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Abstract
Carbon fiber-reinforced plastic (CFRP) is used widely in many industries. During drilling CFRP, exit drill-induced defects such
as burrs and delamination are easy to occur. In the existing model, the crack zone is assumed as a circle or an ellipse, and concrete
forming process of the delamination and the burrs does not be truly involved. In this study, the formation mechanisms of the
delamination and the burrs are analyzed based on the analytical model and the experimental observation. The results indicate that
the critical thrust force only reflects the vulnerability of the crack, but cannot determine the size of the crack. The critical
deflection of the fibers tip corresponding to the interlaminar crack extension point determines the size of crack. The burrs appear
in four fundamental types.
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1 Introduction

Carbon fiber-reinforced plastic (CFRP) is applied as substitu-
tions for the metals in lots of weight-critical components in
aerospace because of the good properties, such as high specif-
ic strength, high specific stiffness, and high modulus [1–5]. In
order to obtain desired geometrical shapes and tolerances for a
final component, subsequent machining operations are neces-
sary to be required for aircraft manufacturing [6], such as
milling and drilling. In fact, drilling is mostly performed as a
post-fabrication operation for CFRP parts and components.
For example, in order to produce a F-22 aircraft, as many as
14,000 holes need to be drilled [7, 8]. However, drilling of
CFRP is still challenging because drilling CFRP is liable to
produce serious defects surrounding the hole circumferences

and inside the hole wall surfaces, such as delamination, crack-
ing, fiber pull-out, and burning. In general, exit-delamination
is the most critical one because it can critically downgrade the
performance of the parts [9].

Upto now, a number of researchers focused their studies on
the investigations of these defects to improve the drilling qual-
ities. In accordance with Rahme et al. [10], these defects were
directly induced by the drilling thrust force, especially the
delamination. In general, the exit drill-induced defects are
mainly affected by the thrust force. Generally, if the thrust
force exceeds a critical thrust force leading to the onset of
delamination, the defects will occur. Then, lots of researchers
have modeled to determine the critical thrust force (CTF).
Hocheng and Dharan [11] employed the linear elastic fracture
mechanics (LEFM), classical plate bending theory, and energy
conservation theory to establish an analytical model for calcu-
lation of CTF. In their model, a concentrated point load was
applied at the center of the plate and the crack zone was as-
sumed as a circle. This is the first analytical model to estimate
the CTF. Subsequently, lots of developed models are
established based on the same theories. Ismail et al. [12] de-
veloped an analytical thermo-mechanical model to estimate
CTF. In their model, the crack zone was assumed as an ellipse,
and the forces on the chisel edges and the cutting lips were
modeled as a concentrated load and a uniformly distributed
load, respectively. Saoudi et al. [13] presented a unique ana-
lytical model for elliptical delamination zone to estimate CTF.
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In their model, the effects of the chisel and the cutting edges
were considered. Ojo et al. [14] also developed an analytical
model in which the delamination zone was also supposed as
an ellipse. They considered the mode I and model II strain
energy release rates in delamination zone in their model.
Alternatively, Girot et al. [15] proposed an analytical model
in which the crack zone was assumed as a circle. They en-
gaged a mixed model strain energy release rate into their mod-
el. However, in fact, the crack zone is not truly a circle or an
ellipse. In most of the mentioned above models, the crack
zone is assumed as a circle or an ellipse. Under this nonreal-
istic fixed boundary condition, the accurate predictions of the
CTF can be affected in the solutions. Kim et al. [16] pointed
out that the CTF was overestimated due to this assumption.
Furthermore, the concrete forming process of the delamina-
tion cannot be truly well-understood according to these
models.

