell, whereas torque
exists during the dwell as well as withdrawal phases. This
clearly shows that micro-drill rubs against the side wall of the
drilled holes, and the rubbing has a different effect on the
measured thrust and torque. Since mechanistic models pro-
posed in the present work predict the thrust and torque without
the effect of side wall rubbing, its effect is removed from the
measured values according to Eq. 22.

Thruswr ¼ k f 1 þ k f 2VR þ k f 3s ð22aÞ

Torqswr ¼ km1 þ km2VR þ km3s ð22bÞ

where VR is the velocity in millimeters per second at the
periphery of the drill (R=0.25mm) and s is feed in millimeters
per revolution. The coefficients kf1, kf2, kf3 and km1, km2, km3

obtained by regression are also given in Table 4. The values of
Thruswr and Torqswr are subtracted from the measured values
and given as adjusted values in Table 4. The material model
given by Eq. 1 and relevant details fromTable 2 are used in the
mechanistic model to predict the thrust and torque during
micro-drilling. The deviations from the predicted values are
tabulated, and the average absolute deviations are obtained as
2.76 and 12.75 %, respectively, for thrust force and torque.
Higher percentage of deviation for the torque is due to the
larger scatter in the measured values of torque in comparison
with the thrust measured [21].

4.2 Glass-reinforced epoxy sheet

Glass fiber fabric used as reinforcement is a plain woven type
with a distinct checkerboard pattern formed by lengthwise
warp yarn passing over, under, over, and under the crosswise
filling yarn. Each yarn consists of several fibers, and woven
fabric is approximately 200 μm thick (Table 1). Unlike or-
thogonal edge cutting of unidirectional fiber-reinforced

Table 4 Comparison of predicted thrust and torque with measured values

Sl no. Thru (N) Torq (N mm)

Experimental Predicted % Deviation Experimental Predicted % Deviation

Measured Adjusted Measured Adjusted

a. Plain epoxy-based plastic
[Thruswr=0.107–1.42(10

−4)VR+8.87s; Torqswr=0.273–1.62(10
−4)VR+6.55s]

1 0.5984 0.5214 0.5485 −5.20 0.2967 0.0758 0.0721 4.85

2 0.5657 0.5259 0.5392 −2.53 0.2484 0.0699 0.0714 −2.17
3 0.5442 0.5416 0.5260 2.87 0.2222 0.0861 0.0703 18.35

4 0.9207 0.7994 0.7906 1.09 0.3278 0.0741 0.1004 −35.45
5 0.8699 0.7857 0.7714 1.82 0.3184 0.1071 0.0991 7.50

6 0.8252 0.7782 0.7464 4.09 0.2516 0.0827 0.0970 −17.23
7 1.2107 1.0450 1.0230 2.11 0.4365 0.1501 0.1382 7.91

8 1.1180 0.9895 0.9933 −0.39 0.3978 0.1538 0.1360 11.56

9 1.0044 0.9131 0.9561 −4.71 0.3225 0.1209 0.1327 −9.76
Avg. abs. deviation (%) 2.76 Avg. abs. deviation (%) 12.75

b. Glass fiber-reinforced epoxy-based plastics
[Thruswr=0.219–1.28(10

−4)VR−1.09s; Torqswr=0.295–2.16(10−4)VR+16.8s]

1 0.9299 0.7834 0.8380 −6.97 0.3685 0.1026 0.1027 −0.10
2 0.9910 0.8780 0.8315 5.29 0.3316 0.1222 0.1023 16.32

3 0.9036 0.8241 0.8222 0.23 0.2930 0.1402 0.1015 27.60

4 1.4565 1.3154 1.2862 2.22 0.4633 0.1134 0.1487 −31.13
5 1.3535 1.2459 1.2727 −2.15 0.4074 0.1140 0.1477 −29.51
6 1.3436 1.2695 1.2552 1.13 0.3417 0.1049 0.1463 −39.47
7 1.8636 1.7280 1.7392 −0.65 0.7000 0.2661 0.2086 21.60

8 1.8782 1.7761 1.7185 3.24 0.5618 0.1844 0.2070 −12.23
9 1.7085 1.6399 1.6924 −3.20 0.5505 0.2297 0.2047 10.88

Avg. abs. deviation (%) 2.79 Avg. abs. deviation (%) 20.98

% deviation=100(Exp.−Pred.)/Exp.
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laminate, micro-drilling is carried out on the sheet surface.
Hence, the cutting edges of the micro-drill cut through the
fibers at different orientations. In comparison with matrix
material, the glass fibers exhibit lower compressive strength
than tensile strength. The shear strength of fiber is much lower
than the compressive strength [34]. In the present work, it is
considered appropriate to model the GRP as an equivalent
homogeneous material for the prediction of average drilling
forces using the mechanistic model. Since this is a first attempt
to model the behavior of GRP in micro-cutting, a simplified
material model using rule of mixtures is used to arrive at the
equivalent shear strength.

The shear strength of glass-reinforced epoxy is derived
using the following relation:

τ comp ¼ τ fibvfib þ τmatvmat ð22Þ

where τcomp, τfib, and τmat represent shear strength of
composites, fiber, and matrix, respectively. Volume fraction
of fiber and matrix in the composites are represented by vfib
and vmat, respectively. In the present work, volume fraction of
fiber in the laminate is 30 % and its shear strength is 300 MPa
as given in Table 1.

Average thrust and torque values are computed following
the same procedure that has been outlined for the plain epoxy
sheets, and thesemeasured average values are given in Table 3.
The average absolute deviations are obtained as 2.79 and
20.98 %, respectively, for thrust force and torque, as given
in Table 4. In case of GRP sheets, the average absolute
deviation is higher than that obtained for plain sheets, as fibers
present in the matrix give rise to greater fluctuations in the
force signals and hence higher degree of scatter.

5 Conclusions

It is seen from the literature that many researchers deal with
statistical models for cutting forces in machining of fiber-
reinforced plastics, and a few models based on finite element
analysis have been reported. Though mechanistic models of
cutting forces are reported for metal machining, such an
approach for fiber-reinforced plastics has not been attempted.
As a first attempt, it is established that it is possible to develop
mechanistic models of drilling forces in micro-drilling for
both plain and glass-reinforced epoxy sheets.

The mechanistic model is validated with experimental re-
sults. During the validation, it is observed that rubbing of the
micro-drill with side wall of the drilled hole influences the
thrust and torque during micro-drilling. When this effect is
taken into account, the average absolute deviations in predic-
tion of drilling thrust and torque are obtained as 2.76 and

12.75 %, respectively, in micro-drilling of plain epoxy sheets.
In case of GRP sheets, these values are 2.79 and 20.98 % for
thrust and torque, respectively. Though the prediction error of
20.98 % is higher for torque obtained in micro-drilling of
GRP, it is reasonable considering the non-homogenous nature
of glass fiber reinforcement in the composites.

Though the proposedmodel is developed for micro-drilling
of plain and glass-reinforced epoxy sheets, it is equally appli-
cable to macro-drilling of plain and fiber-reinforced plastics
with minor changes.
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