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Abstract. Using backup plate is one of the most commonly used methods to decrease drilling-induced delamination of composite
laminates. It has been shown that, the size of the delamination zone is related to the vertical element of cutting force named as thrust
force. Also, direct control of thrust force is not a routine task, because, it depends on both drilling parameters and mechanical
properties of the composite laminate. In this research, critical feed rate and thrust force are predicted analytically for delamination
initiation in drilling of composite laminates with backup plate. Three common theories, linear elastic fracture mechanics, classical
laminated plate and mechanics of oblique cutting, are used to model the problem. Based on the proposed analytical model, the effect
of drill radius, chisel edge size, and backup plate size on the critical thrust force and feed rate are investigated. Experimental tests

were carried out to prove analytical model.
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1. Introduction

Conventional drilling of composite materials using twist
drills is by far the most frequently used methods in
industries to produce accurate and high quality holes
(Prabukarthi 2016). Although, various forms of damage can
be produced in drilling of composite laminates, it has been
shown that, delamination is the most serious one
(Mohammadzadeh 2018). Delamination, reduces the
strength and stiffness and thus limits the life of the structure
(Davim et al. 2007, Marques et al. 2009, Liu et al. 2012,
Zarif Karimi et al. 2012). Delamination, occurs during
drilling of composite laminates by two distinct mechanisms:
peeling up of the top layer and pushing out in the bottom
layer(Do Kyun Kim 2018). Practically, it has been found
that, the delamination related with push-out is more critical
than that related with peel-up. There are several hypotheses
regarding the formation of delamination at the exit side
(Guenfoud 2018, Hwang 2018). However, most of them
believe that delamination is the result of excess of stress
induced by the cutting force applied to uncut laminate on
the inter-ply bonding strength (Bhattacharyya and Horrigan
1998, Capello 2004, Heidary et al. 2014, Zarif Karimi et al.
2015).

There are several methods of decreasing delamination in
drilling of composite materials. Use of a sacrificial plate,
use of the support plate, use of the pre-drilled pilot
hole,variable feed-rate strategy, and use of special drill bits
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are the main approaches to reduce delamination (Jain and
Yang 1993, 1994, Persson et al. 1997, Mathew et al. 1999,
Sardifias et al. 2006). Some of these methods are very
complicated and not feasible in practice. However, using
the support plate is simple and practical. In contrary, using
backup has some disadvantages such as increasing the
machining time and needing to access to both sides of the
plate. It should be mentioned that although preparing the
backup setup consume time, by increasing the feed rate can
compensate this wasting time. By applying backup plate
can achieve to higher feed rate and lower delamination
simultaneously. In order to reduce delamination, the thrust
force must be controlled. Analytical analysis of composite
drilling to determine the critical thrust force is therefore of
great interest (Hocheng and Tsao 2003, 2005, 2006, Tsao
2006, 2007, Ojo et al. 2017).

Hocheng and Dharan proposed the first analytical model
(Hocheng and Dharan 1990). They used linear elastic
fracture mechanics (LEFM) and classical laminated plate
theory (CLPT) to achieve an analytical model to investigate
the critical thrust force at the delamination initiation in
drilling of composite materials. This model determined a
critical thrust force in terms of drilled hole depth and
composite properties. This model was developed by Jain
and Yang, assuming the material anisotropy and elliptical
crack (Jain and Yang 1993, 1994). In their model, a
concentrated central load is considered as the drilling thrust
force. Hocheng and Tsao (Hocheng and Tsao 2003, 2006,
Tsao 2012), extended this model, by taking a series of
loading conditions into considerations. Thus, circular load,
concentrated centered load associated with circular load,
distributed circular load and stepwise distributed circular
load were used for different drill types, such as saw drill,
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Fig. 1 Twist drill geometry parameters (Zarif Karimi et al. 2016)

candle stick drill, core drill and step drill, respectively.

