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Abstract

Kevlar fiber-reinforced plastic (KFRP) composites are difficult to machine and more likely to produce severe drilling-induced
damage. Due to high toughness, ductile fracture of Kevlar fiber occurs after a certain extent of plastic deformation. Therefore, the
mechanism of drilling-induced damages of KFRP composite cannot be accurately explained by previous damage mechanisms of
carbon fiber-reinforced plastic. In this study, the mechanism of the typical drilling-induced defects of KFRP, such as delamina-
tion, tearing, and fuzzing, was systematically investigated. On this basis, a new approach (combined drilling) based on the
interaction between collar (a ring-shaped device fitted on laminate) and cutter was presented to prevent damages. To investigate
the effects of combined drilling on reducing drilling-induced defects, the influences of collar inner diameter and feed speed on the
thrust force, delamination factor, tearing length, and fuzzing area were studied through systematic drilling experiments.
Experimental results showed that delamination, tearing, and fuzzing defects were reduced with the decrease in collar inner
diameter and feed speed. A reduction in defects was observed for combined drilling with collars of 6.1 mm when compared
to drilling without collars at a feed rate of 20 mm/min: 26.3% for the delamination factor, 52.7% for the tearing length ratio, and
73.1% for the fuzzing area. Furthermore, a delamination model for combined drilling was proposed to predict the critical thrust
force for the onset of delamination at the exit layer. Compared with experimental results, the safe limit of feed speed without

causing delamination is 20 mm/min in combined drilling.
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1 Introduction

Kevlar fiber-reinforced plastic (KFRP) composites, which are
an important member of the family of fiber-reinforced plastics
(FRPs), have been widely used in aircraft, military equipment,
and body armors [1, 2]. However, due to the complicated
multiphase structure, low thermal conductivity, and low inter-
laminar bonding strength, KFRP composites are quite difficult
to drill and often cause severe machining defects [3, 4]. The
severity of defects can immensely decrease machining preci-
sion, assembly accuracy, and fatigue life, which will some-
times lead to sudden failure of the composites [5].
Therefore, it is necessary to study the drilling-induced damage
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mechanism and investigate the approach to reduce the damage
during drilling of KFRP composite laminates.

As is well-known, the most common defects are delamina-
tion, tearing, and fuzzing when drilling FRP composites [6, 7].
Hocheng et al. analyzed the mechanisms of drilling-induced
delamination in carbon fiber-reinforced plastic (CFRP) lami-
nates and concluded that the mechanisms of delamination at
the entrance and the exit planes are different [§]. Delamination
at the entrance is caused by the peeling force of the cutter
when drilling into the laminates. During drilling to the exit,
delamination occurs at some point when thrust force exceeds
the interlaminar bonding strength [9]. Capello pointed out that
the cutting action of the drill tip turned into punching action
when the feed speed reached the threshold value, and delam-
ination was a consequence of overload on the peripheral parts
of the cutting edge [10]. Zhang et al. observed the formation
process of fuzzing and tearing defects at the exit when drilling
CFRP plates and assessed the exit defects [11]. Fuzzing is
defined as a small number of fibers that are not cut off neatly
at the edge of the hole and mainly occurs in the region where
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the angle between the fiber direction and cutting direction is
acute. Tearing defect is caused by the actions of the chisel
edge and the cutting edge, and the chisel edge has a primary
effect on it. Since the fibers of the exit layer split from the
matrix, tearing defect of drilling CFRP laminate was classified
as exit delamination, and the length of tearing regions was
measured to identify delamination factor [12]. To the authors’
knowledge, previous literatures have mainly focused on the
damage mechanism of CFRP composites. However, different
characteristics of KFRP composite will result in significant
discrepancies of the damage mechanism. First, the interfacial
bonding between fibers and matrix of KFRP composites is
lower than that of CFRP, which makes debonding of Kevlar
fiber/matrix interface more likely to occur [13]. Second, car-
bon fiber is a brittle material with high hardness, while Kevlar
fiber is a flexible material with high toughness. The failure
behavior of Kevlar fibers, which fracture after a certain extent
of plastic deformation, is entirely different to that of carbon
fibers [14, 15]. Finally, Kevlar fibers tend to slip along the
axial direction and split during machining, and the fracture
morphology exhibits formation of fibrils within the individual
fibers [16]. Therefore, the mechanism of drilling-induced
damages of KFRP composites cannot be accurately described
by the current literatures relating to CFRPs. Until now, no
systematic study on mechanisms of drilling-induced damages
of KFRP composites (delamination, tearing, and fuzzing) has
been performed, whereas it is essential for a better
understanding.

