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Abstract

The edge milling process of carbon fiber-reinforced plastics (CFRPs) is often accompanied by delamination and burrs on slot
edges of the top layer. These damages impact on processing quality, processing efficiency, strength, and fatigue life of the
materials, etc. To investigate the occurrence of these damages, the analytical cutting model for a single fiber of the top layer is
established based on the Winkler elastic foundation beam theory. The critical fiber cutting angles and the corresponding engage-
ment angles with different initial fiber orientations are predicted. Then, the milling experiments with the initial fiber orientations
0o =90° are carried out. The results show that the occurrences of the burrs and delamination can be correctly predicted. The
suitable initial fiber orientations are chosen in the range from 30 to 60° for the smoother slot edges. There are two burr occurrence

zones (BOZs) when 6= 90°. The delamination-inhibited zone (DIZ) is usually in the burr occurrence zone (BOZ).

Keywords Carbon fiber-reinforced plastic (CFRP) - Burrs - Delamination - Elastic foundation beam - Fiber orientation

1 Introduction

Carbon fiber-reinforced plastic (CFRP) is utilized more and
more widely in aviation, aerospace, automotive, and defense
industries due to its high specific strength, high specific stiff-
ness, and good corrosion resistance [ 1-5]. In order to reach the
required geometry tolerances and edge quality of the near net
shape parts produced with CFRP composites, all the parts
have to undergo various classical production processes, such
as milling and drilling. Generally, the edge milling process is
considered as one of the most common finishing operations in
the industrial applications [6-8].
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However, CFRP composites are difficult-to-cut materials
due to their inherent inhomogeneous and anisotropic mechan-
ical properties [9, 10]. As such, a variety of damages occur on
the top layer of the machined specimens during the edge mill-
ing of CFRP, such as burrs, fiber pull-out, delamination, and
other invisible damages, as well as the tool will be severely
worn [11-15]. These problems will have a direct impact on the
processing quality, the manufacturing efficiency, the strength
fatigue life of materials, etc. The delamination is regarded as
the most critical one, because it can considerably reduce the
stiffness and the load-carrying capacity of the mechanical
parts [7, 16]. Furthermore, the burrs are the most frequent
surface damage during edge milling of CFRP laminates
[6-8], and their appearance may cause several problems.
For example, the cost and the time of production will be
increased due to additional machining (e.g., the removal
of burrs, deburring), and the safety of the CFRP compos-
ite parts will be degraded [6—8]. Therefore, the expensive
CFRP composite parts may be rejected at the last stage of
their production cycle [6-8].

Until now, lots of researches have been done to investigate
the factors influencing the burrs or the delamination to search
for clarity about how to reduce burr and delamination sizes
[7]. The formations of the burrs and the delamination can be
directly influenced by the damages of the fiber and the matrix
(e.g., fiber bucking and rupture, matrix crushing, and
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cracking) during the cutting of CFRP. Nevertheless, the fiber
orientation is the critical factor affecting these damages [17].
Thus, many researchers have found that the fiber orientation
has a significant effect on the milled damages of the milling
surface (e.g., burrs and delamination). Colligan et al. [18, 19]
found that the laminate top layer delamination appeared in
three fundamental types depending on the fiber orientation.
For example, the type I was that the surface fibers were broken
and removed for some distance from the trimmed edge, and
this type was most common in the 45 and 90° fiber orienta-
tions. The type Il delamination was accompanied by some
uncut fibers that protruded from the trimmed edge, and this
type mostly appeared in the 135°. Ghafarizadeh et al. [9]
proved that the extension of machining damage (e.g., cracking
damage and burrs) significantly depended on the fiber orien-
tation during the flat end milling of unidirectional CFRP.
According to Hintze et al. [6], there were two kinds of delam-
ination effects, i.e. generation and propagation. They found
that the delamination and the fiber overhangs (or burrs) oc-
curred where the fibers were initially cut in a critical cutting
angle range, and any fiber protrusion was associated with de-
lamination [6, 8, 16]. Additionally, they proposed an analytical
model for the development of fiber protrusions [16]. Zhou
et al. [20] 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.
[8] presented the distributions of the critical cutting zone for
different fiber orientations by conducting a number of milling
experiments. Islam et al. [21] presented a simple and efficient
framework (e.g., up-milled and down-milled) for understand-
ing and predicting the occurrence of the damages in different
fiber orientations during milling of CFRP.

