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Abstract Delamination is one of the major damages asso-
ciated with drilling carbon fiber-reinforced plastics (CFRP),
Peel-up and Push-out are two recognizable delamination
mechanisms, while drilling without using a back-up plate
under the workpiece complicates the delamination mecha-
nism even more. Minimizing delamination is dependent on
many factors such as cutting parameters, geometry and type
of drill bits used. The objective of this study is to present
a new approach to measure the equivalent adjusted delam-
ination factor (Feda) when drilling unidirectional CFRP
laminates without using a back-up plate and comparing it
experimentally and numerically with conventional delami-
nation factor (Fd ) and adjusted delamination factor (Fda). A
polycrystalline diamond (PCD) twist drill and a special dia-
mond coated double point angle drill was used for drilling
in this study. The 3D finite element model was developed
in ANSYS-Explicit to simulate the drilling process using
the ply-based modeling method instead of a conventional
zone-based concept. Experimental drilling validation pro-
cess was implemented by utilizing a CNCmachining center.
Results show that the Feda obtained is suitable to estimate
the drilling induced damages, damage analysis shows that
good agreements were obtained from the experiments and
finite element method (FEM) simulation, while the special
diamond coated double point angle drill seemed to pro-
vide a better hole quality, and drilling induced damage is
highly affected by feed rate which is considered one of the
important parameter.
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1 Introduction

Each year there is a growing demand for composite mate-
rials such as CFRP to fulfill requirements in the field of
mobility, transport, aerospace, marine, civil, chemical, and
sport equipments to reduce fuel consumption and CO2 emis-
sions [1, 2], and combines high strength, high stiffness, and
low weight [3]. Drilling holes is of high importance to the
aviation industry [4], and a high rate of components do not
pass quality inspection due to the undesired delamination,
and can be omitted when using the appropriate cutting tools
and parameters [5]. The present approach of utilizing non-
destructive assessment such as eddy current, radiography,
thermography, C-scan, and so forth is costly, tedious, and
often cannot be implemented on structures placed in service
due to the unavailability of hardware required to perform
the test [6], currently numerical modeling is utilized as a
tool for a superior comprehension of machining of these
composites.

In the literature, Durão et al. [7] studied the delamination
assessment techniques based totally on radiographic infor-
mation compared with mechanical test outcomes. Results
show an adequate feed rate and tool geometry combina-
tion should be used to eliminate delamination effects when
drilling holes. Grilo et al. [8] carried out an experimen-
tal assessment and found that both delamination factor and
adjusted delamination factor were appropriate for delamina-
tion assessment in drilling CFRP.

Tsao et al. [9] described a novel method for reduc-
ing delamination through the use of active backup force
during drilling of composites. The backup force majorly
suppressed the growth of delamination at drilling exit by
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60−80%. Shyha et al. [10] outlined the analysis of hole
quality/integrity when drilling titanium/CFRP/aluminium
stacks with uncoated and coated CVD diamond and hard
metal tungsten carbide drills. Results showed delamination
of CFRP laminates were considerably decreased due to the
Al and Ti supported layers.

To determine the optimal process parameter levels and
to analyze the effect of parameters on delamination factor,
Gaitonde et al. [11] introduced the methodology of Taguchi
optimization approach for reducing the delamination at the
hole entrance of CFRP composites when using high speed
drilling, results show the most significant factor is point
angle then feed and spindle speed.

Tsao [12] experimentally studied the prediction of thrust
force of step drill with different drilling parameters in
drilling CFRP laminates; the study was based on Taguchi
method and radial basis function network, and results show
the overall performance is dramatically affected by step
angle, feed rate and stage ratio.

The finite element analysis (FEA) method is an alterna-
tive approach for tedious and costly experimental analysis,
and provides an insight of the cutting process, and is very
much required for a reliable prediction and optimal stress
and damage results [13].

Progresses in computational power prompted the
improvement of numerical techniques and modeling tools
[14]. Niezgoda and Derewońko [15] proposed a global-local
(meso) modeling technique to minimize the computational
effort in assessing composite structures. The amount of
nodes and elements utilized in the meso-scale approach
is around 60% less than in the micro-scale approach, this
will allow assessing a 3D composite structure with different
fiber orientations in a sensible amount of time.

To analyze the hypervelocity impact damage in com-
posite laminates, Cherniaev and Telichev [16] developed
a numerical meso-scale approach of a laminate composite
totally based on detailed representation of meso-scale tech-
nique, the material models in regards to laminate structure
are appropriate for explicit modeling. Stier et al. [17] mod-
eled a meso-scale representative volume element (RVE) of
a twill weave CFRP ply comprised of the yarn part, and
the surrounding matrix region. The results for experiment
and numerical tests for large shear strains at large defor-
mations were different from each other, however, at small
deformations were in good agreement.

By using finite element analysis, Han and Chang [18]
analyzed the failure modes to determine the material failure
subjected to loading for a type III hydrogen pressure ves-
sel, utilizing the ply-based approach to model the composite
laminates. Results showed accurate stress distribution in the
layers of the composite provided by the ply-based model-
ing approach, and despite of layers showed delamination or
matrix failure, the general structure was reliable.

However, there is still lack of research in implementing
ply-based modeling and validating its results, and due to the
very challenging task in modeling composites using con-
ventional zone-based methods, a ply-based modeling allows
firstly the manufacturability of the composite product can
be assessed, areas where the reinforcement cannot follow
the surface are indicated and hence measures can be taken
in design to avoid this. Secondly, the simulation gives the
actual fiber orientations at any location in the model. This
information is critical for accurate finite element analysis of
the structure.

