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Carbon fiber reinforced plastics (CFRPs) possess desirable material properties that satisfy the aerospace
industry’s high strength to weight ratio objective. Therefore, CFRPs are commonly used in structural
parts, either alone or together with aluminum and titanium alloys. Drilling of CFRPs has been studied

extensively in the literature in recent years, with special emphasis on process parameters and
delamination. This study identifies mechanical properties of uni-directional CFRPs through drilling tests.
Drilling of uni-directional CFRP plates with and without pilot holes has been performed, and cutting and
edge force coefficients are identified. A polycrystalline diamond (PCD) drill was used in tests since this
type of drill is commonly used in practice. Finally, validation tests on multi directional CFRP laminates
have been performed and good results have been obtained.

© 2014 CIRP.

1. Introduction

In the new generation of aircrafts, the percentage of carbon fiber
reinforced plastics (CFRP) has reached up to 40% due to their ability
to resist corrosion and withstand high loads while reducing the
weight of the structural parts. Drilling, the most common machining
operation in aircraft manufacturing is the subject of this paper.

CFRPs are known to be difficult to machine due to the abrasive
nature and low thermal conductivity. CFRP drilling has been the
subject of many studies in the literature, most of which consider the
influence of drilling conditions on delamination [1,2]. A “critical
thrust force” concept (after which delamination starts) has been
introduced by Konig et al. [3]. Many different mathematical models
have been proposed to predict the critical thrust force as a function of
tool geometry and FRP material properties [4,5]. It has been shown
that feed and tool geometry are the two most important input
parameters affecting the quality of drilled holes, and feed and drilling
thrust force are closely related. It has been recommended to set feed
low. The influence of drilling speed on the hole quality is shown to be
minimal; therefore, high drilling speeds are recommended for better
productivity [6]. Rapid tool wear is common while drilling CFRP
laminates, which leads to increased drilling forces. Increased thrust
forces result in delamination at the exit of the drilled holes. Low feed,
which is recommended to decrease thrust forces at the hole exit,
increases the total contact time between tool and CFRP and therefore
results in faster tool wear [7]. In order to increase productivity,
especially when drilling uni-directional CFRPs, diamond coated
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tungsten carbide and polycrystalline diamond (PCD) drills have also
been used. PCD tool material combines high abrasion resistance,
thermal conductivity, hardness, and impact toughness, and it can also
be used in drilling of metal composite stacks [8]. The cutting edge
radius of PCD drills is sharper than it is on diamond coated carbide
drills thanks to their small grain size, which is an important
consideration for hole quality. In addition, they can be reconditioned
when they are worn. However, there are only a limited number of
studies on CFRP drilling with PCD drills in the literature.

It must be noted that the material properties and hence chip
formation mechanism of metals and fiber reinforced plastics are
different. CFRP material properties such as its thickness, carbon fiber
diameter, type of resin, volumetric ratio of carbon fiber, elasticity
modulus, strength, curing conditions, etc. are known to affect material
properties and, in turn, its drilling characteristics. Therefore, drill
geometries may be customized depending on the CFRP material and
laminate properties. Modeling of CFRP drilling is therefore necessary
to understand the mechanics of the process and to improve/optimize
drill designs for better hole making performance [9].

This study conducts an experimental investigation of drilling
CFRPs with PCD tools. The thrust force and torque measurements
are used to identify cutting force and edge coefficients while
drilling CFRPs. These identified cutting and edge coefficients are
then validated with additional drilling experiments performed on
single direction CFRP laminates.

