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Abstract Carbon fiber reinforced polymers (CFRPs) are
known to be difficult to cut due to the abrasive nature of
carbon fibers and the low thermal conductivity of the
polymer matrix. Polycrystalline diamond (PCD) drills are
commonly employed in CFRP drilling to satisfy hole
quality conditions with an acceptable tool life. Drill
geometry is known to be influential on the hole quality and
productivity of the process. Considering the variety of
CFRP laminates and available PCD drills on the market,
selecting the suitable drill design and process parameters
for the CFRP material being machined is usually per-
formed through trial and error. In this study, machining
performances of four different PCD drills are investigated.
A mechanistic model of drilling is used to reveal trade-offs
in drill designs and it is shown that it can be used to select
suitable feed rate for a given CFRP drilling process.

Keywords Machining - Drilling - Carbon fiber reinforced
polymer (CFRP) - Polycrystalline diamond (PCD) -
Delamination

1 Introduction

Due to the desirable material properties such as high
strength to weight ratio, high resistance to corrosion, and
low thermal expansion, usage of carbon fiber reinforced
polymers (CFRPs) has been especially increasing. Drilling
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is a commonly used operation in the aerospace manufac-
turing industry and the quality of the drilled holes is
important. Drilling process parameters, drill geometry, and
drill tool material must be carefully selected in order to
obtain holes with acceptable quality. An important problem
related to the hole quality in drilling CFRPs is delamination
which is the separation of CFRP plies during drilling as a
result of forces acting on the laminate. Therefore, it is
important to select drilling process parameters considering
process economics and part quality specifications.

Drilling of CFRPs has been studied extensively in the
literature. A considerable amount of work has been con-
ducted on calculating “critical thrust force” which is a
limit value of thrust force beyond which delamination
initiates [1]. Analytical models have been developed to
predict the critical thrust force based on mechanical
properties of the CFRPs [2, 3]. It must be noted that due to
the abrasive nature of carbon fibers, tool wear develops
rapidly and changes the conditions of drilling. Tool wear
during drilling has also been studied in detail in the liter-
ature. Rounding of the cutting edges as they wear out has
been observed in Refs. [4, 5]. Increasing force due to tool
wear also leads to hole quality problems.

The relationship between process parameters, drill
geometry and process outputs has also been studied [6-8].
It was shown that feed rate must be kept low in order to
keep thrust forces low during drilling to minimize the
likelihood of delamination. A straightforward option to
retard tool wear is to utilize polycrystalline diamond (PCD)
as tool material. PCD drills are known to perform better
compared to uncoated carbide tools due to their superior
material characteristics such as lower coefficient of friction
and higher toughness. In a recent study, Karpat et al. [9]
compared performances of different PCD drills while
drilling CFRPs and investigated the trade-offs in drill
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geometries through experimental analysis of drilling forces
and torques.

Modeling of CFRP drilling process is crucial to under-
stand the influence of drill geometry on drilling process
outputs and consequently to develop better drill designs or
to select drilling parameters. Due to the complexity of the
drilling process, mechanistic modeling approaches have
been used to model drilling forces and torques. Lazar and
Xirouchakis [10] made an extensive review of existing
mechanistic drilling models in the literature and also
introduced a new mechanistic model to predict drilling
forces. Karpat et al. [11] proposed a mechanistic drilling
model for double point angle PCD drills where cutting
force coefficients were represented as a function of fiber
direction. The same model is used in this study to inves-
tigate the influence of different PCD drill geometries on
drilling forces and torques. Meng et al. [12] proposed a
new model by considering the force fluctuations due to
varying fiber directions during the drilling process. Sadek
et al. [13] used a mechanistic thrust force and torque model
to predict delamination while drilling CFRPs. Their model
also includes a thermal model of drilling CFRPs which is
an important consideration in terms of interior hole quality.
Analytical and finite element modeling techniques have
also been employed in CFRP drilling process. Hocheng and
Tsao [14] developed an analytical model based on material
properties of CFRP laminates which was able to predict
critical thrust force based on drill geometries. They rec-
ommended the use of special drill designs where the thrust
force was directed towards the drill periphery instead of
being concentrated at the center. In a recent study, Isbilir
and Ghassemieh [15] used finite element modeling of
drilling including real drill geometry to study delamination.
The advantages of step drills over twist drills were shown
based on finite element simulations.