In this paper, a new delamination factor was proposed to
investigate the operating parameters on the drilling induced
damage hole entrance peripheral using a PCD twist drill
and a special diamond coated double point angle drill when
drilling unidirectional CFRP laminates. A new 3D finite
element model for predicting the thrust force, torque, and
delamination at planned feed rate and speed combinations
was implemented using the ply-based modeling technol-
ogy to model the laminates using the classical laminate
theory keeping the laminates bonded together. Experimen-
tal cutting tests were conducted and results were compared
with the finite element analysis results to validate the pro-
posed model. Scanning electron microscopy (SEM) and
microscopy image processing instruments and ImageJ soft-
ware were used in obtaining the delaminated areas.

2 Experiment setup and materials

The workpiece used in the drilling experiment was unidirec-
tional CFRP VTM264 which is 4 mm in thickness; it was
prepared using the hand lay-up process.

Two different types of 8 mm two-flute diamond drill bits
(PCD twist drill and diamond coated double point angle
drill) made by “SECO” were utilized in the experiment,
while Table 1 shows the geometric parameters of the drill
bits. To validate the new model, cutting experiments were
conducted and drilling tests were carried out on 3-axis
HAAS CNC machining center. A six-channel dynamome-
ter (Kistler 9257B) was used to measure the thrust force
and torque. An eight-channel coupler (Kistler 5070A) was
used to amplify the signals which were transferred to the
data acquisition card (NI DAQDE6213). Figure 1 shows the
schematic drawing and experimental setup of the system.

3 Finite element analysis

3.1 Ply-based modeling

Ply-based model and zone-based model are the two basic
methodologies commonly employed to create composite
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Table 1 Geometric parameters
of the drill bits Drill type Drill diameter Point angle Helix angle Number of flutes

PCD twist drill 8 mm 120◦ 30◦ 2

Diamond-coated 8 mm 60◦–130◦ 30◦ 2

Double point angle drill

models. Ply-based models are developed based on each ply
in a composite; material properties and local orientations
are assigned to each ply, while zone-based models discretize
the composite into zones of effective properties, each zone
is aligned a material property based on the ply-stacking and
fabric deformation.

To describe an arbitrary composite layup, a ply-based
concept is much more realistic than a zone-based concept
because ply-based means manufacturing-based. In the ply-
based concept, it is simple to add or delete plies at any
location. Figure 2 shows a simple plate made by four plies.
Each ply has different size and orientation, particularly
layer 4 is diagonally oriented. In a zone-based approach,

the plate has to be divided into eight zones with different
thickness and different fiber direction across the thickness
[19]; however, a ply-based approach only requires four
plies to capture the behavior of the entire structure, this
will significantly make modifying the model easier if it is
required.

Modeling of the cutting tool is very important to finite
element (FE) simulation. The model must represent the
dynamic change of the tool’s physical properties during
machining. A simplified rigid body cutting tool, which is
currently used by the vast majority of researchers when
drilling CFRP in their FE simulation, is not able to predict
correctly the effect of process parameters on drilling CFRP.

Fig. 1 Experimental setup
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Fig. 2 Zone-based vs.
ply-based

In this study, we intend to capture and predict the dynamic
effect of machining parameters on the CFRP workpiece as
well as the inflected stresses on the cutting tool, hence the
drill was modeled as a flexible body.

Machining temperature is an important factor when
machining CFRP. and if the machining temperature is
higher than the glass transition temperature (Tg) of the resin
will degrade the strength and properties of the CFRP [20].
Ha et al. [21] concluded that during high-speed machin-
ing of CFRP under dry conditions, the cutting temperature
increases when increasing the cutting speed, leading to
melting epoxy resin and resulting in the chips changing

from powder to spalling. And to prevent any unexpected
high temperatures and also carbon dust during the drilling
process, a high amount of coolant was used in the experi-
ments and heat generation in the simulation process was not
considered.

3D Lagrangian formulation FE models of CFRP com-
posite and twist drill and double point angle drill (Fig. 3)
were developed using ANSYS-EXPLICIT and AUTO-
DYN software, both drills were meshed with solid185
eight node linear tetrahedral elements. A uni-directional
CFRP composite laminate with stack sequence of [(0/90)2]s
which was used in the FE analysis has dimensions of

Fig. 3 Finite element model of
VTM264 CFRP laminate with
a PCD twist drill and
b diamond-coated double
angle drill



Int J Adv Manuf Technol (2017) 93:4043–4061 4047

Table 2 Cutting parameters used in drilling

Drilling parameter Magnitude

Drill diameter (mm) 8

Spindle speed (rpm) 2500, 5000, 7500, 10000

Feed (mm/rev) 0.05, 0.10, 0.125

Feed rate (mm/min) 125, 500, 1250

20 mm × 20 mm × 1.6 mm and consists of eight plies.
The thickness of each ply was 0.2 mm. The workpiece
was meshed with shell181 four node linear quadrilateral
elements.

The boundary conditions were enforced on the drills and
workpiece to enable simulation process. Both drills were
located at the top center of the workpiece and was made to
rotate (angular velocity) around the Z axis (urz) and moved
in the cutting direction (uz). The workpiece was fixed from
the sides from moving (ux = uy = uz = 0). The cutting
parameters applied in the experiments are listed in Table 2.

Meso-scale modeling is an approach of modeling prop-
erties and mechanisms of deformation and failure of func-
tional and structural materials at various scale levels, with
different loads [22], it is the intermediate level between
micro-mechanics and macro-mechanics.