Similarly, it was well-known that the processing parame-
ters and the tool edge sharpness or cutting edge radius had a
significant effect on the milled damage. Davim and Reis [22]
established a multiple regression model to investigate the in-
fluences of the processing parameters (i.e., cutting velocity
and feed rate) on the surface delamination in milling CFRP
laminate plates, and they found that the feed rate presented the
highest statistical and physical influence on delamination
(larger than 80%). Sheikh-Ahmad et al. [19] found that both
of the process parameters (e.g., spindle speed, feed rate) and
the fiber orientation had a significant influence on the occur-
rence of delamination. Chibane et al. [23] and Omer et al. [24]
found that the damages on the machined surfaces increased
with increasing cutting speed and feed rate. Wang et al. [7]
expounded the effect of the cutting edge radius on the burr
formation. It was illustrated that the burrs were prone to form
in the fiber cutting angle range from 0 to 90° when a cutter
with a large cutting edge radius was used. Ghidossi et al. [25]
found that an important reason for the occurrence of the burrs
in edge milling was the increase of the cutting edge radius.
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All these existing literatures attempt to explore the key
factors influencing on the damages or to reveal the mechanism
of formation of these damages in order to obtain good surface
quality with small damages. However, there are few refer-
ences on the mechanical model employed to analyze the
mechanism of milling damage formation. In this study, in
order to better understand the mechanism of milling damage
formation, an analytical cutting model for a single fiber of the
top layer is established based on the Winkler elastic founda-
tion beam theory. Combining the predictions and the experi-
mental results, the occurrence of the burrs and delamination
are studied. The conclusions obtained in this study are useful
for understanding the effects of the major factors on the dam-
age (i.e., burrs and delamination) formation during milling
CFRP, as well as predicting the occurrence of these damages.

2 Modeling of the cutting-induced surface
damage

2.1 Formation of the cutting-induced surface damage

Owing to a lack of constraint effects on the surface fibers, the
fibers on the top layer are bent both in the laminate plane and
perpendicular to the laminate plane because of the pushing
effect of the cutters during the milling of CFRP. The fibers
can evade the cutting edge because of this bending. As a
result, some defects, such as burrs and delamination, appear
at the trimmed edges.

In general, the fiber-cutting angle changes continuously as
the tool rotates during the milling. Then, the removal mecha-
nism of the fiber is different in different rotation angles of the
cutter; as a result, the occurrences of the burrs and the delam-
ination show regular changes with the rotation angle of the
cutter. In order to analyze the cutting process of surface fibers,
the cutting model of a single fiber is analyzed. Numerous
experimental studies have shown that the fibers are squeezed
by the cutting force P, in the cutting direction, as well as
supported by the uncut layers of the laminate plane in front
of the cutters. Simultaneously, the cutting force P, perpendic-
ular to the laminate plane leads to the vertical buckling distor-
tions of the fibers. The cutting process is illustrated in Fig. 1.

In order to deeply investigate this cutting model, the cutting
processes of a single fiber in different rotation angles of the
cutter are analyzed as a tooth of the cutter rotates a single
revolution. The fibers’ brittle fracture usually occurs in the
tool-fiber contact area during the rapid contact between the
fiber and the tool [26]. However, the top layer fibers often are
only bent and not easily fractured in the tool-fiber contact area
because of the phenomenon that the fibers avoid the tool.
Thus, it is assumed that the fiber breaking points is not in
the tool—fiber contact area. For the selected fiber, they are
cut little by little in milling process, and each cut can be treated
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Fig. 1 Cutting process and the
cutting forces

as an independent orthogonal cutting process [26-29]. The
cutting process usually is highly dependent on the fiber-
cutting angle ¢ and the tool-rake angle v,. The fiber-cutting
angle ¢ is measured anticlockwise from the fiber to the
cutting-speed direction. Here, two possible scenarios are con-
sidered as follows.