2. Experimental procedure

A five-axis machining center was used in drilling experiments
which were performed under wet conditions with emulsion type
coolant. An aluminum backing plate with 8 mm diameter holes


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cirp.2014.03.077&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cirp.2014.03.077&domain=pdf
http://dx.doi.org/10.1016/j.cirp.2014.03.077
mailto:ykarpat@bilkent.edu.tr
http://www.sciencedirect.com/science/journal/00078506
http://dx.doi.org/10.1016/j.cirp.2014.03.077

82 Y. Karpat et al. /CIRP Annals - Manufacturing Technology 63 (2014) 81-84

was placed under the CFRP laminate. The drilling forces and torque
were measured by a Kistler 9123 rotating dynamometer and its
charge amplifier. Drilling speed is carefully selected to obtain an
acceptable level of cutting speed without exciting the dynamics of
the rotational force dynamometer. Intermediate modulus UD-
CFRP laminates of 10 mm thickness are produced for drilling tests.
UD-CFRP laminates have 0.14 mm ply thickness and they consist of
72 layers with equal fiber directions repeating in a sequence of 0°/
45°/90°/135° with two layers of 45° and 135° laminates on the top
and bottom surfaces. The intermediate modulus carbon fiber
reinforce epoxy resin unidirectional tape used in this study has 59%
fiber volume with 2690 MPa tensile strength. The geometry of the
double point angle PCD drill used in this study is shown in Fig. 1a
and b. Many different PCD drill designs are available with varying
cutting edge lengths and angles.
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Fig. 1. Double tip point angle PCD drill geometry.

A generalized double point angle tool geometry is shown in
Fig. 2. In this figure; 0’-O represents the chisel edge region, OA
shows the primary drilling region, AB shows the secondary
drilling region and BC shows the tertiary drilling region. The
length and angle of the chisel edge are represented with L and y,
respectively.

The tool tip angles corresponding to primary and secondary
drilling regions are shown with « and 8. The drill has zero helix
angle and 120° and 30° tool tip angles. Table 1 summarizes tool
geometry measurements. The tool tip measurements were
performed using Keyence VHX 1000 digital microscope. Uncut
chip thicknesses tsp and tos are different due to double point
angle design, and they can be calculated as a function of feed (f)
per edge.

12

Fig. 2. Double tip point angle PCD drill geometry.

Table 1
Tool geometry measurements.

Diameter 200 (°) B(°) L(nm) y(°) ra(mm) OA(mm) AB(mm)
(2.rg) (mm)
6.4 120 30 1250 37 0.82 0.46 4.4

3. Thrust force and torque characteristics of drilling with
double point angle PCD drills

Important information about the influence of tool geometry and
drilling conditions can be deduced from force and torque
measurements during drilling. Fig. 3 illustrates a drilling cycle
with the double point angle PCD drill used in this study, and phases
[-VII are identified on the figure. The point (I) corresponds to the
chisel edge of the drill entering the material. The point (II) indicates
the situation when the primary cutting edge (OA) enters the hole.
In this region, while thrust force increases rapidly, the increase in
torque is small. When the secondary drilling zone enters the hole
(AB), the rate of increase in thrust force is lower due to chip
thinning as a result of lower drill angle (3). Peak thrust force (III) is
reached at the end of the secondary drilling zone, and it stays
almost steady until the chisel edge of the drill reaches the bottom
of the laminate (IV). The region BC does not carry any thrust force,
but the torque reaches its peak value here. Thrust force decreases
rapidly with a similar rate observed at the hole entry as soon as the
chisel edge (IV-V) and primary drilling edge (V-VI) leave the cut.
The torque stays almost the same between IV and VI since the
secondary and tertiary cutting edges are still in contact with the
material. The thrust force and torque decrease continuously
between VI and VII until the drill completely leaves the cut.
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Fig. 3. A typical thrust force and torque measurement during drilling with double
point angle PCD tools at 5000 rpm and 0.04 mm/rev feed (data low pass filtered at
100 Hz).

4. Modeling of drilling forces and torques

The total thrust force (F,) and torque acting on the tool can be
represented with Eq. (1). The first term (F,_.,) represents the
influence of the chisel edge, the second term (F,_o4) represents the
influence on the primary drilling edge, and the last term (F,_g)
represents the influence of the secondary drilling edge. The effect
of the BCregion on the thrust forces is neglected. A similar equation
can also be written for total drilling torque (T) also shown in Eq.