Researchers have investigated the phenomena of
manufacturing defects during drilling of FRP laminates
[17-20]. The approach of using backup plates is the most
widely used. Tsao et al. proposed models of critical thrust
force to analyze the effects of saw drill and core drill on
CFRP laminates with backup plates. Results showed that crit-
ical thrust force could be improved significantly to prevent
delamination defect at the exit [21]. Using finite-element anal-
ysis, Bhattacharyya et al. concluded that direct stresses were
compressive and low, and any major surface delamination in

Fig. 1 Schematic diagram of
combined drilling

Upper collar

mode I was unlikely to happen when drilling KFRP composite
with a back support [3]. However, there are still some disad-
vantages of the approach. Firstly, due to abrasive and cohesive
action, severe tool wear occurs during drilling of FRP lami-
nates [18, 22]. In addition, tool wear is aggravated when the
drill enters into sacrificial plates, which are usually made of
aluminum or some other hard material of high density.
Secondly, under the drilling action, chip of sacrificial plates
repeatedly scrapes the machining surface and the interface
between laminate and plates, and a portion of chip is mixed
in the damage areas. Therefore, this study presents a new
approach of drilling and systematically investigates the inter-
nal mechanism to inhibit the damage during drilling of KFRP
composites. As illustrated in Fig. 1, a pair of collars is fixed at
the entrance and the exit planes. The upper collar compresses
the laminate, and the under collar supports it. The cutter
moves across the hole of the collars to avoid tool wear.
Drilling of the laminate is initiated under the interaction be-
tween collars and cutter and is referred to as combined dril-
ling. The major advantages of combined drilling can be sum-
marized as follows. Firstly, combined shearing action between
the cutting edge and the edge of the hole-wall of the collar
facilitates cutting of Kevlar fibers and restrains fuzzing and
tearing defects. Secondly, compressive force F; exerted by the
upper collar and supporting force F, exerted by the under
collar increase the stiffness of the process system, thus
inhibiting delamination propagation.

The remainder of this paper is organized as follows. In
Sect. 2, drilling experiments of KFRP composites were pre-
sented, and mechanical property tests were conducted to ob-
tain material properties of laminates. In Sect. 3, damage mech-
anism and corresponding inhibition mechanism were ana-
lyzed systematically. Section 4 introduced the delamination
model to predict critical thrust force for the onset of delami-
nation at the exit. Moreover, the influence of feed speed and
supporting configuration on the distribution of maximum
thrust force was discussed deeply. In Sect. 5, delamination
factor, tearing length ratio, and fuzzing area were introduced
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Fig. 2 Experimental devices of
drilling
Upper collar
: =—Laminate
!Under collar
Collar configuration

to quantitatively characterize the hole quality. Experimental
results showed that machining defects were reduced effective-
ly. Some useful conclusions were drawn in Sect. 6.

2 Experimentation
2.1 Material preparation

The KFRP composite laminates were produced using plain
weave prepregs. The volume fraction of phenolic resin matrix

Twist drill

was 38%. The laminates with 13 plies were cured by autoclav-
ing at 110 °C for 60 min followed by 180 °C for 120 min.
After cooling, laminates were cut into specimens of 150 mm x
95 mm with a 3.5-mm thickness for drilling; the thickness of
each layer was 3.5/13 ~0.27 mm.

2.2 Drilling experiment setup

To study the drilling-induced damage mechanism of KFRP,
experiments were carried out on a CNC vertical milling ma-
chine (XK714D, Hanland). As shown in Fig. 2, the standard

Table 1 Drilling parameters for

testing and experimental valuesof ~ Working condition  Test number  Size of collar ¢ (mm)  Feed speed f(mm/min)  Fruax (N)  Frase (N)

thrust force
Ay 1 Without 20 43.7 26.0
Ay 2 Without 40 59.5 399
A, 3 Without 80 64.8 54.9
Ay 4 6.1 20 58.0 31.9
Ay 5 6.1 40 70.4 489
A, 6 6.1 80 81.6 55.8
A; 7 6.3 20 53.2 29.9
A; 8 6.3 40 62.5 48.2
Aj 9 6.3 80 72.1 50.2
Ay 10 6.5 20 49.5 273
Ay 11 6.5 40 57.3 43.1
Ay 12 6.5 80 60.4 42.6
As 13 6.7 20 43.7 28.2
As 14 6.7 40 51.0 40.6
As 15 6.7 80 55.2 45.0
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Fig. 3 Experimental setup of
mechanical property test
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HSS twist drills with a point angle of 118° and diameter of
6 mm were used. To simulate the collar configuration in com-
bined drilling, a pair of 2-mm-thick stainless steel plates with
prefabricated holes was fixed on the upper and the lower sur-
faces of the laminate. A dynamometer (9257B, Kistler) was
connected to a charge amplifier (5070A, Kistler) and mounted
on the machining table to measure the dynamic cutting force.