In addition, there are few studies regarding
determination of critical thrust force during drilling of
composite laminate with backup plate (Hocheng and Tsao
2005, Tsao and Hocheng 2005, Tsao et al. 2012). In
(Hocheng and Tsao 2005, Tsao and Hocheng 2005),
Hocheng and Tsao used an analytical approach to determine
critical thrust force in drilling of composite laminates by
saw and core drill with backup plate. In a similar study,
Tsao et al., determined critical thrust force with an active
backup plate (Tsao et al. 2012).

It should be noted that, controlling the thrust force
directly is not possible, because, it greatly depends on the
drilling parameters. Feed rate is the most important
parameter which controls the thrust force directly.
Therefore, some researchers have concentrated on the
correlation of feed rate and thrust force by linear regression
analysis (El-Sonbaty et al. 2004, Fernandes and Cook 20086,
Tsao and Hocheng 2007, Singh et al. 2008, Tsao 2008,
Khashaba et al. 2010, Khashaba et al. 2010, Campos Rubio
et al. 2013). Unfortunately, this approach is not applicable,
if the drilling condition changes. Various cutting force
models for drilling composite materials are thus established
analytically using orthogonal and oblique cutting models
(Chandrasekharan et al. 1995, Langella et al. 2005).

The most important of them is presented by Langella et
al. (2005). They applied the orthogonal cutting model
proposed by Caprino et al. (Caprino 1996) as a basis, by
observing that in a drilling process, the prerequisites for
orthogonal cutting are met for an infinitesimal instant.

In this paper, critical thrust force is determined at the
delamination initiation in drilling of composite laminates
with backup plate based on the model developed by
Hocheng and Dharan (Hocheng 1990). In this model, the
anisotropy of the material and two simplified loading
models are considered. In addition, the oblique cutting
model proposed by Langella is used to determine critical
feed rate, which is a controllable parameter (Langella et al.
2005).

2. Assumptions

1. Mode-I is assumed to be dominant failure mode, since
other modes require higher energy for activating (DiPaolo
1996, Hocheng and Tsao 2006).
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2. The considered plate is circular and single layer
orthotropic with clamped edge.

3. The exerted forces by the cutting lips and chisel edge
are simplified in two various types, i.e., concentrated central
load and distributed uniformly in their corresponding
regions.

4. 1t is considered the backup force is applied to the
laminate in the form of peripheral distribution.

3. Drilling cutting model

In the previous study (Zarif Karimi et al. 2016), thrust
force was determined based on the oblique cutting model.
To start the analysis, twist drill geometry parameters are
shown in Fig. 1.

Thrust force divided into two sections, i.e., chisel edge
and cutting lips force. Cutting lips force is determined as:

T, = 2B x 107 108%m(f /2)05¢ (1)

where, ym, f, and G, are average values of the rake angle,
feed rate and geometrical parameter, respectively.

Furthermore, B is an unknown parameter which is
considered as follows:

B x 107108%m = g )

where, K, is the specific energy for the vertical force,
which can be determined by means of a single test as
described in (Langella, Nele et al. 2005). In Eq. (1), ym, is
defined as below:

_[ (tan—1 <%) + tan™! (ﬁ)) dp )
I; dp

where, ¢, v, p, (p=r/R) and R, are drill point angle, helix
angle, normalized radius and drill radius, respectively.
Moreover, T is the limit of the integration that is defined as:
7. t./sing

= —= 4

=5 = (4)

where, re, tc and ¢ are the chisel edge radius, the half
thickness of the chisel edge and chisel edge angle,
respectively. Also, the geometrical parameter, G, in Eq. (1)

Ym =
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Fig. 2 Force and physical model of delamination in
drilling of composite laminates

is defined by:

1

Zin’ (/2
G ZJ’<1—H1211)72(;/)>RSin(8/2)dp

sin(e/2) ( - %) (27.R — t2sin(g/2))

21,

(5)

The resultant thrust force exerted on the chisel edge is
shown as:

Tp = 2C x 107108%c 0S¢, (6)

where, ¢, is the chisel edge rake angle considered to be
constant and obtained as follows:

¥, = —tan"(tan(e/2)cos¢) )