The modeling approach comprises the involvement of the
main micro-mechanisms controlling the materials mechani-
cal behavior and failure and the applicability of the contin-
uum mechanics equations. Therefore, it is used in this study
to close the gap between the complex failure mechanisms
of the micro-mechanics analysis and the empirical and case
specific of the macro-mechanics analysis.

The material model used for the workpiece was
orthotropic homogeneous elastic assigned according to the
fiber orientation through a defined local coordinate system.
Table 3 shows properties of the orthotropic unidirectional
material VTM264 [23]. Table 4 shows the strength proper-
ties of the unidirectional laminate while Table 5 shows the
general properties of diamond used in the drilling tool.

3.2 Constitutive material model of unidirectional CFRP

Progressive damage modeling of polymer matrix compos-
ites as a predictive capability for the complex nonlinear
behavior of these materials has been used. Intralaminar and
interlaminar damage mechanisms are the basis of fracture
process of composites which include fiber breakage, matrix
cracking, and delamination.

Table 4 Strength properties of unidirectional VTM264 laminate

Property Magnitude (MPa)

0◦ Tensile strength 2575

90◦ Tensile strength 40

0◦ Compressive strength 1235

90◦ Compressive strength 182

In-plane shear strength (IPSS) 85.7

0◦ Interlaminar shear strength (ILSS) 88.6

The most common fracture mode is interlaminar delam-
ination; it is prompted by shear and normal stresses at the
interface of adjoining layers in CFRP laminate [24].

Due to experimental difficulties caused by the typical
extensive fiber bridging, which makes the insertion of initial
defect difficult for the fracture toughness test. The following
constitutive material in the FE model was used to find out
how intralaminar delamination effects the first ply failure.

The orthotropic material model for shell layers developed
can be expressed as in-plane stress-strain relationship [25]:

σi = cijεj (1)

By setting:

σ3 = 0 τ23 = 0 τ31 = 0 (2)

The stress-strain relation in terms of reduced stiffness is:
⎡
⎣

σ1
σ2
τ12

⎤
⎦ =

⎡
⎣

Q11 Q12 0
Q12 Q22 0
0 0 Q66

⎤
⎦

⎡
⎣

ε1
ε2
γ12

⎤
⎦ (3)

Whereas in terms of engineering terms:

Q11 = E1

1 − v12v21
, Q22 = E2

1 − v12v21

Q66 = G12, Q12 = v12E2

1 − v12v21
= v21E1
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(4)

The stress-strain relationship becomes:

⎡
⎣
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Whereas σ is the normal stress, C is stiffness tensor, ε is
the normal strain, τ is the shear stress, E is the modulus of
elasticity, γ is the shear strain, G is the shear modulus, ν is
the Poisson’s ratio, and Q is the reduced stiffness.

Table 3 Mechanical properties
of unidirectional VTM264
laminate

E11 E22 E33 v12 v13 v23 G12 G13 G23 Ply thickness

117 GPa 7.47 GPa 7.47 GPa 0.33 0.02 0.33 4.07 GPa 4.07 GPa 2.31 GPa 0.2 mm
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Table 5 General properties of
diamond used in the drilling
tool

Property Magnitude Units

Hardness 10,000 kg/mm2

Strength, tensile > 1.2 GPa

Strength, compressive > 110 GPa

Fracture strength 400–800 MPa at < 1 mm thickness

Density 3.52 g/cm3

Young’s modulus 1200 GPa

Poisson’s ratio 0.2 Dimensionless

Thermal expansion coefficient 1.1–5.0 (300–1300 K) ppm/K

Thermal Conductivity 10–20 W/cm-K

Coefficient of friction 0.05 (dry) Dimensionless

3.3 Intralaminar, interlaminar, and shear stresses

To reduce the computational time, and in the meantime,
ensure the high accuracy of predictive outcomes, shell ele-
ments of layered composite structures is applied based on
the first-order shear deformation theory (FSDT) in analyz-
ing intralaminar, inerlaminar, shear stresses, and transverse
shear stresses.

Figure 4 shows a cylindrical coordinate system for describ-
ing an arbitrary doubly curved shell [26].

Fig. 4 Doubly curved FE geometry

The differential equation of the through-the-thickness
displacement is [27]:

0 = w,rr + w,r (
1

r
+ 1

r + rd
)

+ w(
Ĉ13 + Ĉ23 − 2Ĉ12

r(r + rd)
− Ĉ11

r2
− Ĉ22

(r + rd)2
)+P (6)

Ĉij = Cij

C33
and P is

P = u,ϕ(
Ĉ13 − Ĉ12

r(r + rd)
− Ĉ11

r2
) + u,ϕr

Ĉ13

r

+ ν,ϑ (
Ĉ23 − Ĉ12

r(r + rd)
− Ĉ22

(r + rd)2
)

+ ν,ϑr

Ĉ23

r + rd
+ εF

i (
Ĉ1i − Ĉ3i

r
+ Ĉ2i − Ĉ3i

r + rd
) (7)

WhereasCij are the components of the three-dimensional
stiffness matrix expressed in reference coordinates. P is the
particular part of the differential equation.

r = R1 + z, rd = R2 − R1 and z = [−t/2, t/2]
u,v,w are displacements in the cylindrical coordinate sys-
tem; r is radial ordinate; rd is radius difference; z is
thickness coordinate; t is the thickness; R1 and R2 are the
constant curvature radii of the centerline; dϕ and dϑ are the
apex angles for angular segments.

3.4 Constitutive damage initiation and evolution

Failure occurs when either of the stress components reaches
the yield stress, and in this case, we can observe the occur-
rences of damage and progressive failure. While damage
can advance in several directions in the model near and
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around the weakest elements, “Matrix Cracking” is usually
the first damage to happen as the matrix has the lowest stress
for failure [28].