(1) When 0<p<~y+7/2

It is assumed that the tool—fiber contact point is the contact
point between the fiber end and the tool nose. Also, the tool—
fiber contact point is in the rake face or at the arc edge of the
blunt round near the rake face. The distance from the contact
point to the fiber root will be defined as Ad. The fibers on the
top layer are bent both in and perpendicular to the laminate
plane as the cutter moves forward. As a result, the contact
point is gradually moving toward the flank face and upward
along the fiber simultaneously. When the fiber is tangent to the
flank face by bending, the tool moves gradually away from
this selected fiber and loses the cutting effect. Then, the fiber
will not be cut off if the fiber bending failure has not yet
occurred before this, which can result in the formation of
burrs. The bending angle will reach its maximum value when
the fiber was tangent to the flank face. It can be found that this
maximum bending angle is equal to the fiber-cutting angle.
The slip displacement of the contact point is Aw, and the
bending length of the fiber in the laminate plane is L,,. All
these parameters are shown in Fig. 2. The maximum bending
angles with different fiber-cutting angles are shown in Fig. 3.
With increasing fiber-cutting angle, both the slip displacement
Aw and the maximum bending angle increase, resulting in an
increase in possibility of the fiber fracture. It is assumed that
the contact point is right at the point of tangency of the rake
face and the blunt round when ¢ =~ + 7/2, and the height of
this contact point reaches the maximum value (r.(1 + sinyy)).

In fact, the tool-fiber contact point may be in the middle
part of the selected fiber in actual processing. It is also

(a) Forming of the burrs and
delamination [16]

(b) Cutting model of a single fiber
. ' Support
P K

P,

Cutter

assumed that the fiber is not broken at the contact point.
Then, the contact point is also gradually moving upward along
the fiber and away from the fiber root simultaneously. The
bending part of the fiber will lose the supporting effect
of the uncut layers due to this upward bending. Therefore,
this situation still can be argued that the contact point is at
the fiber end.

(2) When vy +m2<¢

Similarly, it is assumed that the tool—fiber contact point is at
the fiber end. The contact point is gradually moving toward
the flank face and approaching the fiber root simultaneously
(as shown in Fig. 2). When the fiber was tangent to the flank
face, the fiber is bent to its limit position. After this, the cutter
loses the cutting effect for the selected fiber. To simplify the
complex cutting process, the extreme position will only be
analyzed as following. During the movement of the contact
point, the total displacement of the contact point is the
vector sum of the slip displacement in and perpendicular
to the laminate plane (as illustrated in Fig. 2). Within the
laminate plane, the fiber is bent and supported by the
uncut layers during the cutting. Thus, the in-plane bend-
ing of the fiber will be considered as the bending of a
semi-infinite elastic foundation beam, whose distance of
the stress point deviating from the beam end is ¢. When
the fiber is bent to its limit position, the fiber—tool con-
tact point is at the fiber root, namely, ¢ = AJ, as seen in
Figs. 2 and 3. Likewise, with the fiber-cutting angle in-
creasing, the possibility of the fiber fracture increases.
Additionally, it is found that there are two cases when
Yo+ /2 <, i.e. the cutting thickness /4 is greater or
lesser than r.(1 + sinvy).