In order to determine an unknown constant, C, the
specific energy at the chisel edge, Knchisel, iS used as:

C X 10~108%¢ — Kn_chisel (8)

The specific energies should be derived by a single
drilling test. In this method, a drilling sample with a pilot
hole is made. The diameter of the pilot hole is equal to the
chisel edge diameter and its depth is equal to the half
thickness of the specimen. This sample is drilled and the
experimental thrust forces in each section are measured.
The values of the specific energies are derived as follows:

_ Texp
"o2(f/2%G]
Tchisel (9)
K chisel = L%'
’ 2t

The total thrust force will be the sum of the part values
generated by cutting lips and the chisel edge. Fig. 2, shows
the force model exerted by cutting lips and chisel edge on
the composite laminate based on Egs. (1) and (6).

4. Analytical model for delamination propagation
with backup plate

4.1 Physical model

Fig. 2 illustrates the physical model of delamination in
drilling of composite plates. The energy balance equation at
the onset of delamination propagation is:

dU, = dW — dU (10)

where, U, W and Ugq are the stored strain energy, the work
done and the strain energy absorbed by crack growth
respectively, which are represented:

dUd = GIC'dA (11)

where, dA is the change in the delamination area and Gic is
the critical strain energy release rate in mode-I. For circular
cracks, we have:

dA = 2mada (12)

For computing the work done by the drill, W, and the
stored strain energy, U, determination of the plate
deflection, w, is required. The bending deflection of a single
layer orthotropic plate can be calculated by using the classic
plate bending theory (Hou and Jeronimidis 2000). The plate
deflection w of a thin plate with constant rigidity subjected
to uniformly distributed load over a central circular area is
governed by (Timoshenko and Woinowsky-Krieger 1959):

4 _ 4
Viw = D (13)
where, g, is the distributed load and D is the bending
rigidity of the plate. For composite materials, the bending
rigidity is replaced with equivalent bending stiffness D', as
follows:

1
D' = g(3D11 + 2Dy, + 4Dg¢ + 3D,,) (14)

where, D;
follows:

j,» are bending stiffness which are defined as

1v _
D;; = §;(ZI§ - Zl?c’—l)(Qij)k (15)

where n is the total number of layers, k is a free index
indicating the layer sequence from a selected side of the
laminate, (Q_U)k is the transformed reduced stiffness of the
k-th layer, referring to the global coordinate of the laminate,
and Zy stands for the distance of the lower surface of the k-
th layer from the middle plane of the plate.

4.2 Load models

Due to variations of the rake angle, relief angle and
inclination angle along the drill radius, load function is very
complicated, as shown in Fig. 2. Hence, two simplified
models are assumed for thrust force applied by the drill to
the laminate. A central concentrated force is considered in
the first model, which is the sum of forces applied on
cutting lips and chisel edge regions. For the second case,
this resultant concentrated force is considered to be
distributed uniformly over the entire length of the drill bit.
In both models, the backup force is assumed to be
peripheral distribution force.

A predrilled backup plate underneath the specimen
counteracts the downward bending deflection of the
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Fig. 4 Concentrated central drill load with circular backup
load model

laminae that is caused by the drilling thrust force. A
uniform upward force is initially applied to the back side of
the work piece from the backup plate. As the drilling
movements, the laminate starts to slightly deflect. The
backup plate logically has greater stiffness than the
laminate, hence, it does not fully conform to the laminate
deflection. The internal reaction force with the downward
bending of the uncut laminate lifts up the laminate and this
changes the backup force from a uniform load to a
peripherally distributed load. Therefore, the deflected
specimen is subjected to both concentrated thrust force on
the entry side and circular backup force from the bottom
side, as shown in Fig. 3.

4.2.1 Concentrated central load

Fig. 4, shows the schematic of delamination in the last
uncut laminae of the work piece, considering a concentrated
central load model with peripheral distribution backup
force, P. In this Figure, Ty is the total thrust force exerted by
a twist drill at the center of plate, b is the support plate
radius and a is the radius of crack (delamination).