When panels and plates during service are subjected to
in-plane multi axial stress, then failure is prompted and sig-
nificantly affected by the in-plane shear stress depending on
the sequence of the stacking. To estimate the damage initia-
tion and evolution, we must first identify the type of group
it falls into, as there are two groups of failure criteria exist.

(i) Independent failure criteria: The interactions between
several stress components are neglected.

(ii) Polynomial failure criteria: The interactions between
several stress components are considered.

Independent failure criteria include the maximum stress
criteria and the maximum strain criteria. The stress and
strain components in these criteria do not have any depen-
dence between them; this means that the components in
the longitudinal, transverse, and stacking directions do not
affect each other.

Polynomial failure criteria include polynomial maximum
stress criterion, Tsai-Wu, Tsai, Tsai-Azzi, Tsai-Hill, poly-
nomial maximum strain criterion, Hoffman criteria, and
Hashin criteria, the components in each direction depends
on each other.

Hashin damage mechanism and failure criterion are used
here to simulate the damage process of matrix and fiber.
The failure criterion is formulated under tensile and com-
pressive loads in longitudinal and transverse direction of
fiber respectively and the interaction between the four fail-
ure modes shown in Eqs. 8 to 11 [29] are taken into account
and therefore Hashin failure was used in the finite element
analysis.

One of the requirements for this criteria is to have the
lamina properties, and it can be experimentally determined
easily. Moreover, it can give numerically solid results when
the criteria is applied for first ply failure load in glass and
carbon fibre composites.

Tensile fiber mode

(
σ11

σ
f
11t

)2 + (
σ12

τ
f
12

)2 = 1 σ11 > 0 (8)

Compressive fiber mode

(
σ11

σ
f
11c

)2 = 1 σ11 ≤ 0 (9)

Tensile matrix mode

(
σ22

σ
f
22t

)2 + (
σ12

τ
f
12

)2 = 1 σ22 > 0 (10)

Compressive matrix mode

(
σ22

2τ f12
)2 + [( σ

f
22c

2τ f12
)2 − 1]( σ22

σ
f
22c

) + (
τ12

τ
f
12

)2 = 1 σ22 ≤ 0

(11)

Whereas f denotes fiber, t is tension, and c is compression.
When any Hashin’s criteria have been fulfilled in any

mode in the equations above, damage will be initiated.
Without damage initiation criteria, the damage evolution

law has no effect on the material. The damage evolution
law defines the way a material degrades following the ini-
tiation of damage and progressive damage generally refers
to degradation of stiffness, the stiffness reduction takes a
value of 0 to 1, where 0 is no damage and 1 is completely
damaged.

The evolution law of the damage variable in the post-
damage initiation phase can also be based on the fracture
energy dissipated (Gc) during the damage process. The
damage variable can be defined from the equation below
[30]:

D = δ
f
m(δmax

m − δ0m)

δmax
m (δ

f
m − δ0m)

(12)

Whereas δ
f
m is the mixed-mode displacement at complete

failure, δmax
m refers to the maximum value of the mixed-

mode displacement, and δ0m is the effective displacement at
the damage initiation.

Gc can be found from the area under the triangle shown
in Fig. 5, and the failure displacement can be calculated as
follows:

δ
f
m = 2Gc

σ 0
m

(13)

whereas δ0eq and δ
f
eq are the equivalent displacements.

Fig. 5 Damage initiation and evolution
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4 Damage evaluation methodology

Peel-up delamination and push-down delamination are the
two main types of damage that are different in causes and
effects while drilling CFRP. Damage extension can be eval-
uated through non-destructive test (NDT) such as acoustic
emission, enhanced radiography, C-scan, and computerized
tomography (CT) [14].

In the majority of these methods, the objective is to
acquire images that outline the surrounding areas of the
hole to further measure and analyze diameters and areas.
In this study, a PhilipsXL30 SEM was used to obtain the
delaminated vicinity areas of entrance of the holes drilled
by the PCD twist drill. For the SEM in particular, the spec-
imens were first surface-coated with a thin layer of gold
before observation; a Leica optical microscope was used in
obtaining the images of the delaminated vicinity of entrance
of the holes drilled by the diamond-coated double-point
angle drill; both instruments were successful in obtaining
the required delaminated areas while the software “ImageJ”
was utilized to process the image of delaminated areas. The
delaminated areas appear in white, while the undamaged
areas are in black as shown in Fig. 11a, then a selected
parameters from the software for the binary image is chosen
such as image enhancement, noise filtering, brightness, and
edge detection to obtain an acceptable quality for the dam-
aged areas which are then selected and copied into a white
background and switching the color of the damaged area
from white to black as shown in Fig. 11b.

Delamination factor Fd , the ratio of the maximum diam-
eter (Dmax) of the delamination zone to the nominal hole
diameter (Dnom) as in Eq. 14, is widely used to char-
acterize the level of delamination damage on composite
materials. But the delamination criterion based on delamina-
tion factor cannot be satisfactory because the delamination

Fig. 6 Scheme of delamination in drilling composite laminate

caused by few peeled up or pushed down does not pre-
dict the real delamination zone of the drilled hole periphery.
Therefore, a more accurate two dimensional delamination
factor is needed as in Eq. 15; Fig. 6 shows the scheme of
delamination in drilling composite laminate.

Fd = Dmax

Dnom
(14)

Fa = Amax

Anom
(15)

Whereas Amax is the area related to the maximum diam-
eter of the delamination zone Dmax , Anom is the area of
nominal hole Dnom.