As mentioned above, the drill-induced exit delamination
has been recognized as the most critical defect, because it
can considerably reduce the stiffness and the load carrying
capacity of the mechanical parts. Many researchers have fo-
cused almost exclusively on the delamination. Actually, the
burrs are also the most frequent exit damages during drilling
CFRP. The appearance of them may also cause several prob-
lems. Then, some additional machining may be engaged to
remove the burrs (i.e. deburring), which will increase the cost
and time of the production. The expensive CFRP composite
parts may be rejected at the last stage of their production cycle
[17]. Some researchers have been done to investigate the for-
mationmechanism of the burrs, to search for clarity about how
to reduce burrs. A large number of investigations have re-
vealed that the formations of the burrs are strongly dependent
on the fiber orientation [18]. For CFRP milling, there are
many researchers have found that the fiber orientation has a
significant effect on the burrs. Colligan et al. [19, 20] pointed
out that the overlapping fibers (i.e., burrs) appeared in two
types accompanying with the delamination, such as uncut fi-
bers and long fragments of loose fibers. Hintze et al. [21, 22]
presented that the delamination and the fiber overhangs (or
burrs) occurred where the fibers were initially cut in a critical
cutting angle range. They proposed a model to predict the
development of fiber protrusions during the milling CFRP.
Subsequently, Zhou et al. [23] confirmed that the fiber tended
to be bent instead of being fractured when the actual bending
radius was larger than the minimum bending radius, then the
burrs occurred in the fiber cutting angle of the range from 90°
to 180°. Voss et al. [24] also presented the distributions of the
burrs occurrence zones at different fiber orientations by con-
ducted a number of milling experiments. Islam et al. [25]
presented a simple and efficient framework (e.g., up-milled
and down-milled) for understanding and predicting the occur-
rence of the burrs at different fiber orientations during milling
of CFRP. In general, the drilling process is more complex than

the milling process, and the forming process of the drill-
induced burrs may be different. Then, the formation mecha-
nism of the mill-induced burrs cannot be directly adapted to
understand the forming process of the drill-induced burrs. In
essence, the formation mechanism of the drill-induced burrs
has its own characteristics [26].

Considerable existing literatures attempted to establish the
analytical model for determining the CTF. However, in most
of these above exiting models, the crack zone is assumed as a
circle or an ellipse. And more notably, the concrete forming
process of the delamination cannot be truly well-understood
according to these models. In this study, in order to better
understand the mechanism of drill-induced exit-delamination
formation, a novel analytical model is established based on the
Winkler elastic foundation beam theory and the cohesive zone
model. Furthermore, the formation mechanism of the drill-
induced burrs is also analyzed.

2 Modeling of the drilling-induced
delamination and burrs

2.1 Formation of the delamination

As mentioned above, the drill-induced defects, such as burrs
and delamination, are easy to occur at the hole exit, as shown
in Fig. 1. During the drilling of UD-CFRP (unidirectional
CFRP), the last ply suffers a thrust force (Ft) and a tangential
cutting force (Fc) as well as a radial cutting force (Fr), as
illustrated in Fig. 1. Because of this, the surface fibers are bent
toward the outside, leading to the occurrences of the delami-
nation as well as the overlapping fibers. In accordance with Jia
et al. [17], the extrusions of the main cutting edges are critical
to the formation of the final exit delamination and burrs.
Among these three components forces, the thrust force is the
most critical due to the delamination cracking. Model I is the
most prominent damage mechanism because of the low inter-
face bond strength. Furthermore, numerous experimental ob-
servations show that the shape and the size of the damages are
strongly dependent on the fiber orientation. Andoh et al. [27]
and Jin et al. [28] pointed out that the interply delamination
zone could be regarded as an elliptical shape during the UD-
CFRP drilling. Bao et al. [29] confirmed that the fibers could
be removed when the angle between the fiber axis and the
cutting direction was an obtuse angle. Conversely, the fibers
could not be cut off if this angle was an acute angle, resulting
in the overlapping fibers (burrs).

2.2 Exit-ply delamination model for a bunch of fibers

The hole is finished in the cutting stage of the main cutting
edges, and the final delamination will be finished mainly by
the main cutting edges, during the drilling of CFRP. As
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mentioned above, a large number of investigations have re-
vealed that the delamination is closely related to the thrust
force, and the interlaminar failure occurs once the actual thrust
force exceeds the critical thrust force corresponding to the
delamination onset. In order to analyze the relationship be-
tween the concrete forming process of the delamination and
the thrust force and to simplify modeling, the surface material
in the exit-delamination zone can be approximately regarded
as several semi-infinite elastic ground beams. The section
shape of these beams can be regarded as a rectangular [30].
Here, only interlaminar failure is analyzed. Simultaneously, a
bilinear cohesive zone model is engaged to depict the interply
damage evolutional law. Additionally, the angle between the
axis of the beam and the axis of the warp fibers is defined as θ
(0° ≤ θ ≤ 360°), as described in Fig. 2. In this model, the beam
can be approximately regarded as a homogeneous body, but
the elastic modulus of the beam at different θ is different
owing to the anisotropy of the UD-CFRP, and the equivalent
elastic modules of beam at different θ can be calculated by θ,
as shown in Eq. (1) [31].