In order to prevent cutting the collars, the inner diameter of
collar should be slightly larger than the diameter of the twist
drill. Therefore, the inner diameters of collars were selected as
6.1, 6.3, 6.5, and 6.7 mm. The feed speed was determined as
20, 40, and 80 mm/min. Since cutting speed has a less influ-
ence on hole quality [23], the cutting speed was set to 62.8 m/
min. In order to analyze the influence of drilling parameters on
hole quality, a single variable was varied in each group of
drilling tests. The corresponding drilling parameters and ex-
perimental values of thrust force are listed in Table 1. Drilling
without plates will subsequently be referred to as working
condition A, and combined drilling is referred to as working
condition A,—As. Owing to the hygroscopicity of KFRP com-
posites, the experiments were conducted in dry cutting.
Because the chip and dust generated during drilling can cause
damage to people’s respiratory system, experimenters should
wear masks.

2.3 Mechanical properties of KFRP laminate

Mechanical property tests were conducted to obtain material
properties of the KFRP laminate. The measured properties
were then used to predict the critical thrust force for the onset
of delamination. As shown in Fig. 3a, the interlaminar fracture
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toughness in mode I was measured in the double cantilever
beam (DCB) test. The test was executed on a universal testing
machine (AGS-X-50KND, Shimadzu) at a constant loading
speed of 1.27 mm/min. A pair of loading blocks was attached
to the specimen using two-component epoxy adhesive.
Dimensions of the specimen used in the DCB test are shown
in Fig. 3b. The initial crack was prefabricated with a Teflon
film in the midplane of the laminate. The length and thickness
of the film were 25.4 mm and 20 pum, respectively. The crack
was marked at 10-mm intervals from the tip of the Teflon film.

The interlaminar fracture toughness in mode I can be cal-
culated by

3P0,
_ |
Gy ha (1)

where P, is the applied tensile load to produce stable crack
growth, ¢, is the crosshead displacement, b is the width of the
specimen, and a is the crack length.

When the crack grew to the first mark, we stopped the
loading and the crosshead displacement . and the corre-
sponding load P. were measured. Then, we repeated the pro-
cess until the crosshead displacement reached approximately
30% of the crack length, and values were recorded at each
interval.

Table 2 Properties of KFRP composites

Mode I fracture toughness Gic Tensile modulus £ Poisson’s
(J/m?) (GPa) ratio
202.37 6.1 0.29
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Fig. 4 a Schematic diagram of
delamination mechanism. b
Delamination defect during
drilling of KFRP

Delamination

(a)

Tensile modulus and Poisson’s ratio were also measured in
the tensile test. As shown in Fig. 3¢, Epsilon extensometers
were installed on the specimen. The tensile force was applied
at a loading rate of 2 mm/min. Dimensions of the specimen
used in the tensile test are shown in Fig. 3d. Using two-
component epoxy adhesive, aluminum tabs of 2-mm thick-
ness were adhered to the ends of the specimen. Based on
above tests, the mechanical properties of KFRP laminate can
be obtained as listed in Table 2.

3 Damage mechanisms and inhibition
mechanisms of KFRP composites

3.1 Delamination

The schematic diagram of delamination is illustrated in
Fig. 4a. When drilling toward the exit, the thickness of uncut
layers is decreased, and elastic deformation occurs due to the
thrust force applied by drill. At some point, delamination will
occur when thrust force exceeds the interlaminar bonding
strength. In addition, due to low interfacial bonding between
Kevlar fibers and matrix, delamination of drilling KFRP com-
posites is more pronounced. Through a digital microscope

Fig. 5 a Schematic diagram of
tearing mechanism. b Tearing
defect during drilling of KFRP

e 7

(DVMBS6, Leica), a delamination defect close to the exit is
shown in Fig. 4b.

In order to avoid delamination, thrust force exerted by drill
should not exceed the critical value. Based on linear elastic
fracture mechanics (LEFM) and theory of classic plate bend-
ing, the critical thrust force can be calculated through delam-
ination model. The delamination model considering the inter-
action between collar and cutter will be analyzed later (Sect.
4.1) to predict the critical thrust force at the onset of delami-
nation in combined drilling of KFRP composite.

3.2 Tearing

As shown in Fig. 5a, tearing damage is initiated in the process:
The exit layer splits around the drill point under the punching
action of the chisel edge. The majority of fibers are failed by
tensile failure due to the high toughness. This effect is mainly
caused by the negative rake angle of the chisel edge. Since there
is no effective support at the exit, Kevlar fibers are bended and
twisted under the thrust force and the torque of the cutting edge.
Consequently, the tearing damage extends further after the chis-
el edge penetration. As shown in Fig. Sb, Kevlar fibers slip
along the axial direction and split after machining, such that
severe tearing defect occurs along the edge of the hole.

Tearing

Punching action
(a)

400 um
—_—
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Fig. 6 a Schematic diagram of
fuzzing mechanism. b Fuzzing
defect during drilling of KFRP

Edge of hole

3.3 Fuzzing

The schematic diagram of fuzzing mechanism is shown in
Fig. 6a. As shown in Fig. 6b, fuzzing defect appears flocculent
and stacking along the edge of hole. Because the entrance
plane is a free surface, uncut material is torn and pulled by
the drill flute under the peeling force Fp exerted by the drill.
During this process, few fibers are failed by shear failure. In
contrast, due to the high toughness of Kevlar fiber, obvious
yielding and necking are caused by the peeling action, such
that Kevlar fiber fractures after a certain extent of plastic de-
formation. Therefore, the fracture of Kevlar fiber is uneven
and characterized by ductile fracture.