To process delaminations possessing an irregular pattern
when machining CFRP, the adjusted delamination factor
Fda can be used, and described as follows [31]:

Fda = Fd + Ad

Amax − Anom
(F2

d − Fd) (16)

Thus.

Whereas Ad is the delaminated area in the region around
the hole.

The first part of Eq. 16 represents the delamination factor
or the size of the crack contribution, and the second part
represents the damage area contribution.

Tsao et al. [32] concluded that whether the delamination
area is minimum or maximum, Fda is not equivalent to Fd ,
also Fda is null for minimum and maximum delamination
area. Hence, Fda is similarly reasonable for regular delami-
nation area. Therefore, a different two-dimensional criterion
the equivalent delamination factor (Fed) was proposed to
assess the delamination. It is calculated as follows:

Fed = De

Dnom
(17)

De = [4(Ad + Anom)

π
]0.5 (18)

Whereas De is the equivalent delamination diameter.

5 Proposed delamination factor

In this study, the back-up plate has been eliminated when
drilling the unidirectional CFRP experimentally and in the
FEM simulation.

According to Capello [33], the dynamics of the work-
piece acts as an inflected beam, and the force is applied
in which the whole drill point acts as a punch on the lam-
inate when using high feed rates makes the delamination
mechanism when drilling the workpiece without using the
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Fig. 7 Thrust force curve
measurement

back-up plate more complicated than drilling when using a
back-up plate, especially when conventional drilling is still
considered the major drilling process used, therefore obtain-
ing the delamination damage becomes more complicated
and calculating the delamination factor at the hole entry is a
challenge.

The study done by Tsao et al. shows Fda and Fed had bet-
ter recognition results regarding delamination damage when
compared to Fd ; moreover, the trend of Fd is almost identi-
cal to Fda and Fed . The experimental results indicated that
Fed obtained through digital image processing is considered
suitable for characterizing delamination. However, Fda is
null for the minimum and maximum delamination area and
also Fda had clearly larger values than Fed .

In this study, firstly, we have implemented Fed instead
of Fd and therefore it has a better discrimination of delam-
ination damage results, and secondly to overcome the null
critical cases of minimum or maximum delamination area,
a new delamination factor called the equivalent adjusted

delamination factor Feda is presented below in order to
obtain better delamination factors and make it suitable for
hole entry delamination.

Feda = Fed + Amax − Anom − Ad

Amax
(F2

ed − Fed) (19)

Whereas

β = Amax − Anom − Ad

Amax
(20)

Equation 19 is a combination of the adjusted delamina-
tion factor Fda representation (size of the crack contribution
and the damage area contribution) and the equivalent delam-
ination factor Fed representation (equivalent delamination
diameter).

(β) is the delamination free area ratio indicator, i.e.,
assuming Amax and Anom are constant throughout the
drilling process, hence whenever Ad increases then β

decreases until β becomes zero which indicates that the

Fig. 8 Torque curve
measurement
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whole area is delaminated. Also if the delamination area Ad

equals zero or maximum, then the second part of Eq. 19
results to zero leading to Feda equaling Fed .

6 Results and discussion

6.1 FE model validation

Thrust force and torque measured in the drilling experi-
ments are calculated and were compared with the results
obtained from the new FEA model. Figures 7 and 8 show
an example of the force and torque curve measurement in a
drilling process. The noises or the oscillations of the signal
in Figs. 7 and 8 were caused by the extremely high sam-
pling frequency of the DAQ which was much higher than
the rotating frequency of the spindle; in this study, the sig-
nals have been processed to utilize the mean values for force
and torque.

As mentioned in several studies in literature before [34,
35], the drilling mechanism of CFRP consists of three
stages: first stage is the entrance region when the drill starts
entering the workpiece; second stage shows a steady state
when the drill fully engages with the workpiece, and in this
stage the force and torque reach their peak values; the third
stage starts with a drop in value until the drill exits the work-
piece. Since the thickness for the CFRP plate used in the
cutting experiment is only 4 mm, which is very thin in com-
parison with the diameter of the tool and the value of the
feed rate, therefore, the steady drilling process is very short.

Table 6 shows drilling force and torque of experiment
and FEA simulation when spindle speed is 5000 rpm and
feed rate 500 mm/min for both drills. It can be seen that
for PCD drill, the thrust force measured in the experiment
was 123.28 N, whereas the FE result showed 118 N; the
experiment torque was 0.39 N m and FE torque result was
0.36 N m; the deviation in results ranges approximately
between 4 and 8%.

For double-point angle drill, the thrust force measured in
the experiment was 127.96 N, whereas the FE result showed
134.86 N; the experiment torque was 0.62 N m and FE
torque result was 0.53 N m; the deviation in results ranges
approximately between 5 and 15%.

The deviations for FEA when compared to experimental
results have occurred due to modeling affects such as the
precise modeling of the drill bits or the constitutive prop-
erties, but mainly the accuracy between the experiment and
the FE simulation results are concluded close and within
acceptable range, which indicates the FE model is accurate.

Feed rate is one of the major parameters that affect
drilling of composite materials. As shown in Fig. 9a, b for
twist drill thrust force and torque analysis, thrust force and
torque went up with the increase of feed rate when spin-
dle speed was constant 10,000 rpm. To be specific, thrust
force in the experiment was 56 N at 125 mm/min feed rate,
the highest was 140 N at 1250 mm/min feed rate, whereas
the minimum of FE simulation was of 52 N at 125 mm/min
feed rate, and the highest was 134 N at 1250 mm/min feed
rate. While the torque in the experiment was 0.11 N m
at 125 mm/min feed rate, the highest was 0.44 N m at
1250 mm/min feed rate, whereas the FE estimated 0.1 N m
at 125 mm/min feed rate, the highest was 0.42 N m at
1250 mm/min feed rate.