Eeq ¼ 1

E1
cos4θþ 1

G12
−
2μ21

E1

� �
sin2θcos2θþ 1

E2
sin4θ

� �−1

ð1Þ

According to the experimental observation, most of the
fiber overhangs (or burrs) fractured or loosed at their roots,
as depicted in Fig. 3. Then, it is assumed that the influence of
the thrust force acted on the overlapping fiber on the bending
deflection of the whole fiber can be ignored. Accordingly, it is
assumed that the fibers are almost flush with the hole edge
during the pushing of the main cutting edges. Thus, the max-
imum bending deflection of the fiber can be regarded as the
last feed displacement. The cracking model is illustrated in
Fig. 3. The beam is squeezed by the thrust force p(x) during
the cutting of the main cutting edge, but the pushing of p(x) is
not endless. According to the assumption above and the dril-
ling process, the pushing of p(x) may be terminated because of
the feed-stop of the drill bit. As a result, the interlayer delam-
ination can be also automatically terminated because of the
feed-stop of the drill bit. The final bending model and the
bilinear cohesive zone model are presented in Fig. 3.

In the model, the beam is bent by the pushing of the load
p(x). Then, the matrix microcracking or interfacial debonding
occurs when the bending deformation of the beam reaches a
certain degree. Here, the initial cracking length of the beam is
defined as a0. According to Liu et al. [32, 33], the relationship
between the traction t and the crack opening displacement Δ
can be written by Eq. (2).

t ¼ 1−Dð ÞKΔ ð2Þ

Where

D ¼
0 Δ≤Δ0ð Þ
Δ f Δ−Δ0ð Þ
Δ Δ f −Δ0

� � Δ0 < Δ < Δ f
� �

1 Δ f ≤Δ
� �

8>><
>>:

ð3Þ
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K,D,Δ0, andΔf are the interfacial foundation stiffness, the
damage parameter, the displacement for damage initiation,
and the displacement for damage completion [32, 33].

The model I critical fracture energy release rateGIC and the
interface tensile strength tf can be determined by [32, 33].

GIc ¼ 2t fΔ f

t f ¼ KΔ0

�
ð4Þ

Lachaud et al. [34] reported that the model I critical fracture
energy release rate GIC can be determined by the angle be-
tween two plies. The angle between the beam axis and the
fiber axis can be defined as φ. Then, the fracture energy re-
lease rate GIC at different θ can be introduced by curve fitting
method according to the test data from Lachaud et al. [34], as
the following

GIc ¼ 0:01481φ2 þ 0:2222φþ 120 ð5Þ

Where

φ ¼
θ 00≤θ≤900

� �
180−θ 900 < θ≤1800

� �
θ−180 1800 < θ≤2700

� �
360−θ 2700 < θ≤3600

� �

8>>><
>>>:

In fact, the cracking model of the beam can be divided into
two zones, such as the initial crack zone and the undamaged
zone. However, there are three zones once the interface dam-
age begins, as illustrated in Fig. 3. These three zones are the
initial crack zone (AO), the cohesive zone (OB), and the un-
damaged zone (BX), respectively. Here, the point O is the
crack tip. Therefore, the cracking model can be considered
in two stages, namely, before and after the interface damage
begins. To solve the final bending models of these two stages,
the following three differential equations for each zone can be

expressed by Eq. (6) [33]. Then, the general solutions can be
given by Eq. (7) [33].

d4w1 xð Þ
dx4

¼ 0 −a0≤x≤0ð Þ
d4w2 xð Þ
dx4

−λ4
1w2 xð Þ þ p

0
0 ¼ 0 0≤x≤ leð Þ

d4w3 xð Þ
dx4

þ 4λ4
2w3 xð Þ ¼ 0 le≤xð Þ

8>>>>>><
>>>>>>:

ð6Þ

w1 xð Þ ¼ C1x3 þ C2x2 þ C3xþ C4 −a0≤x≤0ð Þ
w2 xð Þ ¼ C5cos λ1xð Þ þ C6sin λ1xð Þ þ C7eλ1x þ C8e−λ1x þΔ f 0≤x≤ leð Þ
w3 xð Þ ¼ e−λ2x C9cos λ2xð Þ þ C10sin λ2xð Þð Þ