3.4 Inhibiting drilling-induced damages

The schematic diagram of inhibiting tearing defect is present-
ed in Fig. 7. During combined drilling of KFRP composites,
the drill cuts the laminate under the interaction between collars
and cutter. The collar clamps the exit plane; thus, Kevlar fibers
bear tensile stress, which restrains bending deformation and
conceding to some extent. In the drilling process, Kevlar fi-
bers are moved under the action of the revolving cutting edge.
Meanwhile, there is also relative motion between Kevlar fi-
bers and static edge of the hole-wall of the collar, such that
fiber layers are subjected to shear forces from the cutting edge
and edge of the hole-wall of the collar simultaneously.

N/

Fig. 7 Schematic diagram of
inhibiting tearing defect

(b)

Therefore, shear fracture is strengthened to reduce tearing de-
fect. Moreover, extension of tearing defect to non-machining
region can be prevented by supporting force F5.

Figure 8 illustrates the schematic diagram of inhibiting
fuzzing defect. Since the collar clamps the ends of the material
at the entrance plane, Kevlar fibers bear tensile stress.
Consequently, the sliding and spring back of fibers are re-
strained. During the motion of cutting edge along the edge
of the hole-wall of the collar, shear fracture is strengthened
because of combined shearing action exerted from the collar
and cutter. Therefore, tensile failure of Kevlar fiber is re-
strained, and hole quality at the entrance is improved effec-
tively. In addition, the extension of fuzzing defect to non-
machining region can be prevented by compressive force F7,
exerted by the upper collar.

4 Thrust force
4.1 Delamination model

In order to model the critical thrust force for the onset of
delamination, the classic plate bending theory of a circular
plate with the ends clamped is introduced. Moreover, the me-
chanical properties are the same in the transverse and longitu-
dinal directions for the plain-weave KFRP composite.
Therefore, it is assumed that the circular plate is isotropic in

Squeezing action
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Fig. 8 Schematic diagram of
inhibiting fuzzing defect Edge of hole-wall
~ Global zone
Peeling action Upper collar ~ Cutting of collar
Fi edge
| Kevlar fiber
D i =) L—Global zone
. . of KFRP
Non-machining region

this model. The energy balance equation from LEFM can be
written as [8]

GicdA = FgdZ—dU (2)

where Gic is the interlaminar fracture toughness in mode I, dA
is the increment of the area of delamination crack, Fg is the
compressive thrust force, dZ is the differential of drill move-
ment, and dU is the infinitesimal strain energy.

Figure 9 demonstrates the delamination mechanism at the
exit in combined drilling. Due to the compressive thrust force,
elastic deformation of the uncut lamina occurs, and the delam-
ination crack is initiated. As the chisel edge pushes down, the
delamination crack propagates further and exceeds the span of
the inner hole of the collar. Due to the supporting force of the
collar, the surrounding region of the uncut layer is lifted slight-
ly. Because the stiffness of the collar is much higher than the
stiffness of the uncut layer, the surface contact between the
collar and the laminate turns to a line contact along the periph-
ery of the inner hole. As a result, the supporting force changes
to a circular load. In this model, ¢ is the radius of the inner hole
of collar, a is the assumed size of the crack, 4 is the thickness
of the uncut lamina, and the circular load of the radius c is
defined as g.

Delamination

Fig. 9 Schematic diagram of delamination model in combined drilling

The deformed lamina is subjected to thrust force Fg and
supporting circular load ¢. Therefore, the energy balance
equation in this model can be expressed as

Glch = (FstrdUl )*(ZWCQdZQ*dUz) (3)

where subscripts 1 and 2 denote the variables of thrust force
Fs and g, respectively. The directions of Z; and Z, are oppo-
site. It can be seen from Eq. 3 that four variables, Z;, Z,, Uy,
and U,, need to be calculated. The detailed explanations are
given as follows.