According to Eq. (13), for a circular plate with clamped
edges subjected to a concentrated force at the center and
peripheral distribution force at b as a backup force, the
amount of deflection can be obtained as:
(a? +1?)(a? —b)

wi(r) = — [(bz +r)Inn + —m—— e

8nD’

16T;D, [(Zrzln (E)) +a?—r ]

P [(bz +713)In (2) +

0<r<b

w(r) = (@ -r?)(a® + b?) N (16)

2a?

wy(r) = — 8D’

Iy 2 r 2 2
TenD’ [(27‘ In (E)) +a*—r

where, n=b/a and the total thrust force T is the sum of the

b<r<a

force applied on the cutting lips and chisel edge expressed
as:

k, k.
Jf+———Jf @7

exp (ag ¥m) exp (ac )

where, the constants K., K¢, oo, and o, are calculated based
on the following equations:

k, = V2BG
k. =2Ct, (18)
a, = a, = 1.0891n(10) = 2.51

T=TL+TC=

According to the boundary condition w=0 at r=b, the
ratio between P and T, can be achieved as:

ora'h = P T, (2b%Inn) + a? — b? (19)
ngb=r=—_ 2 (a2 — 2
2 2b2%Inn + (a® + bz)a(za b*)

The work done by backup force, P, is zero, because
deflection is zero at r=b. Therefore, the stored strain energy,
the work done and the strain energy absorbed by crack
growth are expressed as the following equations,
respectively

a
P d*w N 1dw\’ P
” a? v ) |7
1 TPd ZbZ[sz(lnq)z 2b%Inn — a? + b?] (20)
242 T pt
16nD [4b%a?Inn + a* — b*]
U 1 b*aT?[b*(Inn)? — 2b*Iny — 2a®h* + a* + b* + (Inn)?a* + 2b*(Inn)* + Za‘lnn]
92 ** = anp’ [4b%a?Inn + a* — b*]?

U=

L [T—M—P(bzlmﬁ o _bl)J
8aD' | 2 2
aw 1 b*ar?[b*(Inn)? — 2b*Inn — 2a?b? + a* + b* + (Inp)?a* + 2b* (Inn)?a® + ZG‘lnrf] (21)
(4b?a?Inn + a* — b*)?

W =Ty w(0) =

au
Ud = GIC'A = G,Cﬂaz a_;da = GIC 27Ta da (22)

The critical thrust force and the feed rate at the onset of
crack propagation can be calculated as below:

’ 2 _nt
2V2m\[D'Gic[4n*Inn + 1 —n*] 23)
[Inn + 1 + n%Inn — n?n?

critical1 =

812D’ Gic[4b%a’Iny + a* — b*]?
x?[a?lnn + a? + b2Inn — b2]?b*

where, the constant y is calculated as below:

(24)

feriticat1 =
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Fig. 5 Equivalent uniformly distributed drill load model
with circular backup load model

k, k.
x= +
exp (a, ¥m)  exp (ac¥e)

(25)

4.2.2 Equivalent uniformly distributed load

Fig. 5 depicts the schematic of delamination in the last
uncut laminate of the work piece, assuming an equivalent
uniformly distributed load model with peripheral
distribution backup force, P. In this figure, q is the thrust
load exerted uniformly on the plate.

For a circular laminate with clamped edges subjected to
a uniformly distributed load over the central circular area of
radius R and peripheral distribution force at b as a backup
force, the amount of deflection can be calculated as:

. (a2+r2)(az—h2 1 ] RY R?)
P{(b*+r%)Inp+*—F—— 2 2 2 2
( +1)ing + 22 T{Aa —3R?+4R In(;]—zr (mn[;}:z}?}
w = ; = . , 0<r<R
87D 647D
2 2 2 2
2 2y () 07) 2
P (0 +r%)iny+ P T, 2a2+Rz—rz[2+R—2 +2R2In[£)+4rzln[%]
a
w, = s R<r<b,
2 87D 327D' (26)
a?-r )(az+b2) ,
P|(b%+r? '"’7*(7 T, 202 4R 12| 24 B +2R2In[L]+4r2In[L]
( ) 2a° 2 a? a a
W = 0 = — bs<r<a
87D 327D

According to the boundary condition w=0 at r=b, the
ratio between P and T, can be achieved as:

2
T, 2a* + R* — b? (2 + %) + 2R%Inn + 4b%Inn

_p-D
2mgb =P =7 @ - b)(@+ b)) )
2a?