þ e−λ2x C11cos λ2xð Þ þ C12sin λ2xð Þð Þ le≤xð Þ

8>><
>>:

ð7Þ

Finally, the coefficients C1~C12 in Eq. (7) can be obtained
by combining the Eq. (7) and the boundary conditions for the
system of the differential equations (as given as Eq. (8)) [33].

w
0 0
1 −a0ð Þ ¼ 0; w

0 0 0
1 −a0ð Þ ¼ P

EeqI f
; w

0 0
3 ∞ð Þ ¼ 0;w

0 0 0
3 ∞ð Þ ¼ 0

w1 0ð Þ ¼ w2 0ð Þ;w2 leð Þ ¼ w3 leð Þ;w0
1 0ð Þ ¼ w

0
2 0ð Þ;w0

2 leð Þ ¼ w
0
3 leð Þ

w
0 0
1 0ð Þ ¼ w

0 0
2 0ð Þ;w0 0

2 leð Þ ¼ w
0 0
3 leð Þ;w0 0 0

1 0ð Þ ¼ w
0 0 0
2 0ð Þ;w0 0 0

2 leð Þ ¼ w
0 0 0
3 leð Þ

8>>>><
>>>>:

ð8Þ

Where

λ4
1 ¼

Δ0

Δ f −Δ0

b0K
EeqI f

4λ4
2 ¼

b0K
EeqI f

p
0
0 ¼

Δ0

Δ f −Δ0

b0KΔ f

EeqI f

8>>>>>><
>>>>>>:

ð9Þ

b0 is the width of the beam. It is equal to the width of the
main cutting edge because the width of the contact area is
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Fig. 3 Discretization model of the exit-ply [33]
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determined by the main cutting edge. If is the moment inertia
of the beam.

3 Experimental verification

3.1 Experimental details

A series of drilling tests were carried out on KVC1050M
vertical machining center without coolant, by the twist drill
bit made of YG6X carbide without coating, with a diameter
6 mm. The drilling parameters with the spindle speed of
2000~5000 rpm (i.e., 2000, 3000, 4000, 5000 rpm) and the
feed speed of 105~420 mm/min (i.e., 105, 210, 315, 420 mm/
min) were selected. The thrust forces were measured by the
dynamometric system. The dynamometric system is com-
posed of a Kistler force sensor (9253B23 dynamometer), a
Kistler 5080 amplifier, a PCIM-DAS1602/16 data acquisition
as well as a PC. All the experimental setups and the force
measurement systems were depicted in Fig. 4.

Unidirectional CFRP laminates (T300/Epoxy) with the
thickness of 10 mm and the average thickness per layer of
0.13 mm were used in the tests. The fiber volume content
and the average diameter of carbon fibers were 60 ± 5% and
7~8 μm, respectively. The other material properties were
listed in Table 1.

In addition, to verify the critical thrust forces at different φ,
in accordance with Zitoune et al. [10, 35], some quasi-static
punching tests were carried out. Before the punching tests,
several pilot holes need to be drill with the reserved thickness
about 0.13~0.15 mm (using the twist drill bit with a diameter
6 mm), to ensure the last exit-ply without being cut, as illus-
trated in Fig. 5a. During the punching tests, the angle between
the main cutting edge and the fiber orientation was fixed at a
certain degree (typical values: 0°, 30°, 60°, and 90°), as
depicted in Fig. 5b. Then, the punching tests were performed
by the same twist drill bit at the rate of 1 mm/min, and each
test was repeated three times. The critical thrust force of the
crack propagation can be decided by the punching thrust

force. In actual drilling process, the drilling thrust force may
be generally larger than the critical thrust force. However, the
drilling thrust force values when the main cutting edges of the
drill bit drilled the last ply are accurately obtained. Then, here,
the punching thrust force value when the main cutting edges
of the drill bit drilled the last ply is considered approximately
equal to the drilling thrust force. Additionally, the punching
thrust force of each main cutting edge is regarded as approx-
imately equal, because the two flutes main cutting edges of the
drill bit are symmetrical. Therefore, the average normal load
(or average thrust force) of a single edge acted on the last ply
can be determined by Eq. (10).