The deflection and the strain energy of a circular plate
under the action of thrust force are given as [8]

Fsa2
Z = 4
" lenD ()
8nDZ?
Ur = 2 (5)

The flexural rigidity D expressed as follows is related with
the elastic modulus £ and the Poisson ratio v:

ER®
D= (6)
12(1-2)
60 -
cb Predicted value 20 {40 80
v“\._\ c9 -o- ok SEEER SRR v
SOF AcooIIX--.
c5 8 T . cll %P
= 4L M- A
Z cl2 T4
8 %4
S BOf ®FroEssaey =@zzzzz----- « [
2 g TR ?
2 cl0 cl3
= 20}
[_1
10 +
0 1 1 1 1
6.1 6.3 6.5 6.7

Inner diameter of collar (mm)

Fig. 10 Comparison of measured and predicted thrust forces of the last
ply in combined drilling
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Fig. 11 Thrust force curve over one drilling cycle

The inner and outer deflections under the circular load can
be calculated by [21]
when 0<r<c

2meq |, 5 o @+
87D [(“ )

Zow =

when c<r<a

27cq
8D

(8)

2 2N\( 2 4 42
— + 7 )

7 _ 2 e (@”—c*)(a
»our [(c +77) n—+ 2
The strain energy under the action of circular load can be

calculated as follows:

&z 1 dZow\’
U2 = T[D _[8( d’éIN —|— ; dj'IN> rdr (9)
2
e d&*Zrour 1 dZxour dr
¢ dr? r dr

In addition, the supporting circular load of the collar is
equal to the compressive thrust force of the cutter.
Consequently, this is an implicit equation, Fg=2mcq. Let
s =c/a and substitute Egs. 4, 5, and 7-9 into Eq. 3, and the
critical thrust force at the onset of crack propagation in com-
bined drilling can be finally calculated as

P 8GicER’
§T V3 (1-?)

@ Springer

(10)
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Figure 10 represents the comparison of the measured thrust
force and the predicted values of the last ply in different work-
ing conditions. The numerals indicate the test numbers in
Table 1, and the letter “c” represents the chisel edge breaking
through the last ply of the laminate. It can be observed that the
predicted force for the onset of delamination agrees well with
the experimental measurements at a feed speed of 20 mm/min.
The trend of the predicted force is consistent with the exper-
imental measurements, wherein the thrust force declined when
the inner diameter of collars increased. Moreover, the mea-
surements were higher than the predicted values at feed speeds
of'40 and 80 mm/min. It can be concluded that the safe limit of
feed speed is 20 mm/min to avoid delamination in combined
drilling.
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50 |
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Tool Displacement (mm)

Fig. 12 Distribution of the maximum thrust force of working condition A;
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Fig. 13 Distribution of the maximum thrust force of combined drilling. a 6.1 mm vs. without plates. b /=20 mm/min. ¢ f= 40 mm/min. d /= 80 mm/min

4.2 Distribution of the maximum thrust force
4.2.1 Drilling without plates

Cured resin matrix is known as a brittle material, while
Kevlar fiber is a flexible material with high toughness.
Therefore, the failure behavior of Kevlar fiber is quite dif-
ferent from that of resin matrix. During the process of dril-
ling KFRP composites, the cutting edge cuts the Kevlar
fibers and resin matrix alternately. Therefore, this process
causes the thrust force to fluctuate significantly. Figure 11
illustrates the typical thrust force curve over one drilling
cycle of KFRP composites. Five key nodes (a, b, p, ¢, and
d) are shown on the curve. At the beginning of drilling
process, thrust force rises rapidly when the drill enters into
the laminate (point a). Then, the whole main cutting edge is
involved in machining (point b) until the chisel edge breaks
through the last ply of the laminate (point ¢). During the
whole drilling period, thrust force fluctuates significantly
and increases to the maximum value (point p) when the drill
point enters into the kth ply (i.e., the number of uncut plies

under drill point is n — k). When the whole main cutting edge
penetrates the laminate (point d), thrust force decreases to 0.

.

E L -0--6.1mm

& - 1-:6.3 mm

= L - +- 6.5 mm & 6.7 mm

< 10F - <>~ - Without plates

8 9

T

5 8

|72}

L 7

26

g 5

g_‘ 4

5]

»n 3

5]

o 2

g

S 1F

Z 0 1 1 1 1
0 20 40 60 80

Feed Speed (mm/min)

Fig. 14 Position of drill point at maximum thrust force
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Fig. 15 Characterization of hole
quality. a Delamination defect. b
Tearing defect. ¢ Fuzzing defect

AN
Delamination

(@

Comparison of thrust force curves of working condition A
is shown in Fig. 12. It can be observed that with a feed speed
of 80 mm/min, thrust force reaches the maximum value of
64.8 N (point p3) when the drill point enters into the 11th
ply. Moreover, the position of the drill point is close to the last
ply of the laminate (13th ply). Reducing the feed speed to
20 mm/min, thrust force reaches the maximum value of
43.7 N (point p1) when the drill point enters into the eighth
ply. In addition, the position of the drill point is close to the
point at which the whole main cutting edge enters into the
laminate (sixth ply). Therefore, feed speed has a large influ-
ence on the distribution of the maximum thrust force. When
feed speed decreases from 80 to 20 mm/min, the position of
the maximum thrust force moves toward the ply at which the
whole main cutting edge enters into the laminate. The main
reason for this phenomenon is that the temperature of drill
point rises in proportion to the square root of machining time
[24]. The machining time of /=20 mm/min is double that of
f=40 mm/min and quadruple that of f=80 mm/min. The
lower the feed speed is, the higher the drill point temperature
rises. In the case of =20 mm/min, after the whole main
cutting edge entering into the sixth ply, the matrix is softened
by heat accumulating around the cutting edge. Therefore, the
stiffness coefficient decreases [25, 26], and thrust force de-
clines gradually from drilling to the eighth ply.