2b%lnn +

Therefore, the work done is:
2 T R 2m
W=/[dw = ff qwy(r) rdrdé =n_1§2 jf wy(r) rdrde (28)
0 0
0 0

[T2(~12a*b? +10R%a* +12ab* + 2b*R?
+16b%R%a? Inyy + 24R%a%? (Iny)?
+12R%a* Iny —12R%a%h? - 24b*a® Iny

R
1 —12b*R? Iny + 24b*a% (Inn)? —12R? In(fja“
W= n n '
9671D'[4b2a2 Inp+at m“] a (29)

+12R? |n[5jb4 +6R*a%Iny +6R*a?(Iny)?
a

+3R%a? —3R*b? —48R%In (B]bzaz In7)
a

Fig. 6 Delamination area and its related parameters

TZa(-4R%a*b?(Inn)? -8R%a’b? Iny -8b*R%a’ (I p)?
+2R*a%b?(In7)? —8b% In 77+ 4b%(In77)? — 4b°R?

U 1 -8a%h° +4b*a* + R*a* + R*b* +8b%a? (Inp)?

" gr[ab%a’ Ing+at - || 180°a" Ing db'a’ ing)? +Ra (ny)
R*b*(In77)? - 4b%R%a* +8R%ab* +8b°R% In7y
—4R%®(In7)? + 2R%*a” Inp— 2R*a%? —2R*b* In 7y + 4b°)

da, (30)

and the stored strain energy is:

T#(-12ah? +10R%a* +12a%* + 2b*R? +16b2R?%a’ Iny + 24R%a%b? (In )?
+12R%a* Inyp —12R%a’b? — 24b*a? In —12b*R? In + 24b* (In )?a®
1 R R
Us———— | _1oR?In[ R |a* +12R? In[ R |b¢ + 6R%a?Inyp+ 6Ra2(In )2 +3R%a? | ( )
19270 [4b%a Iny+a ~b° | a a K (ny 31

_3R"D? —48R%In [B)bzaz Inn)
a

Also, in view of Eq. (10), we have:

TZa(-4R%a"b? (Inn)? —8R%a’b? Inyp —8b*R%a? (In7)?
+2R%a?b?(Inn)? —8b% Iy + 4b® (In)? — 4b°R? —8a%b®
Sda=— = | 4ap%a’ +R%* + R +8b%a2(Iny)? +8b*a’ Iny+4b*a’ (Iny)? |da.
oa 16nD’[4b2a2 In Jra"—hﬂ2 4.4 2, p4pd 2 (2”2 4 2 2:7 z( " (32)
n +R*a*(Inn)? + R*b*(In)? —4b’R%a* +8R%a’b* +80°R% Iny
—4R%°(Inn)? + 2R%a’ Inp — 2R*a%h? - 2R*b* In 7y + 4b%)

ou da 1

Finally, the critical thrust force and feed rate at the onset
of crack propagation with backup plate can be calculated as
below:

T _ 4V2m/D'Gyc[4n*Inn + 1 — "] (33)
critical2 — [lnn +14 TIZIHTI _ nz](ﬂz _ 27]2)

322D’ G [4n%Inn + 1 — n*]?

" = 34
fCTLtlcaIZ Xz[lml 14+ nzlnn _ UZ]Z(ﬁZ _ 27,’2)2 ( )

The comparison of feriticar 1 and feriticar 2 in EQs. (24) and
(34) gives:

fcriticalz 1
= 35
fcriticall (.32 - 2772)2 ( )

where, p=R/a. In the proposed model the critical thrust
force and the feed rate are related to the crack size, a while
in the previous models presented by Zhang et al. (2001),
Gururaja et al. (Gururaja and Ramulu 2009), Jain et al.
(Jain and Yang 1993) and Ojo et al. (2017), the critical
thrust force is independent. They achieved this result based
on an improper assumption, i.e., the load is distributed on
the whole crack area, and in practice, delamination-free in
drilling of composite materials is impossible task. However,
it is possible to control the delamination condition.