(1).

ZFZ:Fz_ch"‘Fz,OA‘i‘FzAB (1)
ZT: Toa + Tag + Tge

A mechanistic force modeling approach has been used to model
drilling thrust forces and torques where machining forces are
related to the uncut chip area [10,11]. Average force and edge
coefficients represent the influences of drills’ cutting edge and
material properties on the forces. Eq. (2) represents the mechanis-
tic force modeling (thrust and cutting force per edge) adapted to
drilling with a double point angle tool. The subscript p represents
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primary (OA) and subscript s represents secondary (AB) drilling
regions. The variables in Eq. (2) are shown above in Fig. 2. The
thrust and cutting forces can be calculated for known values of
average force and edge coefficients.

F;p = 0A (szésina + Kzep>, Toa = Fep.Fon = OA (I(Cpgsinot + Kcep>

F,s = AB (Kzs %Sil’lﬁ + KZES) s TAB = FCS»fAB =AB (Kcs % Sil’lﬂ —+ Kces)
Tpc = Fpc.rpc = BC(Kp)
(2)

Drilling tests can be used to calculate the average values of
thrust and cutting force (K, Kep, Kzs, Kes) and edge (Kzep, Keep, Kzes,
Kees Kp) coefficients in reverse fashion. Characteristic thrust forces
and torques at drilling points (as shown I to IV in Fig. 3) are
identified from the measurements and shown in Fig. 4.

The primary edge thrust force is calculated by subtracting the
chisel edge force from the thrust force measurements (Fzp = F;—F
as shown in Figs. 3 and 4). Similarly, the secondary edge drilling
thrust force is calculated by subtracting the primary edge force
from the peak force (Fzs = Fy;—Fy). A linear fit has been obtained for
both thrust load and torque at primary, secondary and tertirary
drilling regions as shown in Fig. 4. The chisel edge torque is
neglected since it is very low. Table 2 summarizes the cutting and
edge force coefficients obtained from thrust force and torque
measurements. A linear curve fitting approach is also used to
represent the influence of chisel edge (F;) on the thrust force as a
function of feed [10] which is also shown in Table 2.
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Fig. 4. (a) Thrust force and (b) torque measurements with linear fit equations.

Table 2
Identified average cutting and edge coefficients.

Chisel edge force F, ;,=1254f+1.71 (N)

Kz (N/mm?) Kzep (N/mm) Kzs (N/mm?) Kzes (N/mm)

67 18 427 4.2

Ko (NJmm?)  Keep (Nfmm) Ko (NJmm?)  Kees (N/mm) K, (N/mm)
1317 22 810 2.38 7

The edge force coefficients on the primary drilling region (K
and K.,) are quite large. This is expected since effective drilling
cannot be performed in this region because of its closeness to drills’
center. Force coefficient for torque (K) is larger than that of thrust
force (K) for the secondary drilling edge. This is also expected,
since most of the torque is carried on the secondary drilling edge.
The edge coefficient on the tertiary zone K, is larger than that of
secondary drilling edge coefficient (K.) indicating a possible
plowing action, which may help improve both the quality of the
hole surface and the stability of the process. Average cutting and
edge coefficients can be used to calculate drilling thrust forces and
torques. A simple computer code is developed to calculate drilling
time based on drill geometry and feed. Fig. 5 shows the predicted
drilling thrust force and torques based on calculated cutting and
edge force coefficients. The influence of the laminate’s decreasing
stiffness as the number of laminates decreases toward the end of
the process is neglected. The peak force and peak torque are
predicted as 170N and 0.38 Nm, respectively. These are in
agreement with the values presented in Fig. 4(a) and (b).
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Fig. 5. Drilling thrust force and torque predictions at 5000 rpm and 50 wm/rev feed.