Figure 9c, d shows the thrust force and torque analysis
for double-angle point drill, with the same trend as the twist
drill; the thrust force and torque went up with the increase
of feed rate when spindle speed was constant (10,000 rpm).
Thrust force in the experiment was 54.51 N at 125 mm/min
feed rate, the highest was 136.88 N at 1250 mm/min feed
rate, whereas the minimum of FE simulation was 51.32 N
at 125 mm/min feed rate, the highest was 132.76 N at
1250 mm/min feed rate. While the torque in the experiment
was 0.28 N m at 125 mm/min feed rate, the highest was
0.55 N m at 1250 mm/min feed rate, whereas the FE esti-
mated 0.2 N m at 125 mm/min feed rate, the highest was
0.53 N m at 1250 mm/min feed rate.

In order to predict how feed rate and spindle speed affect
thrust force and torque in the drilling process, a combina-
tion of drill feed rate and spindle speed were chosen from
Table 7.

For the twist drill, the overall results (Fig. 10a, b) show
that thrust force and torque increase with the increase in drill
feed rate and decrease with the increase in spindle speed.
It was found that thrust force increased by 158% when the
drill feed rate increased from 125 to 1250 mm/min at spin-
dle speed of 10,000 rpm, torque increased by 320%. Also

Table 6 Experimental and
FEA force and torque
measurements for spindle
speed 5000 rpm and feed rate
500 mm/min

Drill type Experimental FEA Percent errors Experimental FEA Percent errors

Thrust force Thrust force Torque Torque

(N) (N) (N m) (N m)

PCD twist drill 123.28 118 4.28 0.39 0.36 7.69

Diamond-coated 127.96 134.86 5.39 0.62 0.53 14.52

Double-point

Angle drill
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Fig. 9 a Twist drill thrust force analysis (Experiment and FE). b Twist drill torque analysis (Experiment and FE). c Double-point angle drill thrust
force analysis (Experiment and FE). d Double-point angle drill torque analysis (Experiment and FE)

thrust force decreased by 35%when spindle speed increased
from 2500 to 10,000 rpm at 125 mm/min, and the torque
decreased by 61%.

For the double-point angle drill, the overall results
(Fig. 10c, d) show that thrust force and torque increase with
the increase in drill feed rate and decrease with the increase
in spindle speed. Thrust force increased by 158% when the
drill feed rate increased from 125 to 1250 mm/min at spin-
dle speed of 10,000 rpm, torque increased by 159%. Also,
thrust force decreased by 63%when spindle speed increased
from 2500 to 10,000 rpm at 125 mm/min, and the torque
decreased by 63% as well.

6.2 Delamination factor analysis

To investigate the effect of operating parameters for twist
drill and double-point angle drill on the drilling induced

Table 7 Cutting parameters used in optimization study

Spindle speed (rpm) 2500, 5000, 10,000, 10,000, 10,000, 7500, 7500
Feed rate (mm/min) 125, 500, 1250, 125, 500, 125, 500

damage, the delamination factors obtained in the experi-
mental drilling and finite element analysis were calculated
and compared.

Figure 11 shows results of delamination occurred on the
drilled hole entrance peripheral at different cutting param-
eters. Figures in (a) illustrate the images for experimental
drilling with the noises inside the holes filtered, figures in
(b) show the acquired delamination areas of figures in (a)
after they were processed with ImageJ. Figures in (c) show
the FEA simulation results of drilling induced damage. By
comparing (b) and (c), it can be seen that the FEA predic-
tion was well estimated and the general delamination trend
is very similar to the experiment results.

The experimental delamination factor Fd , the adjusted
delamination factor Fda , and the equivalent adjusted delam-
ination factor Feda are calculated against the spindle speed
and compared in each case for both drills; the results are
shown in Fig. 12.

From these results, it can be seen that Fda is highest value
of the delamination factors, and due to the increase of num-
ber of cutting action in the cutting edges at each stage of
feed, the trend of delamination factors decreases with the
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Fig. 10 a Effect of twist drill feed rate and spindle speed on thrust force. b Effect of twist drill feed rate and spindle speed on torque. c Effect of
double angle point drill feed rate and spindle speed on thrust force. d Effect of double angle point drill feed rate and spindle speed on torque

increase in spindle speed for both drills except for double
point drill when it reaches 7500 rpm, as there is a sud-
den huge increase in delamination factor when it reaches
10,000 rpm, this indicates spindle speed after 7500 rpm is
not suitable for double point drill.

For twist drill, it can be noted that when spindle speed
increased 300% Fd decreased between 0.63 to 4.1%, Fda

decreased between 0.8 to 5.0% while Feda decreased
between 0.15 to 1.0%.

Regarding the double-point drill, it can be noted that
when spindle speed increased 200% Fd decreased between
0.31 to 30.8%, Fda decreased between 0.45 to 32.35%while
Feda decreased between 0.15 to 4.25%. While if the spin-
dle speed increased 300% Fd increases between 2.79 to
48.53%, Fda increased between 4.14 to 53.34% while Feda

increased between 2.60 to 6.62%.
The same concept is done for the experimental delamina-

tion factors in regards to feed rate for both drills; as shown
in Fig. 13 as the increase in feed rate leads to the rise of
delamination factors.