P

"Area of”

fuzzing

\
Tearing

(b) (©)

4.2.2 Combined drilling

Figure 13a shows the comparison of thrust force curves during
drilling with collar of 6.1 mm and without plates in the case of
f=40 mm/min. The red dotted line is the thrust force curve
with collar of 6.1 mm, and the black solid line is the thrust
force curve without plate. During drilling without plates, the
thrust force reaches to the maximum of 59.5 N (point p2)
when the drill point enters into the tenth ply. During drilling
with collars of 6.1 mm, thrust force rises to the maximum of
70.4 N (point p5) when the drill point enters into the seventh
ply. In addition, it can be observed that thrust force of drilling
with collars was higher than that of without plates. In com-
bined drilling, the stiffness of the process system is increased
because the deformation of the workpiece can be reduced by
the supporting action of collars. Stiffness of the process sys-
tem k can be calculated by k=F,/Z, where F is the thrust
force and Z is the corresponding displacement. Therefore, at
the same displacement, the required thrust force will increase
with the increase in stiffness of the process system.

Figure 13b—d shows the influence of inner diameter of
collars on the distribution of the maximum thrust force at
different feed speeds. As shown in Fig. 13b, during drilling
with collars of 6.7 and 6.5 mm, thrust forces reach the maxi-
mum values of 43.7 N (point p13) and 49.5 N (point p10),

Table 3  Experimental results of delamination, tearing, and fuzzing defects during drilling of KFRP composites
Working condition Size of collar ¢(mm) Feed speed f (mm/min)

20 40 80

Fd T Al‘ (mm) Fd T Af (mm) Fd T A,—(mm)
A Without 1.408 1 33.50 1433 1 27.63 1.450 1 14.69
A, 6.1 1.037 0473 9.00 1.047 0.526 14.04 1.083 0.549 14.29
Az 6.3 1.080 0.550 9.04 1.077 0.647 14.94 1.100 0.668 16.04
Ay 6.5 1.100 0.664 11.13 1.133 0.745 16.02 1.147 0.783 16.53
As 6.7 1.117 0.719 25.37 1.143 0.773 18.35 1.167 0.813 14.91
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respectively, when the drill point enters into the eighth ply. For
the case with collars of 6.3 and 6.1 mm, thrust forces reach the
maximum of 53.2 N (point p7) and 58.0 N (point p4), respec-
tively, when the drill point enters into the seventh ply. It can be
concluded that the supporting action of collars rises when
inner diameter of collars varies from 6.7 to 6.1 mm, and the
supporting action of collars has a positive effect on thrust
force. Due to the low transition temperature and low thermal
conduction of KFRP composites, the matrix will be softened
by heat generated around cutting edge. Therefore, the heat
generated increases with the increase of thrust force. In addi-
tion, the softened matrix serves as a lubricant material and
reduces the friction forces and the moment of friction force
on the margins [25]. Therefore, with the decrease in collar
inner diameter from 6.7 to 6.1 mm, the position of the maxi-
mum thrust force moves toward the ply at which the whole
main cutting edge enters into the laminate. The same phenom-
enon can be observed in Fig. 13c, d.

Figure 14 illustrates the positions of the drill point when
thrust force reaches the maximum value in different working
conditions. Since the trends at different feed speeds are the
same, the result of f= 80 mm/min is discussed as an example.
During drilling with collars of 6.1 and 6.3 mm, there were five
uncut plies under the drill point when thrust forces reached the
maximum values while with collars of 6.5 and 6.7 mm, there
were four uncut plies under the drill point. During drilling
without plates, only two uncut plies were left over when thrust
forces reached the maximum value. Compared with working
condition A}, numbers of uncut plies increased by one ply in
/=20 mm/min, three plies in f=40 mm/min, and three plies in
f=80 mm/min when the thrust forces reached the maximum
value for working condition A,.

Therefore, in the drilling process of KFRP composites,
distribution of the maximum thrust force is closely related to
feed speed and inner diameter of collars. During drilling with-
out plates, the position of the maximum thrust force moves
toward the exit when feed speed rises. This phenomenon can
cause a high thrust force of the last layer. Furthermore, due to
the decrease in the uncut thickness, the resistance to deforma-
tion declines rapidly. Therefore, the superimposed factors of
high thrust force and low bending resistance result in severe
delamination defect at the exit. In combined drilling, while the
required thrust force increases with the rise of stiffness of the
process system, the position of the maximum thrust force
moves toward the ply of the whole main cutting edge entering
into the laminate. The major consequences can be summarized
as follows. Firstly, the thrust force during drilling the last ply is
in a relatively low level. Secondly, bending resistance in-
creases with the increasing thickness of the uncut lamina when
thrust force reaches the maximum value. Therefore, the distri-
bution of maximum thrust force in combined drilling is more
appropriate than drilling without plates, such that defects at
the exit can be reduced effectively.