Chen  (1997) presented a parameter named
“delamination factor” which is expressed by the following
equation:
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Dy

where, Dy, is the nominal diameter of the hole (or drill bit)
and Dpax is the maximum diameter of the delaminated area
(Fig. 6). It is worth mentioning that Dmax and Do are crack
length (2a) and drill radius (2R), respectively, in the
proposed model.

Except conventional delamination factor, other methods
are presented by (Davim, Rubio et al. 2007) and (Tsao et al.
2012). (Davim, Rubio et al. 2007) proposed the idea of an
adjusted delamination factor (Fga) to evaluate the
delamination size by digital image processing. The equation
of the adjusted delamination factor can be expressed as
follows:

Fy= (36)

Fao = Fg + (F§ — Fa) (37)

Amax - Ao
where Amax is the delamination area related to the Dmax, Ao is
the drilled area of the Do, and Aq is the delamination area in
the vicinity of the drilled hole.

(Tsao et al. 2012) proposed the idea of equivalent
delamination factor which can be calculated through Eg.
(38):

D,

Fed = 36 (38)
where is De the equivalent delamination diameter and can
be expressed as follows:

4(A; + A
D, = [%] (39)

Drilling process rate of composite laminates is directly
related to the feed rate. Our aim is increasing the feed rate
as much as possible, but it is restricted by allowable crack
size which is determined by designer. In section 5, the
allowable delamination factor is considered 1.5 to find
critical thrust force.

5. Experimental program

In the first step, Gic should be obtained by conducting
double cantilever beam (DCB) specimen. The dimensions
of manufactured sample are: width B = 20 mm, length L =
170 mm, nominal thickness t = 3.5 mm, and crack length a
= 60 mm, which is produce by inserting a 20 m-Teflon film
between mid-layers. On the other hand, some other
samples were also provided for conducting drilling tests. In
this case, the dimensions of each samples are as follows: B
=36 mm, L = 200 mm, and t = 5.5 mm. Four (stacking
sequence: [0]s) and seven layers (stacking sequence:
[0/90/0/90/0/90/0]) of unidirectional glass/epoxy prepreg
were used for manufacturing samples in DCB and drilling
tests, respectively. The mechanical properties of composite
laminate are mentioned in Ref.(Heidary and Mehrpouya
2019).

Based on the mechanical properties, bending stiffness
Dijj, are determined as follows: D1;= 1.305 N.m, D1,=0.061
N.m., D22=0.244 N.m., and Dg=0.141 N.m. Therefore, the

Fig. 7 The setup provided for drilling test

Table 1 Experimental condition for drilling tests

Test No. Feed rate (mm/rev) Backup condition
1 0.25 Without backup
2 0.25 With backup
3 0.508 Without backup
4 0.508 With backup
5 0.8 Without backup
6 0.8 With backup
7 1.16 Without backup
8 1.16 With backup

equivalent bending stiffness, D can be calculated by Eq.
(14): D' =0.66 N.m.

5.1 Conducting fracture and drilling tests

Gic can be calculated according to ASTM standard [38]
and using DCB test:

3pd

= — 4
€= 50 (40)

where, P, ¢, S, and ap are the load, the displacement, the
sample width, and finally the crack length, respectively.
The tests were conducted using a computer-controlled
servo-hydraulic universal testing machine which its load-
cell capacity was 5 kN. The loading was displacement
control with speed of 3 mm/min.

Drilling tests were done using an FP4AM vertical
machining center (Fig. 7) with maximum rpm and feed rate
of 2500 and 200 mm/min, respectively. According to this
figure, suitable fixtures were applied to fix the samples. The
diameter of backup hole was 12 mm and the cutting
velocity were 315 rpm. The specification of the drill bit
used in experiments is as follows: 2Flutes HSS, 2R=10 mm,
=118, y=30.