For twist drill, the delamination increases drastically
when feed rate is over 500 mm/min especially when the feed
rate reaches 1250 mm/min.

While for the double point drill, delamination increases
drastically when feed rate is over 500 mm/min for spindle
speed 2500 and 5000 rpm.

This indicates that feed rate has more effect on delam-
ination than the effect of spindle speed, due to the highly
correlation increase of thrust force with the increase of feed
rate, which plays a significant role in delamination when
drilling composite materials.

To validate simulation results for both drills, Fd , Fda ,
and Feda were calculated and compared for spindle speed of
7500 rpm and feed rates of 125, 500, and 1250 mm/min.

For twist drill, as shown in Table 8 and Fig. 14a, results
show that trend of delamination factors is similar to the
trend of experimental results, as Fd , Fda , and Feda increased
8.8, 22.4, and 12.9% respectively with the increase of feed
rate from 125 to 1250 mm/min. The difference in results
between experiment and FEA simulation ranges from 4.15
to 4.54% for Fd , 4.82 to 16.69% for Fda , and 0.72 to 11.76%
for Feda which is a good correlation of output results.

Regarding the double point drill, as shown in Table 9 and
Fig. 14b, the same trend for the delamination factors is expe-
rienced, as Fd , Fda , and Feda increased nearly 1, 2.37, and
1.54% respectively with the increase of feed rate from 125
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(Twist drill) (Spindle speed: 7500 rpm) (Feed rate: 125 mm/min)

(1c)(1b)(1a)

(Twist drill) (Spindle speed: 7500 rpm) (Feed rate: 500 mm/min)

(2c)(2b)(2a)

(Twist drill) (Spindle speed: 7500 rpm) (Feed rate: 1250 mm/min)

(3c)(3b)(3a)

Fig. 11 Delamination analysis for drill entry. a Hole images. b Experimental delamination areas. c Finite element delamination

to 1250 mm/min. The difference in results between exper-
iment and FEA simulation ranges from 4.54 to 4.67% for
Fd , 5.6 to 6.98% for Fda , and 1.19 to 2.71% for Feda , which
again is a good correlation of output results.

It can be seen from the results in Tables 8 and 9 that
Fd and Fda have close values to each other in both drills
whereas the Feda has much lower values due to the effect
of Fed , and it shows Feda and Fda have better discrimina-
tion values than Fd . Also the percentage of errors between
the experiment and FEA for Feda is less than Fda in the
twist drill and it’s less than Fd and Fda in the double point
drill. Table 10 shows an example of the effect of delami-
nation parameters on delamination factors highlighting the
delamination free and maximal delamination area effects on
delamination factors, it can be seen that Fda is null for these

two cases whereas Feda is equal to Fd and Fed . This is con-
vincing evidence that the new delamination factor Feda has
overcome the null cases and can be used instead of Fda for
delaminations possessing an irregular pattern.

6.3 Critical thrust force analysis

It is necessary to establish the relationship between thrust
force and delamination factor to obtain the critical thrust
force at the onset of delamination during the drilling pro-
cess, hence delamination free holes can be obtained when
critical thrust force is predicted if the applied thrust force
does not exceed the critical thrust force.

Figure 15 shows the effect of thrust force on the equiv-
alent adjusted delamination factor Feda using the twist and
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(Double point drill) (Spindle speed: 7500 rpm) (Feed rate: 500 mm/min)

(5c)(5b)(5a)

(Double point drill) (Spindle speed: 7500 rpm) (Feed rate: 1250 mm/min)

(6c)(6b)(6a)

(Double point drill) (Spindle speed: 7500 rpm) (Feed rate: 125 mm/min)

(4c)(4b)(4a)

Fig. 11 (continued)

double point angle drill. It can be seen that the delamina-
tion factor increases with the increase of thrust force, and
by using the polynomial function to fit the graphs for each
drill bit, we can calculate the critical thrust forces from the
below shown equations:

Ftt = 0.98243746 + 0.00033289 ∗ Ftt1 (21)

Fdd = 0.62114214 + 0.00634414 ∗ Ftt2

− 3.3625575 ∗ 10−5F 2
t t2 (22)

Whereas Ftt is the critical thrust force for twist drill; Fdd

is the critical thrust force for double point angle drill; Ftt1 is
the thrust force for twist drill and Ftt2 is the thrust force for
double point angle drill.

When defining the Ftt = 1 and Fdd = 1, then the crit-
ical thrust forces for twist drill and double point angle drill

will be 59.82 N, 123.34 N respectively; this indicates that
the double point drill has a higher safety free-delamination
factor approximately 2.1 times the twist drill despite the
double-point drill generates higher thrust force than twist
drill in most occasions.

Also, by calculating the ratio of thrust force and critical
force as shown in equation below, we can define the effect
of thrust force on delamination factor.

η = (Ftt − Fcritical)/Fcritical (23)

By applying as an example the critical force and thrust
forces values for spindle speed of 5000 rpm and feed rates of
125 mm/min, the calculated ratios of twist drill and double
point drill are 17.44 and 0.51% respectively; this leads to
the double point drill generates smaller ratios and therefore
results in lower delamination factors.