In a recent study, Karpat and Bahtiyar [16] calculated
the total drilling power for different drill designs and
showed that most of the drilling power was due to torque
and the drill design which yielded lower torque performs
better in terms of tool wear and hence delamination.
Selecting a large feed resulted in a shorter tool path inside
hole which decreased tool wear. It was also shown that
increasing feed up to a certain level allowed for decreasing
total drilling power. In this paper, the same set of drills in
Ref. [16], which were prepared by the same tool manu-
facturer from the same PCD material, are considered again.
The goal is to select feed rate based on tool geometry
which will not yield delamination and prolong tool life at
the same time. The paper is organized as follows. Firstly,
the experimental setup and PCD drill geometries are
introduced. Secondly, the experimental drilling forces and
torques are presented. Thirdly, the cutting force and edge
coefficients are calculated and the drilling model is

validated. Lastly, the trade offs in drill designs are
explained based on the findings and a procedure for feed
rate selection is explained.

2 Experimental setup

Experiments were performed at a CNC machining center
under wet conditions by using an emulsion type coolant.
An aluminum back-up plate with 8§ mm diameter holes was
used to support the CFRP laminate. A Kistler 9123 rotating
dynamometer was used to measure the drilling forces and
torques. Drilling tests used intermediate modulus UD-
CFRP laminates of 9 mm thickness, 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 reinforced
epoxy resin unidirectional tape used in this study has 59%
fiber volume with 2 690 MPa tensile strength. Figure 1
shows the experimental setup.

3 PCD drill geometries

Four different PCD drills with different edge lengths were
custom fabricated by the tool manufacturer as shown in
Fig. 2. Three of them (code as D, D, and D3) were used to
develop a mechanistic model and the last one (D) was
used for model validation. PCD drills are fabricated to have
the same chisel edge length. The diameter of the drills are
6.4 mm and the edge radius of all the drills are measured to

Fig. 1 Experimental CFRP drilling setup
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60.00 um

(a)

Fig. 2 Double point angle drill geometries a D1, b D,, ¢ D3

be around 10 pm as measured with a laser scanning
microscope (Keyence VKX 110).

A generalized design for double point angle PCD drills
was developed in Ref. [11]. It is briefly illustrated in Fig. 3.
In Fig. 3, O'-O represents the chisel edge region; OA shows
the primary drilling region; AB shows the secondary dril-
ling region; and BC shows the tertiary drilling region. Loy,
L, Lpc represent the lengths of OA, AB, BC, respectively.
The length and angle of the chisel edge are represented
with L and 7, respectively. The uncut chip thicknesses for
primary and secondary drilling regions are shown with 754
and t,p, respectively. The drill has zero helix angle.
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Fig. 3 Generalized double tip point angle PCD drill geometry [11]
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Table 1 Tool geometry measurements

Drill Loa/pm Lyp/um o/(°) PI®) L/pm Y(°)
D, 157 5180 60 30 1 300 50
D, 945 3 827 60 30 1 300 50
D5 1455 2914 60 30 1 300 50

Table 1 summarizes the actual tool geometry measure-
ments performed by using Keyence VHX 1000 digital
microscope.

4 Mechanistic drilling thrust force and torque
model

Figure 4 shows thrust force and torque measurements for
drills Dy, D,, and D5. Based on these measurements, the
drills yield similar peak thrust forces and torques, although
they have quite different primary drilling edge lengths. A
drilling cycle with the double point angle PCD drill can be
identified with seven distinct phases (I-VII) of drilling (see
Fig. 4). The entry of the chisel edge corresponds to point
(D. Since each drill employs the same chisel edge, the same
level of forces is recorded as expected. The entry of the
primary drilling edge (OA) corresponds to point (II). It
must be noted that the increase in torque at this point is
quite small.
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Fig. 4 Thrust force and torque measurements with drills Dy, D,, and
Dy as a function of feed at 40 um/r and 5 000 r/min

Between points (II) and (III), the secondary drilling
region (AB) enters the hole. The rate of increase in thrust
force in this region is lower compared to (I)—(II) since the
chip thickness is lower in that region. Peak thrust force is
reached at the end of the secondary drilling zone (III). The
torque reaches its peak value when the tertiary drilling
region fully enters the hole between (III) and (IV). Rubbing
action between the drill and the material is responsible for
the increase in torque. As the length of the tertiary drilling
zone increases, the peak value of torque also increases. The
thrust force decreases from (III) to (IV) is believed to be
due to thermal softening of the material as drilling pro-
gresses. Thrust force decreases rapidly with a similar rate
observed at the hole entry as soon as the chisel edge, pri-
mary drilling edge (IV)-(V), secondary drilling edge (V)—
(VD), and tertiary drilling edge (VI)-(VIID) leave the cut.
The torque stays almost the same between (IV) and (V)
since the secondary and tertiary cutting edges are still in
contact with the material. The torque decreases continu-
ously between (V)—(VII) until the drill completely leaves
the cut. According to the mechanistic drilling model pro-
posed by Karpat et al. [11], total drilling thrust force (F,)
and torque (7) can be written as