5 Results and discussion
5.1 Characterization of hole quality

In this section, three characteristic indexes are introduced to
evaluate the hole quality during drilling of KFRP composites.
Delamination factor, tearing length ratio, and fuzzing area will
be used to characterize delamination, tearing, and fuzzing de-
fects, respectively. As shown in Fig. 15a, delamination factor
F4was defined as the quotient between the maximum diame-
ter Dyax Of the delaminated area and the hole nominal diam-
eter D. Fy can be calculated by Eq. 11 [27]. Since there is
obvious color variation in the delaminated area of KFRP com-
posites at the exit, the edge of delaminated area can be iden-
tified by visual inspection. Values of the maximum
delaminated diameter were measured with a caliper.

Fyq = Dyax/D (11)

Asillustrated in Fig. 15b, tearing length ratio 7Twas defined
as the quotient between the arc length / of the tearing defect
along the periphery of the hole and the nominal perimeter of
hole (C). It can be calculated by Eq. 12. Digital images at the
exit were tackled with AutoCAD software to measure the arc
length.

T=1/C (12)

Approaches based on digital image analysis have been pre-
viously used to assess drilling-induced damage after machin-
ing of composite laminates [28, 29]. Since the shape of the
fuzzing area is irregular and difficult to quantify, it can be
obtained using image digitalization technique. In this study,
digital images at the entrance were transformed to binary pic-
ture using Image-Pro Plus software, and from these, the area
of fuzzing defect A¢ can be measured correctly. A representa-
tive binary picture is shown in Fig. 15c. The experimental
results of delamination, tearing, and fuzzing defects are illus-
trated in Table 3.

5.2 Influence of inner diameter of collars on hole
quality

Influence of inner diameter of collars on delamination defect
is shown in Fig. 16. As feed speed varied from 20 to 80 mm/
min, delamination factor of combined drilling was significant-
ly lower than drilling without plates. In the case of /=20 mm/
min, reductions of delamination factor using different collars
are 26.3% for 6.1-mm inner diameter, 23.3% for 6.3 mm,
21.9% for 6.5 mm, and 20.7% for 6.7 mm. Furthermore, de-
lamination factor declined when collar inner diameter de-
creased. This phenomenon can be explained by the delamina-
tion model in Sect. 4.1. The threshold of thrust force of the
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onset of delamination rises with the decrease in collar inner
diameter, such that the delamination can be less induced.
Therefore, the effect of reducing delamination was improved.

In addition, the inner diameter of collars also had an im-
portant influence on tearing defect. As shown in Fig. 17, tear-
ing length ratio of combined drilling is obviously lower than
drilling without plates when feed speed increased from 20 to
80 mm/min. It can be observed that tearing length ratio rose
with the increase in inner diameter of collars. Drilling with
collars of 6.1 mm was the most effective, with a tearing length
ratio of approximately 0.5. Smaller inner diameter of collars
results in larger contact area between collars and material.
Therefore, the supporting area and combined shearing action
rise with the decrease in collar inner diameter, and the effect of
reducing tearing defect was improved.

The influence of the inner diameter of collars on fuzzing
defect is illustrated in Fig. 18. In the working condition of /=
20 mm/min, fuzzing area of drilling without plates was the
highest, and reductions of fuzzing area using different collars
are 73.1% for collar of 6.1 mm, 73.0% for collar of 6.3 mm,
66.8% for collar of 6.5 mm, and 24.3% for collar of 6.7 mm.
Furthermore, the effect of reducing fuzzing defect was im-
proved by decreasing inner diameter of collars. Likewise,
smaller inner diameter of collars generates larger contact area
between collars and material, such that the compressive area
and combined shearing action rise by decreasing collar inner
diameter. However, a different trend is observed in Fig. 18c.
Fuzzing area rose first and then decreased when /=80 mm/
min. This phenomenon can be attributed to the influence of
feed speed, and the detailed description is presented in the
next section.