Pm ¼ F t=2t1 ð10Þ

3.2 Damages measurement and quantification

In order to obtain the comprehensive and accurate hole qual-
ities, the one-dimensional delamination factor KD and two-
dimensional delamination factor KAwere provided to charac-
terize exit-delamination level. The delamination factor (KD)
was the ratio of maximum diameter of the damage zone
Dmax to the hole diameter D0, and the delamination factor
(KA) was defined as the ratio between the total area of the
drilled hole and delamination (Ad) and the nominal hole area
(An), as described in Fig. 6. The exit-defects shape and size
were measured and were analyzed by KEYENCEVHX-

CFRP

Clamp

Spindle

Dynamometer

Computer
KVC800/1

CNC

Spindle

Drill
CFRP

Clamp

Kistler

9253B23

Amplifier

5080

Date acquisition

PCIM-DAS1602/16

w

Data acquisition system

Fig. 4 Experimental setups

Table 1 Material properties used for model predictions

Items Value

Longitudinal Young’s modulus of fiber E1 122.6 GPa

Transverse Young’s modulus of fiber E2 7.7 GPa

Shear modulus G12 2.8 GPa

Poisson’s ratio μ12/21 0.3

Interface stiffness k 0.47 Pa/mm

Tensile strength of the interface tf 20 MPa
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500FE digital microscope system as well as its measurement
software. The digital microscope system was illustrated in
Fig. 6.

Additionally, to analyze the appearance regulation for de-
lamination, a shape factor KS was introduced [36], as depicted
in Eq. (11). As for the definition of KS, the range ofKS is from
0 to 1. If the shape of the delamination (including tearing) is
entirely a circular ring, the value of KS is equal to 1, and a
larger KS corresponds to a more uniformly distributed delam-
ination; the shape of the delamination is closer to a circle.

KS ¼
ffiffiffiffiffiffi
KA

p
KD

ð11Þ

4 Results and discussion

4.1 Critical thrust force validation

The proposed analytical model for the critical force of the last
ply under the pushing by a single main cutting edge is vali-
dated experimentally by the punching test. The thrust forces at
φ = 0°, φ = 30°,φ = 60°, and φ = 90° are obtained, respective-
ly. The total thrust force is produced by the part edges within t1
during the punching of the last ply, and then the average nor-
mal load (or average thrust force) of a single edge acted on the

last ply can be obtained. A typical curve of this average nor-
mal load is illustrated in Fig. 7a.

In Fig. 7a, the average thrust force is not equal to zero at the
beginning owing to the friction between the drill and the hole
wall because of the shrinkage of the CFRP hole. The average
thrust force begins to increase once the main cutting edges
contact with the last ply. Consequently, there are two drops
suddenly. During the punching, the two main cutting edges
first contact with the last ply, and then the whole of the main
cutting edges and the major flanks contact with the last ply.

Therefore infers from this, the first drop of the average
thrust force mainly due to the interlaminar failure occurs be-
cause of the first squeeze of the main cutting edges, and the
second drop mainly due to the recurrence of the interlaminar
failure induced by the whole of the main cutting edges and the
major flanks. The contact surface of the whole of the main
cutting edges and the major flanks are obviously greater than
that of the main cutting edges; this is a major reason for the
higher peak of the second drop. During the cutting of the main
cutting edges, the last ply is mainly squeezed by the main
cutting edges and almost without the pushing effect of the
major flanks on the last ply. The thrust force acted on the last
ply is mainly produced by the main cutting edges. Therefore,
the average critical thrust force at the onset of the delamination
for a single main cutting edge corresponds to the peak of the
first drop. Then, these average critical thrust forces when φ =
0°, φ = 30°, φ = 60°, and φ = 90° are about 7.72N, 4.85N,
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2 1Drill

(a)
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4.16N, and 4.42N, respectively. Obviously, these average crit-
ical thrust forces vary regularly as φ changes and reach their
maximum value when φ = 0°.