5. Cutting force coefficients as a function of fiber directions

In order to observe the influence of fiber cutting angle during
the drilling process, additional drilling tests are performed on a
single direction UD-CFRP laminate. The definition of fiber cutting
angle (0) and the variation of fiber cutting angle during drilling
cycle as a function drill’s rotation are shown in Fig. 6.

Direction
of cutting
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Fig. 6. Definition of fiber cutting angle, and variation of fiber cutting angle during
one rotation of the drill.

The corresponding drilling thrust force and torque measure-
ments are shownin Fig. 7. The variation of thrust force and torque
measurements have been enlarged in the same figure. The
average thrust force and torque are in good agreement with the
predictions for multi direction laminate shown in Fig. 5.
Experimenting on single direction CFRP laminates allow for
obtaining cutting force coefficients as a function of fiber cutting
angle [12,13]. The same approach is used here to represent the
relationship between the fiber cutting angle and force coeffi-
cients. Additional drilling experiments are performed on pilot
holes of 2.48 mm diameter where the influences of chisel and
primary edges are removed from thrust force and measurements.
High feed drilling tests were also performed where the largest
feed of 0.15 mm/rev was used which is larger than the ply
thickness (0.13 mm) of the laminate. Average thrust force and
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Fig. 7. Drilling of single direction CFRP laminate at 7500 rpm and 50 pwm/rev feed
and variation of thrust forces and torques as a function of drill rotation.

torque measurements obtained on a pilot hole are given in Fig. 8
with linear fit equations.
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Fig. 8. Average peak thrust force and torque measurements as a function of feed
while drilling with pilot hole of 2.48 mm diameter. Force and edge coefficients for
the secondary drilling edge can be calculated as a function of fiber cutting angle as
in Eq. (3).

Kes = 689 + 345.5in(26 + 180) N/mm? Kees = 2.88 N/mm 3,
Kzs = 143 + 72.5in(26 + 180) N/mm?, K, = 3.58 N/mm

The average values of the sine wave is calculated from slope and
intercept values given in Fig. 8 using Eq. (2). The amplitude of the
sine wave is calculated from single direction laminate force
fluctuations as shown in Fig. 7. Fig. 9(a) shows the variation of K
as a function of fiber cutting angle. There is almost a three times
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Fig. 9. (a) Cutting force coefficient as a function of fiber cutting angle in the
secondary drilling region; (b) hole exit quality as a function of fiber cutting angle at
5000 rpm and 20 pwm/rev feed.

difference in force coefficients between 45° and 135° fiber cutting
angles. The adverse effect of high levels of force coefficients (from
90° to 135° fiber cutting angle) on the hole exit quality is shown in
Fig. 9(b). While the secondary drilling edge cutting (K.) and edge
force coefficients (Kces, Kzes) are in close agreements with those
listed in Table 2, cutting force coefficient corresponding to thrust
force K, is calculated to be lower. Thrust force measurements in
Fig. 8 reveal that rate of increase in thrust force decrease with
increasing feed. This may be explained with the brittle fracturing of
the fibers as a result of large thrust forces.

6. Conclusions

A mechanistic model for drilling of multidirectional CFRP
laminates using double point angle PCD drills is proposed. Cutting
and edge force coefficients are calculated based on thrust force and
torque measurements. The variation of cutting force coefficients as
a function of fiber cutting angle is also calculated for the secondary
drilling region. It allows calculation of thrust forces and torques
according to laminate configuration. The proposed model enables
investigating the influence of drill geometry and drilling param-
eters on process outputs such as thrust forces and torques at the
hole exit. This model, combined with experimental delamination
analysis, can be used to optimize drilling conditions and drill
geometry. Chisel edge length and angle, primary and secondary
edge lengths and angles can be considered as drill geometry
parameters for the PCD drill used in this study.
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