Int J Adv Manuf Technol (2017) 93:4043–4061 4057

Fig. 12 Effect of spindle speed on experimental delamination fac-
tors. a Twist drill conventional delamination factor Fd . b Twist drill
adjusted delamination factor Fda . c Twist drill equivalent adjusted

delamination factor Feda . d Double-point drill conventional delamina-
tion factor Fd . e Double-point drill adjusted delamination factor Fda .
f Double-point drill equivalent adjusted delamination factor Feda
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Fig. 13 Effect of feed rate on experimental delamination factors. a
Twist drill conventional delamination factor Fd . b Twist drill adjusted
delamination factor Fda . c Twist drill equivalent adjusted delamination

factor Feda . d Double point drill conventional delamination factor Fd .
e Double-point drill adjusted delamination factor Fda . f Double-point
drill equivalent adjusted delamination factor Feda
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Table 8 Twist drill
delamination factors for
experimental and FEA at drill
entry

Cutting parameters Experimental FEA Percent errors

Spindle speed Feed rate Fd Fda Feda Fd Fda Feda Fd Fda Feda

(rpm) (mm/min)

7500 125 1.014 1.015 1.001 1.056 1.064 1.008 4.150 4.820 0.726

7500 500 1.051 1.062 1.012 1.098 1.205 1.097 4.540 13.374 8.379

7500 1250 1.099 1.116 1.018 1.149 1.302 1.138 4.540 16.695 11.764

Fig. 14 a Effect of feed rate on FEA delamination factors using twist drill. b Effect of feed rate on FEA delamination factors using double point
drill

Table 9 Double-point drill
delamination factors for
experimental and FEA at drill
entry

Cutting parameters Experimental FEA Percent errors

Spindle speed Feed rate Fd Fda Feda Fd Fda Feda Fd Fda Feda

(rpm) (mm/min)

7500 125 1.032 1.034 1.002 1.081 1.094 1.015 4.675 5.850 1.315

7500 500 1.033 1.034 1.001 1.079 1.092 1.013 4.540 5.607 1.196

7500 1250 1.044 1.047 1.003 1.091 1.120 1.031 4.540 6.986 2.712

Table 10 Example of the
effect of delamination
parameters on delamination
factors

T est Dnom Dmax Anom Amax Ad Fd Fda Fed Feda

1 8.000 8.000 50.265 50.265 0.000 1.000 1.000 1.000 1.000

2 8.000 8.112 50.265 51.683 0.091 1.014 1.015 1.001 1.001

3 8.000 8.406 50.265 55.497 1.147 1.051 1.062 1.011 1.012

4 8.000 8.792 50.265 60.711 1.623 1.099 1.116 1.016 1.018

5 8.000 9.000 50.265 63.617 13.352 1.125 1.266 1.125 1.125
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Fig. 15 Effect of thrust force on (Feda) using twist drill and double
point drill

7 Conclusion

A great deal of interest has been received lately for pro-
gressive damage modeling of polymer matrix composites
as predictive capabilities for the complex nonlinear behav-
ior of these materials are sought. Analyzing delamination
and evaluating its damage on the CFRP workpiece is very
important in determining the structural integrity of the
machined part.

In this paper, a new FEA model and new Feda is devel-
oped for drilling UDCFRP to study delamination at drilled
hole entrance without using a back-up plate. The study is
based on utilizing twist drill and double point drill, and by
using FEA, results can be evaluated to optimize delamina-
tion and parameters can be predicted so further machining
and delamination can be prevented.

In this study, the adjusted delamination factor Fda was
refined to create an equivalent adjusted delamination fac-
tor Feda based on Fed and delamination free area ratio, and
was able to discriminate the damage values and to over-
come the null minimal and maximal delamination values.
The trend of variation for Feda is similar to Fd and Fda , but
Feda had lower percentage error values obtained between
the experiment and FEA; all this indicates that the math-
ematical approach proposed is suitable for characterizing
delamination when drilling composites.

Both drills resulted a higher Fda than Fd and Feda , as the
trend of delamination factors decrease with the increase in
spindle speed except for double point drill when it reaches
over 7500 rpm; this indicates spindle speed after 7500 rpm
is not suitable for double point drill in drilling the CFRP.

Through FEA simulation and experimental analysis, it
was found that the thrust force and torque increased with
the increase in feed rate and decreased with the increase
in spindle speed. Both drills showed a much higher per-
centage of increase of thrust force and torque when feed
rate is increased than the percentage of decrease when
spindle speed is increased. Also results showed delamina-
tion increases with the increase of feed rate and decreases
with the spindle speed, as delamination increased drastically
when feed rate is over 500 mm/min; this leads to being feed
rate has more effect than spindle speed on hole entry delam-
ination, and it also indicates low feed rates are appropriate
for CFRP drilling and the importance of reducing feed rate
leads to reducing the axial thrust force to achieve less onset
delamination and with better results.

Drill geometry such as point angle and helix angle have
high importance in effecting delamination when drilling
CFRP; small point angle and low helix angle are preferred
for good hole entrance. In this study, both drills have the
same helix angle while the double-point angle drill has a
primary point angle of 130◦ which is larger than the twist
drill of 120◦, which resulted in a higher thrust in most occa-
sions and was evident in the double point angle drill. Results
showed in the double point angle drill had less delamination
than the twist drill, this is mainly due to its critical thrust
force as it possess higher values than the critical thrust force
for twist drill; this means the double-point angle drill was
highly affected by the critical thrust force and made it bet-
ter suited for composite drilling as it has a higher safety
free-delamination factor approximately 2.1 times the twist
drill.

Ply-based modeling is an outstanding base material
design and for analyzing mechanisms of composite material
behavior and its degradation which are difficult to analyze,
while using shell elements reduces the computational time
of the simulation process, hence provides an option to model
the cutting tool as a flexible body to capture and predict
the dynamic effect of machining parameters on the CFRP
workpiece . Results of simulations were verified against
experimental data, good correlation with experiments has
been revealed in terms of predicted delamination area and
qualitative representation of external damage.
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