The width of the main cutting edge is around 2 mm, then
b0 = 2 mm. Here, the maximum deflection of the beam is set to
about 0.026 mm. Figure 7b (initial conditions: a0 = 0, le = 0
and φ = 30°) shows the load-crack opening displacement of
the beam. The point O1, O2, O3, and O4 are the elastic defor-
mation limit point, the thrust force peak point, the interlaminar
crack extension point, and the pushing termination point, re-
spectively. At the point O1, the maximum deflection of the
beam (or the deflection of the beam tip, w1(x)max) is equal to
the displacement for damage initiation Δ0. At the point O3,
w1(x)max) is equal to the displacement for damage completion,
and at the point O4, w1(x)max) is equal to 0.026 mm. The
evolutive process of the crack can be divided into three stages,
viz., elastic deformation (0→O1), crack initiation (O1→O3),
and crack extension (O3→O4). The elastic deformation pro-
cess occurs in a very short period of time. In the crack initia-
tion (O1→O3) period, the interlaminar crack begins, and the
thrust force increases to the peak point O2 then decreases. In
the crack extension period (O3→O4), the interface is frac-
tured and the crack enlarges with increasing the maximum
deflection of the beam (or the deflection of the beam tip, w-
1(x)max), but the thrust force continues to drop. Obviously, the
thrust force continues to fall once w1(x)max exceed the deflec-
tion corresponding to the peak point (O2) (wmax), implying
that the interlaminar crack is easier to occur. Thus, the point
O2 can be considered as a key point for the initiation and
extension of the interlaminar crack, and the thrust force cor-
responding to this point can be regarded as the critical thrust
force at delamination. According to this model, the critical
thrust forces when φ = 0°, φ = 30°, φ = 60°, and φ = 90° can
be estimated at about 7.03N, 4.35N, 3.97N, and 4.28N, re-
spectively. These values and their variation revealed from

these values are agree with the experimental results, but these
values are all less than the experimental values owing to the
friction between the drill and the hole wall because of the
shrinkage of the CFRP hole.

4.2 Correlation between critical thrust force
and delamination

The variation of the critical thrust forces with θ is illustrated in
Fig. 8a and b. As shown here, the critical thrust force reach the
maximum when θ = 0°/180°, and reach the second largest val-
ue when θ = 90°/270°. When θ is around 60° or 240°, the
critical thrust force can be minimized. Theoretically, the risk
of the delamination can be reduced if the critical thrust force is
large; in other words, the final delamination during the drilling
will be smaller owing to the higher critical thrust force.
Namely, the delamination when θ = 0°/180° should be mini-
mal and that when θ is around 60° or 240°, should be maxi-
mum. However, the facts suggest otherwise. The delamination
reaches the maximum exactly when θ = 0°/180°, and attains
minimum when θ = 90°/270°, as depicted in Fig. 8d.

In theory, the deflection of the beam tip (namely, the max-
imum deflection of the beam, w1(x)max) determines the thrust
force acted on the beam. As for macro-process, the interlam-
inar crack occurs once the deflection of the beam tip (w1(x)-
max) exceeds a certain limit. Additionally, in fact, the deflec-
tion of the beam tip (w1(x)max) is a controllable factor.
Therefore, the deflection of the beam tip (w1(x)max) is of great
significance to controlling the interlaminar crack. As present-
ed in Fig. 7b,wmax andwcmax are the deflection of the beam tip
corresponding to the peak point (O2) and that corresponding
to the interlaminar crack extension point (O3), respectively,
andwcmax is the critical value for interlaminar crack extension.
The variations of wmax and wcmax with θ are depicted in Fig.
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8c. Both wmax and wcmax reach their minimum when θ = 0°/
180° and reach their maximum when θ = 90°/270°.

The displacements of the exit last ply materials at different
θ, caused by the pushing of the drill, are basically the same
during the drilling. That is, the deflections of the beam tip at
different θ are equal basically to each other under the same
circumstances. As a result, the sizes of the cracks at different θ
are different due to the different critical values for interlaminar
crack extension.

If the wcmax value is lower, the crack occurs more rapidly
and the size of the crack may be larger. Rather, the crack
occurs more slowly and the size of the crack may be smaller.
Obviously, the shape and the size of the delamination strongly
depend on the variation of the wcmax values. Therefore, the
delaminations reach the maximum when θ = 0°/180° owing to
the smallest wmax and wcmax, and reach the minimum when
θ = 90°/270° because of the largest wmax and wcmax.