The fixture was placed on the load cell with 250 Kg
capacity for measuring the thrust force (Fig. 7). The number
of repetition for each test was three in both of fracture and
drilling tests. For comparing the experimental and
numerical outcomes deeply, four experimental tests with
various backup conditions were considered as shown in
Table 1(Heidary and Mehrpouya 2019).



Critical thrust force and feed rate determination in drilling of GFRP laminate with backup plate 637

6. Results and discussion

Fig. 8 illustrates the theoretical critical thrust force
ratio as a function of the backup to crack size ratio (7=b/a)
for concentrated load model. Hocheng’s model with
concentrated load model without backup is also shown
(Hocheng and Tsao 2003). It is obvious that the backup
plate has a significant effect on the critical thrust force and
increases the critical thrust force. On the contrary, when the
backup to the crack size ratio increases, the critical thrust
force decreases rapidly. This is due to the fact that, by
increasing the backup size, the supporting condition against
the central concentrated load is decreased and,
consequently, the crack propagates at a lower thrust force.

Fig. 9 illustrates the theoretical critical thrust force ratio

as a function of the backup to the crack size ratio (y=b/a)
for uniformly distributed load model with different drill
radius to the crack size ratio (f=R/a). Hocheng’s model
with uniformly distributed load model without backup is
also shown (Hocheng and Tsao 2003). Similar to the
previous model, using the backup plate increases the critical
thrust force significantly and the critical thrust force
decreases by increasing the backup size to the crack size
ratio (#=b/a). In this case, by increasing the drill radius to
the crack ratio (f=R/a) the critical thrust force is decreased.
This is due to the fact that, by increasing the drill radius to
the crack size ratio, load is exerted on the greater part of the
crack region and since the supporting backup size should be
greater than the drill diameter (as shown in Fig. 3), the
backup plate should be extended beyond the crack region,
and thus, worsening the supporting condition.
Fig. 10 illustrates the theoretical critical feed rate ratio as a
function of the backup to the crack size ratio (y=b/a) for
two load hypotheses, i.e., concentrated central and
uniformly distributed load model with different drill radius
to the crack size ratio (f=R/a). It can be seen that the critical
feed rate has a similar trend to the critical thrust force. In
addition, the concentrated central model has a lower limit
band for the critical feed rate. On the contrary, the
uniformly distributed model allows designers to use a
higher feed rate for free-delamination drilling, while in the
concentrated central model a higher safety factor is
considered owing to the assumed simplifications.
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Fig. 8 Comparison of the critical thrust force predicted by
present models with backup and Hocheng’s model
without backup
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Fig. 9 Critical thrust force as a function of the backup to
crack size with different drill radius to the crack size ratio
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Fig. 10 Critical feed rate for concentrated central and
uniformly distributed load with backup plate
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Fig. 11 Force-displacement curves obtained by DCB test

In order to calculate the critical thrust force, G;c should be
determined. Fig. 11 illustrates force-displacement diagram
of DCB test. The average Gjc for tested glass/epoxy
laminate is 475 N/m.

As an example, Fig. 12, shows force-displacement
diagram during drilling of composite laminates with three
repetitions. The test conditions are: F=0.508 mm/rev,
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Table 2 Analytical values of the critical thrust force for different drilling condition

Model condition

Model equation Analytical critical thrust

force (N)
Drilling without backup-concentrated load (Zarif Karimi,
Heidary et al. 2016) Fp = m\32G;cD’ 3147
Drilling without backup-distributed load (Zarif Karimi, _ /326G, D’ 402.8
Heidary et al. 2016Zarif Karimi, Heidary et al. 2016) For = 1—(1/2B)? '
nr 2 —n4
Drilling with backup-concentrated load. Eq.(23) F. = 2V2m/D'Gie [4n*Inn + 1 — 1] 790.5
[Inn + 1 + n2lnn — n2]n?
7 2 _ 4
Drilling with backup-distributed load. £q.(33) 2D Gcl4n?Inn + 1~ n'] 1208.4

e = Tinn + 1+ n?Iny — n2](B? — 2n%)