According to the above analysis of the cutting process with
different fiber-cutting angles, the distance from the contact
point to the fiber root Ad can be determined by the fiber-
cutting angle ¢ (as shown in Eq. (1)). Also, the fiber

@ Springer



2674

Int J Adv Manuf Technol (2018) 96:2671-2685

Fig. 2 Analysis of the cutting
process with different fiber-
cutting angles
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orientation angle 6 can be clearly determined by the initial
fiber orientation angle A, and the engagement angle ¢ (as
shown in Eq. (2)).

ro(1—cos¢) ™
AS — hsin¢> . (O< ¢§5+%) (1)
L (7 )
sing sing 2
. Oy + ¢ (0590+90<71’)
0= { O+ (7<6y + ) @)

The fiber orientation angle 6 is complementary with the
fiber-cutting angle ¢, namely 6+ ¢ =7. The relationship
among ¢, 0y, and ¢ can be written as follows

_ Jm(0o+ )
¢ B { 27T—E)90 + QO)

(0<6y + ¢ < m)
(7T5090 f(p) (3)

where 7, 09, 6, and  are the tool rake angle, the initial fiber
orientation angle, the fiber orientation angle, and the engage-
ment angle, respectively. The symbol ¢ is the fiber-cutting
angle which is equal to the maximum bending angle.

2.2 Cutting model of the single fiber on the surface
The elastic foundation beam theory has already been used in

modeling to research the chip formation mechanism [5]. The
selected fiber is wrapped and supported by the surrounding
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uncut materials, and the length of the selected fiber stressed
area is very short. Then, the support force of the uncut mate-
rials is uniformly distributed on the selected fiber. Therefore,
the fiber is regarded as a beam structure, and the part of the
composite that supports the fiber can be regarded as an elastic
foundation. The fiber deformation is considered as one bend-
ing problem of the beam on elastic foundation. Thereby, with-
in the laminate plane, the fiber is supported by the surrounding
materials, so the fiber bending is regarded as the bending of a
semi-infinite elastic ground beam. The fiber bending perpen-
dicular to the laminate plane is also simplified as the bending
of a beam which is under a tensile load.

In order to establish the rational mechanical model, the
following assumptions need to be made because of the com-
plicated and changeable tool geometry and cutting conditions.

1. Plastic deformation of the material is negligible, and no
matrix extension or compression occurs.

2. Transverse shear effect of the resin matrix is negligible.

3. Shear stress in fiber is negligible, and the bending fracture
of the fiber is only considered.

4. The width of the workpiece is equal to the diameter of the
fiber.

5. The surrounding materials are assumed as the homoge-
neous and isotropic elastic materials.

Based mainly on mechanics theory of bending distortion,
the forming mechanism of the burrs and the delamination will
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Fig. 3 Maximum bending angle
with different fiber-cutting angles
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be studied in this paper. Moreover, theoretically, a high bend-
ing moment occurs at the locations of the small fiber bending
radius, especially when the fiber orientation angle 6> 90°.
The minimal fiber bending radius can be determined by Eq.
(4) [16]. However, the size of the burrs during the milling has
a certain randomness; as a result, the fiber diameter or the
bundle thickness dpp,; is not easy to be determined. To sim-
plify the modeling process, the effects of the helix angle, the
cutting vibration, the cutting speed, and the bending radius are
negligible in this study. All these effects will be discussed in
detail in the further studies.

Fmin = ! (;b >dfber (4)

Pmins s and dgper are the minimal fiber bending radius, the
strain rate, and the fiber diameter or the bundle thickness,
respectively.

To further reveal the formation mechanism of the burrs and
delamination during milling, the cutting model of a single fiber
is established at different fiber-cutting angles (i.e., 0 < ¢ <o+
70/2 and 7o + 70/2 < ¢p), with Winkler’s foundation model.

(D Elastic foundation modeling of cutting a single fiber
when 0 < p <~ +7/2

(a) Fiber bending model in the laminate plane when 0
<p=<+m2

The tool-fiber contact point is at the fiber end, and the
fiber-bending model is illustrated in Fig. 4. The selected fiber
is divided into two segments due to the varying supporting