Above knowable, the critical thrust forces may be dif-
ferent and the wcmax values may be also different for dif-
ferent θ. The critical thrust force simply reflects the vulner-
ability of the crack, but cannot determine the size of the
crack. If the critical thrust force is larger, the crack occurs
easier. However, what determines the size of the delamina-
tion is the wcmax value. Under the same drilling parameters,
if the wcmax value is larger, the size of the crack may be

smaller, viz., the size of the delamination may be smaller.
In addition, at the same θ, if the deflection of the beam tip
(w1(x)max) is larger, the size of the crack (or delamination)
may be larger. In general, the deflection of the beam tip
(w1(x)max) directly relates to the feed rate and the drilling
depth. Thus, the feed rate and the drilling depth directly
affect the size of the delamination. Actually, in order to
control the delamination, the most straightforward and ef-
fective method is to control the axial displacement of the
last ply materials. For example, drilling with the back-up
support can restrain the deflection of the materials at the
hole exit [17]. However, the wcmax critical values at differ-
ent θ are very small, and their order of magnitude is only
10−3 mm. In actual processing, it is difficult to keep the
wcmax value in this range.

4.3 Exit-delamination shape characteristic

The variations of KA, KD, and KS with Vf and n are pre-
sented in Fig. 9a–d.The delamination factors (i.e., KA and
KD) increase with the increasing feed speed, in other
words, both the maximum diameter of the damage zone
and the area of the damage zone increase with the increas-
ing feed speed. The delamination factors (i.e., KA and KD)
decrease with the increasing spindle speed, but their
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decreasing trends are not obvious, especially the decreas-
ing trend of KA. Therefore, in contrast, the delamination is
more influenced by the feed speed.

The shape factor KS decreases with the increasing of
feed speed, implying that the delamination presents obvi-
ous inhomogeneity, and the effect of the fiber orientation
on the delamination is more obvious. Here, the shape
factor KS lies in between 0.87 and 0.93; when Vf =
105 mm/min, the geometrical shape of the delamination
appears approximate a circle or an ellipse, as shown in
Fig. 9e. When Vf = 420 mm/min, the shape factor KS drop
to 0.68–0.73, and the difference of the lengths between

the major axis and the minor axis is even greater, and the
delamination suddenly increases in local region.
Observational evidence to confirm that the abrupt increase
of the delamination is mainly caused by the tearing when
θ = 0°/180°, as presented in Fig. 9e. Although the shape
factor KS increases with the increasing spindle speed
when Vf = 420 mm/min, generally, the effect of the spindle
speed on the shape factor KS is not obvious. When Vf =
420 mm/min, the shape factor KS ranges from 0.68 to
0.73. Obviously, the influence of the fiber orientation on
the delamination cannot be corrected with the increasing
spindle speed.
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4.4 Exit-burrs shape characteristic

As mentioned above, there is a strong correlation between
the burrs formation and the cutting condition. For exam-
ple, the burrs do not occur when the angle between the
fiber axis and the cutting direction is an obtuse angle,
rather, the burrs may occur as this angle is an acute angle
[26, 29]. Considering the cutting process of the last ply
materials during the drilling of the main cutting edges, the
thickness of the uncut materials is defined as tl when the
main cutting edges cut the last ply materials. The cutting
state of the fibers may be changed regularly with the drill
rotation. According to analysis, the cutting state can be
classified into four cases when the drill is rotated a half-
turn from the point I, as illustrated in Fig. 10a.

1) From the point I to the point J, the fibers may be
difficult to be cut off at the point I due to the angle
between the fiber axis and the cutting direction is less
than 90 degrees, then the uncut fibers may be pushed
toward the hole exit by the main cutting edges. The
angle between the fiber axis and the cutting direction
is greater than 90 degrees when the drill continues to
be rotated, but the fibers still cannot be removed ow-
ing to the uncut fibers continue to be bent and evade
the cutting edge, because the uncut fibers have been
bent or torn toward the hole exit. Then, the whole
uncut fibers may be stripped away, as illustrated in
the cutting model of the region P1 (in Fig. 10a).
Therefore, the final burrs are much more likely to
occur in this region, especially when the thickness

of the uncut materials tl is so small. The uncut fibers
may be easier to be peeled up owing to the weak
interlayer bond when tl is small.