5.3 Influence of feed speed on hole quality

The influence of feed speed on delamination of working
conditions A; and A, is shown in Fig. 19a. It can be seen
that delamination factor rose with the increase in feed speed.
These results are in agreement with the observations of dril-
ling glass fiber-reinforced plastic (GFRP) and CFRP com-
posites [12, 30]. When feed speed rises, the increase in
cross-sectional area of the undeformed chip will result in
the increase in resistance to deformation of the chip.
Thrust force is the main cause of exit delamination.
Therefore, the increase in thrust force aggravates exit de-
lamination. In working condition A,, the delaminated diam-
eters were 0.22, 0.28, and 0.5 mm larger than the nominal
diameter when feed speed increased from 20 to 80 mm/min.
The growth of delamination diameter was acceptable. Hole
quality at the exit of working conditions A; and A, is illus-
trated in Fig. 19b. It can be clearly observed that there were
severe delamination defects at the exit during drilling with-
out plates. In contrast, delamination defect in combined
drilling was significantly reduced.
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Figure 20 reveals the influence of feed speed on tearing
defect of two working conditions. In working condition
A, severe tearing defects occurred extensively. Thus, all
of the tearing length ratios were 1.0. In contrast, the in-
hibitory effect on tearing defect was improved significant-
ly in working condition A,. Furthermore, tearing length
ratio also rose by increasing feed speed. The conclusion
agrees with the results of drilling CFRP composite [7].
Tearing defect is initiated by the punching action of the
chisel edge. The punching action rises with the increase in
feed speed. Therefore, the generation of tearing was ag-
gravated. However, there was still residual tearing defect
along one side of the circumference, and the other side
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was smooth. This phenomenon can be attributed to the
inverted cone of the main cutting edge of the twist drill.
Once the main cutting edge can no longer cut Kevlar fiber
layers thoroughly within one spindle revolution, consecu-
tive tearing defect will occur along the edge of the hole.

The influence of feed speed on fuzzing defect of work-
ing conditions A; and A, is shown in Fig. 21a. During
drilling with collars of 6.1 mm, the area of fuzzing defect
increased with the increase in feed speed, while still keep-
ing a relatively low level. In contrast, the trend of drilling
without plates was reverse: The area of fuzzing defect
decreased. Since both fuzzing and entrance delamination
are caused by peeling force at the entrance plane, we
compare the results of fuzzing with those of entrance de-
lamination of CFRP and GFRP. The conclusion disagrees
with the results of entrance delamination by [12, 30]. The
phenomenon can be explained by the mean chip thickness
with different feed speeds. Due to the high toughness, few
Kevlar fibers are cut by shear failure during drilling with-
out plates. When feed speed rises, the mean chip thick-
ness will be increased to strengthen the shearing action of
the cutting edge [31, 32], and fuzzing defect will be re-
duced. Moreover, as shown in Table 3, fuzzing area also
declined with the increase in feed speed using collar of
6.7 mm. It can be concluded that the influence of interac-
tion between collars and cutter on fuzzing was weakened
when inner diameter rose to 6.7 mm.

Hole quality at the entrance of working conditions A; and
A, is shown in Fig. 21b. It can be observed that extensive and
severe fuzzing defect covered along the hole edge at feed
speeds of 20 and 40 mm/min without plates. Moreover, less
severe but uneven fuzzing defect remained at /= 80 mm/min.
In contrast, slight fuzzing defect was observed by using collar
of 6.1 mm, and fuzzing defect was reduced significantly in
combined drilling.
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6 Conclusions

This paper is focused on revealing the mechanisms of drilling-
induced defects of KFRP composite (delamination, tearing,
and fuzzing) through a systematic investigation. On this basis,
a new approach (combined drilling) based on the interaction
between collars and cutter was presented to reduce damages.
Drilling experiments were conducted to study the influence of
collar inner diameter and feed rate on the thrust force and hole
quality. From the analysis and experimental results, some con-
clusions can be drawn as follows:

1. Delamination occurs at some point when thrust force ex-
ceeds the interlaminar bonding strength. The low interfa-
cial bonding between Kevlar fibers and the matrix can
lead to more severe delamination. Tearing defect is initi-
ated when the exit layer splits around the drill point under
the punching action of the chisel edge. Tensile failure of
the majority of fibers causes tearing defect along the edge
of hole. Peeling action at the entrance plane results in
obvious yield and necking of Kevlar fiber. Due to the high
toughness, fibers fracture after plastic deformation to gen-
erate fuzzing defect.

2. During combined drilling, stiffness of the process system
was increased to inhibit delamination propagation. The
combined shearing action between cutting edge and the
edge of the hole-wall of the collar strengthens shear frac-
ture of Kevlar fibers at the exit and entrance planes of the
laminate. The experimental results showed that machin-
ing defects can be reduced effectively.

3. A delamination model based on the interaction between
collars and cutter was proposed to predict the critical
thrust force for the onset of delamination. Moreover, dis-
tribution of the maximum thrust force is closely related to
feed speed and support configurations. In combined

drilling, the position of the maximum thrust force moves
toward the ply of the whole main cutting edge entering
into the laminate, which is more appropriate than drilling
without plates.

4. A process guidance was provided to optimize the hole
quality during drilling of KFRP composite. The optimal
drilling parameters are collar of 6.1 mm and feed speed of
20 mm/min. Compared to drilling without collars, reduc-
tions of defects are 26.3% for delamination factor, 52.7%
for tearing length ratio, and 73.1% for fuzzing area.
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Science Foundation of China (Grant No. 11372220).
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