Table 3 Comparison of the analytical and experimental results

Analytical thrust force on the last Experimental thrust

Error percentage (%)

Test  Feed rate Backup Measured layer (N) force on the last
No.  (mm/rev) condition - delamination factor Concentrated Distributed I?’)\/Er Concentrated Distributed
Without
1 0.25 backup 121 314.7 494.0 2734 131 44.6
2 0.25 With backup 1.10 575.9 881.1 431.7 25.0 51.0
3 0508 Without 132 314.7 557.0 205.1 6.2 47.0
backup
4 0.508 With backup 124 650.4 994.4 545.5 16.1 45.1
5 08 Without 151 314.7 730.1 361.8 14.9 50.1
backup
6 0.8 With backup 1.29 676.9 1036.9 545.6 19.3 47.2
7 1.16 Without 1.63 3147 934.6 4063 29.0 56.5
backup
8 1.16 With backup 1.35 708.9 1085.7 646.1 8.8 40.4
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Fig. 12 Force-Displacement curves obtained by drilling test

N=315 rpm, 2R=10 mm, and without backup. It can be seen
that the maximum thrust force is more than 500 N. The
exerted thrust force on the last layer can be also determined
using feed rate and thickness of each layer.

Table 2 shows the analytical critical thrust force values
for drilling of glass/epoxy laminates with different load
models and backup conditions. In order to determine the
critical thrust force, the mechanical properties and the
drilling parameters are: G;c=475 N/m, D'=0.66 N.m.,
2R=10 mm, 2b=12 mm, 2a=15 mm (F=1.5). It can be seen
that, the analytical critical thrust force for distributed load is

higher than concentrated load model in both backup
conditions. It can be concluded that, the concentrated load
model is more conservative.

Table 3 illustrates the measured delamination factor and
the analytical and experimental thrust force on the last layer
of glass/epoxy composite laminates. The analytical thrust
force with backup plate can be determined by substitution
of measured delamination factor on Egs. (23) and (33). It
can be seen that, error percentages for concentrated load
model are less than 30% in these feed rate ranges. The error
can be attributed to simplify assumptions mentioned in the
section 2.

The results of the proposed analytical models can be
investigated from different viewpoints. For example, the
effects of each drill’s geometrical parameters and backup
condition, such as point angle, helix angle and rake angle on
the critical feed rate can be studied. However, it is not
possible to discuss all these findings and investigations in
this article. These investigations will be discussed in detail
in the future research.

7. Conclusions

This paper presents analytical models to predict the
critical thrust force and the feed rate at the onset of
delamination with backup plate. To achieve this goal, at
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first the oblique cutting model proposed by Langella was
recalled to determine an analytical relation between the feed
rate and the thrust force. Two various loading models were
considered for the thrust force applied by the rotating drill
bit to the laminate with backup plate, namely concentrated
central and equivalent uniformly distributed load. Then, the
critical thrust force for each loading model with backup
plate was determined based on the elastic fracture
mechanics and the classical plate bending theory. Finally,
the critical feed rate for the onset of delamination was
modeled by combining the resulting equations for the
oblique cutting model and the critical thrust force.

The results revealed that the backup plate had a
significant effect on the critical thrust force and increased
the critical thrust force compared with the absence of the
backup plate proposed by Hocheng. When backup to crack
size (y=b/a) increased, the critical thrust force decreased
rapidly. In the uniformly distributed model, by increasing
the drill radius to crack ratio (f=R/a), the critical thrust
force was decreased. According to the results, the critical
feed rate had a similar trend to the critical thrust force and
the concentrated central model had a lower limit band for
the critical feed rate.

Experimental tests were conducted to verify the
analytical model. Based on the results experimental and
analytical models were in a good agreement and the error
percentages for concentrated load model are less than 30%.
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