conditions along the fiber axis. The 1st segment OA is only
supported by the uncut layers behind this fiber, because the
point A is the onset point of the debonding. The 2nd segment
AB is supported by the rest of the composite and is bonded by
the resin matrix simultaneously. In order to simplify the model-
ing process, the Winkler’s foundation model will be used to
solve the bending of the beam on elastic foundation. According
to the Winkler’s foundation model, the reaction force P,, from
the supporting materials per unit length and the bonding force
qy are expressed as P, =k, w(x) and g;, = k,w(x), respectively.
The governing differential equation for the second segment AB
[12, 13, 26] can be obtained as follows:

d*w(x)
P

Eyly + (km + kp)w(x) =0 (5)

where k.., ky, E; and I, are the modulus of the supporting
composite which can be treated as an equivalent homogeneous
material (EHM), the equivalent modulus of the fiber-matrix
bonding, Young’s modulus, and the moment of inertia of the
fiber, respectively.

The bending of the 1st segment OA will be consid-
ered and its governing differential equation is the same
as in Eq. (5), but £, =0. Its general deformation can be
described as follows [26]:

w(x) = €™ (c1cosAx + casinx)

+ ¢ ™ (c3c08A\x 4 ¢4sinx) (6)

where \ = knb -y = and ¢;—c,4 are constants of

4E/1/ 64 ’

integration.
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Resin  Fiber

Fig. 4 Fiber-bending model in the laminate plane (0 < ¢ <~ + 71/2)

It can be obtained ¢; =c, =0 in Eq. (6), owing to the
boundary condition at the fiber bottom (x — o0, w— 0).
According to the boundary condition at the fiber top (x =
0), the other two constants ¢3 and ¢4 can be resolved as

¢c4=0 and c3 = . Then, the deflection of the fiber

2,\35 Iy
can be written as [26]:

2P)e™™
kb

w(x) = cos(\x). (7)

Thereby, the slope of deflection can be derived straightfor-
wardly, as shown in Eq. (8).

Loy 2PN e ™™

I(x) =w(x) = o (cos(Ax) + sin(Ax)) (8)

According to the analyses of the cutting process, it
can be known x=A¢ and Y(Ad)=¢ when the fiber is
tangent to the flank face. Therefore, the load P, and the
bending moment M when 0<@p<~y+7/2 can be re-
solved as:

k bd)e)\Aé
~ 20 %[cos(MAG) + sin(AAS)] )
4E/IfP/\3 “Msin(\x)

kb

n

Based on the knowledge of material mechanics [30], the
bending moment of the cross-section reaches the maximum
0. The
maximum deflection of the fiber can be derived as L; = /4
=4 -Elw" (x) and w" (x) = 0. Therefore, the

value when the shear force O(x) =0, namely iI—M =

because QO

@ Springer

maximum bending moment of the cross-section can be de-
scribed as:

4E ;1PN e Misin(ALy)
kb

_ 2XEfl XA Msin(ALy)
~ cos(AAS) + sin(AAS)

MNmax :M(LI) =

(b) Fiber bending model in the vertical plane when 0
<P<y+m2

The tool-fiber contact point is at the fiber end, and the
fiber-bending model in the plane which is perpendicular to
the laminate plane is illustrated in Fig. 5. The force P; is loaded
at point A. The selected fiber is also divided into two segments
due to the varying supporting conditions along the fiber axis.
The 1st segment AO is pulled by the vertical upward force and
has no adhesion force, because the point O is the onset point of
the debonding. However, the 2nd segment OB is bonded by
the resin matrix. According to the Winkler’s foundation mod-
el, the reaction force P,, from the matrix per unit length is
expressed as P,, = k,,w(x). Similarly, the governing differential
equation for the 1st segment AO is the same as in Eq. (5), but
ky, = ki = 0. Its general deformation can be described as [31]:

Ww(x) = b1xX° + byx? + byx + by (11)

where b1—b,4 are constants of integration.
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Fig. 5 Bending model in the vertical plane (0 < ¢ <~ + 71/2)
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Likewise, the governing differential equation for the
2nd segment OB is the same as in Eq. (5), but &k, =0.
Its general solution is the same as in Eq. (6). According
to the boundary conditions and the continuity of the
fiber deflection, the fiber deflection of the 2nd segment
OB can be obtained as [31]:

Prae™

X) = W (cos(Ax)-sin(Ax))

(12)

pkbpe> B
2)2[cos(AAS)+sin(AAS)] and a=AJd.