ZFz:Fz_ch+Fz_OA +FZ_ABa (1)
Z T =Tos~+ Tap + Tse. (2)

Forces and torques corresponding to each drilling region
can be represented using a mechanistic model as

FZ_OA == LOA (szé sin o + Kzep> ) (3)

Fz_AB = LAB <Kzs‘£ sin B + kzes) ) (4)

TOA = FL‘[IFOA = LOA <kcp];sin o+ kcep) , (5)
—Foin Lo (Rl sing + K

Tap = Festap = Lap | Kes ESIHﬁ + Kees ’ (6)

Tpc = Fpcrse = Lpe(Kp). (7)

In a mechanistic force modeling approach, drilling thrust
forces and torques are related to the uncut chip area
through calculation of cutting coefficients (K, K, Kcp,
K.s) and edge force coefficients (Kjep, Kyes, Keeps Keess Kp)s
which represent the influence of drills’ cutting edge and
material properties on the forces and torques. In Eqgs. (3)—
(7), the subscript “p” represents primary and subscript “s”
represents secondary drilling regions. These unknown
cutting and edge force coefficients can be calculated
through drilling experiments performed at various feeds.
Figures 5-7 show the measurements of thrust force and
torque obtained for each drill at different feeds.

Each point on the linear curve represents measurements
at a characteristic point as indicated. A linear fit for each
region is also shown. By using the linear fit equations, the
unknown variables in Egs. (3)—(7) can be solved in reverse
fashion. The chisel edge forces can be represented as a
function feed, again using a linear fit. Table 2 shows the
identified cutting and edge force coefficients for each drill.
It must be noted that the height of each PCD cutting edge
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Fig. 5 Thrust force and torque measurements with drill D,
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Fig. 9 The relationship between thrust force drop versus edge length
Fig. 7 Thrust force and torque measurements with drill D5 ratio and feed
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Fig. 10 Drill geometry used for validation study
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Fig. 11 Drilling thrust force and torque a measurements and
b predictions at 100 mm/min feed rate at 5 000 r/min

(H in Fig. 3) is the same. Therefore, as primary cutting
edge length increases, the length of the tertiary edge
decreases. The result is reflected on the calculation of the
coefficient K, in Table 2.

Figure 8 shows the identified force coefficients for pri-
mary and secondary edges as a function of edge lengths.
From Fig. 9a, it can be seen that the design intent of drill

170
150 F

Z 130}

2

&S 110k

2

E 90t

=
70 b
50 1 1 1

0 0.01 0.02 0.03

Feed per revolution/mm

+ Experimental _[V
Prediction_]II

= Prediction_[V
—— Experimental_][I[

Fig. 12 Thrust force measurements and predictions for drill D,

D, is to bear the thrust forces at the primary drilling edge
and keep the thrust force intensity low on the secondary
drilling edge to protect it from rapid tool wear. Considering
that the secondary and tertiary drilling edges will leave the
hole last, the idea is to keep the force and torque intensity
as low as possible to keep these edges as sharp as possible.
As for drill D,, the purpose is to balance the load intensity
between primary and secondary edges. For the primary
edge length of 0.8 mm, the thrust load sharing between
primary and secondary edges are equal. For drill D3, the
design intent is to lower the thrust forces at the hole exit by
decreasing the thrust forces at the primary drilling region.
Due to a shorter secondary drilling edge, the torque
intensity in this region is higher. Karpat and Bahtiyar [16]
showed that drilling torque may be related to edge round-
ing of the drill, the design intents of drill D, and D3 con-
tradict one another. It must be noted that the thickness of
the laminate may also be an important parameter. For thin
laminates, using a drill design with long secondary drilling
edge may not be appropriate, since the tip of drill may
leave the hole while the drilling forces are increasing (I-
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Fig. 13 Hole exits at feed values of a 0.01 mm/r, b 0.02 mm/r, ¢ 0.03 mm/r, d 0.04 mm/r, e 0.05 mm/r, f 0.06 mm/r for D,

II). In such a case, a drill design with short secondary edge
must be selected.