2) In region P2, the contact point between the fibers and
the main cutting edges is located in the rake face due to
the angle between the fiber axis and the cutting direc-
tion is too large. The fibers may be peeled up and
compressed, inducing the interlaminar crack in fiber
direction and the axial buckling as well as the fiber
bundles failure due to exceeding the flexural strength.
Then, saw teeth topography is mapped on the edge of
hole due to the final breakpoints which are below the
cutting surface [37]. Therefore, there are no burrs in
this region.

3) In region P3, the contact point between the fibers and
the main cutting edges moves toward the nose of the
main cutting edge because the angle between the fiber
axis and the cutting direction reduces gradually. Then,
the fibers may not be compressed, but may be bent.
By then, the fibers may well evade the cutting edge
by this bending, resulting into the burrs. In the mean-
while, the interlaminar crack may be induced due to
the fibers are peeled up.

4) In region P4, the angle between the fiber axis and the
cutting direction is less than 90 degrees, and the contact
point between the fibers and the main cutting edges is
located at the nose of the main cutting edge. The fibers
are easy to be bent and evade the cutting edge. Then, the
burrs are prone to occur owing to this avoidance behavior.
Meanwhile, interlaminar crack is also prone to occur due
to the fibers are peeled up.
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Accordingly, the burrs appear in four fundamental types
corresponding to this four cutting states above, as presented
in Fig. 10b. The burrs can be classified as (1) in region P1, the
uncut fiber bundle is accompanied by minor delamination
(uncut fibers and delamination zone); (2) In region P2, the
fibers can be removed, but the saw teeth topography is
mapped on the hole edge due to the final breakpoints which
are below the cutting surface (edge failure zone); (3) In region
P3, the contact point between the fibers and the main cutting
edges moves toward the nose of the main cutting edge, and the
angle between the fiber axis and the cutting direction is still
larger than 90 degrees. The cutting or squeezing by the main
cutting edge can be terminated until the fibers are bent from
the rake face toward the flank face, implying that the bending
angle of the fibers is also large. In this process, the fibers are
likely to be fractured owing the large bending angle. Of
course, the fibers may well evade the cutting edge during this
bending. According to experimental observation, some short
burrs are prone to form in this region, simultaneously accom-
panied by the delamination even the tearing (short burrs and
tearing zone); (4) In region P4, the fibers cannot be removed
due to the fibers are easy to evade the cutting edge, and the
interlaminar crack is also prone to occur. Thus, large areas of
the long burrs accompanied by the tearing appear in this re-
gion (large tract of burrs and tearing zone).

Over all, the formation of the burrs can be directly influ-
enced by the cutting states, and there are four states during the
drilling of main cutting edges. Then, the burrs appeared in
four fundamental types corresponding to this four cutting
states, and these states can be classified as uncut fibers and
delamination zone, edge failure zone, short burrs and tearing
zone, and large tract of burrs and tearing zone, respectively.

5 Conclusions

Exit damages such as burrs and delamination are some of the
crucial quality issues in CFRP drilling. In this paper, a novel
analytical model is established based on the Winkler elastic
foundation beam theory and the cohesive zone model to better
understand the mechanism of drill-induced exit-delamination
formation. Additionally, according to experimental observa-
tion, the formation mechanism of the drill-induced burrs is
also analyzed. Then, both of the formation mechanisms of
the delamination and the burrs have been investigated. Some
key conclusions are drawn from the results presented in this
research as follows:

(1) The critical thrust forces vary regularly as θ changes and
reach the maximumwhen θ = 0°/180°, and reach the sec-
ond largest value when θ = 90°/270°. The critical thrust
force simply reflects the vulnerability of the crack, but

cannot determine the size of the crack. If the critical
thrust force is larger, the crack occurs easier.

(2) The wcmax value determines the size of the crack. The
delaminations reach the maximumwhen θ = 0°/180° ow-
ing to the smallest wmax and wcmax, and reach the mini-
mum when θ = 90°/270° because of the largest wmax and
wcmax. Therefore, in fact, the most straightforward and
effective method is to control the axial displacement of
the last ply materials.

(3) The shape factorKS decreases with the increasing of feed
speed, implying that the effect of the fiber orientation on
the delamination is more obvious, and the effect of the
spindle speed on the shape factor KS is not obvious.

(4) The burrs appear in four fundamental types correspond-
ing to this four cutting states, and these states can be
classified as uncut fibers and delamination zone, edge
failure zone, short burrs and tearing zone, and large tract
of burrs and tearing zone, respectively.
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