Based on the calculations shown in Fig. 8, it is possible
to define the force coefficients as a function of primary
edge length as

Kyp = 332.1(Loa) "%, (8)
K, = 782.9(Lyg) ™, (9)
Kep = 2 136.6(Loa) "%, (10)
Kes = 1751.4(Lag) ", (11)
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Itis also observed from thrust force measurements that the
decrease in thrust forces between (III) and (IV) changes as a
function of drill geometry and feed. Figure 9 shows the two-
dimensional plot of decreasing percentage in thrust force
(F,_v/F,_mn) as a function of feed and primary to secondary
edge length ratio (Lpa/Lap). A complex relationship exists
between the force drop and drill geometry. The highest force
drop is observed with a long primary drilling edge length
drill. This relationship is believed to be related to develop-
ment of temperatures during drilling operation. The strength
of the CFRP material depends on the temperatures and the
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Fig. 14 Maximum allowable feed rate as a function of primary
drilling edge obtained from the drilling model

distribution of temperatures depends on the drill geometry. A
detailed analysis of drilling temperatures is needed for better
understanding. As the laminate thickness increases, the
influence of temperatures becomes more important and it
directly affects the tool wear.

5 Validation of the mechanistic drilling model
The general representations of primary and secondary

drilling edge cutting force coefficients shown in Egs. (3)-
(11) can be used to predict thrust force and torque at a

72.40 pm
L]

72.40 pm

given feed for a given geometry (i.e., Lps). In order to
validate the drilling model, a fourth drill (D) is used. The
geometry of drill D, is shown in Fig. 10. The primary edge
length is 0.5 mm and the tip angles of the primary and
secondary drilling edges are 60° and 30°, respectively.

Figure 11a shows the thrust force and torque mea-
surements obtained from drill D,. Figure 11b shows the
predicted thrust force and torque using the mechanistic
drilling model. A simple computer code has been
developed to simulate drilling forces and torques. In
order to model thrust force decrease between points (III)
and (IV), a constant value of 0.7 is used based on
experimental observations made in the previous sec-
tion. A good match between measurements and predic-
tions is obtained.

Figure 12 shows the measured and calculated thrust
forces at points (III) and (IV) as a function of feed for drill
D,. The predictions at points (III) and (IV) are important
since they are directly related to delamination. The mea-
surements and predictions are also in good agreement. As
feed increases, the forces at the hole exit also increase. In
order to observe the influence of drilling conditions on the
delamination, some additional tests were also conducted to
investigate the delamination on the hole exit.

72.40 pm

72.40 pm

Fig. 15 Hole exits obtained with D, at feed rates of a 0.008 mm/r, b 0.01 mm/r, ¢ 0.015 mm/r, and d 0.02 mm/r
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Figure 13 shows the hole exits obtained after drilling
with drill D4. The feed values range between 0.01 mm/r
and 0.06 mm/r. The rotational speed was set at 5 000 r/min.
As expected, the results reveal that as feed increases, hole
exit quality deteriorates. The delamination started at feed
value of 0.02 mm/r for D, (see Fig. 13b). Based on this
information, the critical thrust force can be identified to be
around 70-80 N (see Fig. 12).

The mechanistic model can be used to perform simula-
tions by considering two different critical thrust force values
such as 70 N and 80 N. The maximum allowable feed rate as a
function of primary drilling edge is calculated using the
drilling simulation model (see Fig. 14). For 0.5 mm primary
drilling edge length and 70 N critical thrust force value, the
maximum feed rate is 30 mm/min, which is reasonable
considering the results shown in Fig. 13.

Figure 15 shows the hole exits as a function of
increasing feed per revolution for D, where the primary
edge length is 0.945 mm. It can be seen that the holes with
acceptable exit quality are obtained at 40 mm/min,
50 mm/min, and 75 mm/min feed rates which are in good
agreement with the calculations (see Fig. 14).

6 Conclusions

In this study, a mechanistic drilling thrust force and torque
prediction model has been used to obtain a generalized
model of drilling with double point angle PCD drills. It has
been shown that suitable feed rate values for a given drill
design can be successfully selected based on the general-
ized model for double angle drill designs and experimen-
tally measured critical thrust force value. The results are
validated through delamination studies.

The approach is also used to explain the trade-offs in
drill geometry designs. Our investigations reveal that
longer primary drilling edge length allows drilling with
larger feed rates. This is in accordance with a previous
finding in the literature which suggests that thrust forces
must be directed towards drill periphery rather than being
concentrated at the center. However, using shorter primary
drilling edge helps decrease torque intensity at the outer
edge of the drill which may translate into better tool wear
performance in the long term but the allowable feed rate
must be selected lower. Maintaining the balance between
productivity and longevity through selection of drill
geometry and drilling parameters is shown to be possible in
this study. The methodology shown here can be used to
design tailored drills for a given CFRP laminate.

It must be noted that the influence of spindle speed, which
is known to effect the total drilling power hence the tem-
perature distributions inside the hole, is not considered in this
study. Based on the measurements, it is observed that the

@ Springer

change in thrust force and torque during drilling varies as a
function of drill geometry which is believed to be related to
temperature distributions during drilling. Integration of
thermal modeling of drilling into mechanistic thrust force
and torque prediction models is left as a future work.
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