Similarly, the bending moment of the cross-section reaches
the maximum value when the shear force O(x) =0. Then, the
maximum deflection of the fiber can be derived as AL = 71/2\
because O = 9 — -Elw" (x) and w" (x) = 0. Therefore, the
maximum bending moment of the cross-section can be de-
scribed as:

where Py = pP =

Mzmax - PA(A5+ AL)

- Mkbqbe)\ArY
 2X%[cos(AAS) + sin(AAS)]

(AS+AL)  (13)

Based on the above theory model, the total bending mo-
ment is the vector sum of that in the laminate plane and that in
vertical plane, as described in Eq. (14).

+M?

Nmax

Mo = £/ M

zmax

2 A(AS-L) 2
(A(S + AL)} + |i2/\Ef[/¢e sm(/\Ll)}

B [ pkbperd
—V [2X2[cos(AAG) + sin(AAS)] cos(AAG) + sin(AAJ)

- o \/ [ukb(AS + AL)P + [4NEfI e sin(AL;))*
20 2[cos(A\A0) + sin(AAd)] V 11y i

(14)

The neutral layer is through the fiber axis because the fiber
shape is cylindrical. The neutral layer is regarded as the inter-
face. Thus, the protrudent side is in tension, and the indenta-
tion side is in compression. According to the knowledge of
material mechanics, the maximum tensile stress o occurs in
the cross-section in which the bending moment reaches the
maximum value, as well as at the point which is farthest away
from the neutral layer. Then, the maximum tensile stress can
be written as

Moty _ rr6es?

Iy 2X\I[cos(AAS) + sin(AAS)]

(15)

o=

Vlkb(26 + AL)? + [ANE/ 1 e Msin(AL; )|

According to the maximum strength theory, when the
maximum tensile stress exceeds its tensile strength (as

shown in Eq. (16)), the fiber fractures and the fiber can

be removed.
rf(beAAzS
o=
2X%1 f[cos(AAS) + sin(AAS)]

(16)

\/[,ukb(A(S + AL + [4)\3Eflfe’/\Lsin()\L1)]220,,

Therefore, the critical fiber cutting angle wcr; when 0
<p <0+ 7/2 can be obtained. The fiber can be effectively
removed if the fiber cutting angle exceeds the critical one (as
written in Eq. (17)), before the fiber is tangent to the flank face.

205X [cos(AAS) + sin(AAJ)]
;{/-em‘;\/[,ukb(Aé + AL + [4NE 1 e Msin(ALy )}2

(17)

Besides, the maximum fiber deflection of the segment AO
(as shown in Fig. 5), which is the total deflection caused by P,
and P,, can be obtained as follows:

$=pcr =

P.a P.d* P,a

WAOmax = 18

AT 3E, T NEd, | 2N E L, 18
where P, is the total effect force of P, and P,
P, = \/1+ 1i2P.

Thus, the flexibility C of AO can be expressed as [32]:

_ WAOmax @ a? a

C= = + + ‘
P, 3E\I;  AE;  2NE;

(19)

Consequently, according to the linear elastic fracture me-
chanics (LEFM) theory, the strain energy release rate of Mode
I fracture along the fiber—matrix interface (G;¢) can be esti-
mated as [32]:

_ P2dC

'™ 2bda
_ P | V6 JE (AR V6 [E (A ?
~ 2E\Isb 3 VE,\ a 2VE\a) |

(20)

The delamination cracking between the fiber and the ma-
trix will occur when the strain energy release rate of Mode 1
fracture (Gjc) exceeds the critical one. On the contrary, the
delamination cracking will not occur, and the following equa-
tion can be obtained as:

( 1+p2kabge™ ) 2
2X7[cos(AAS) +sin(AAS)] /6 [E\ [ Ah 6 [E: /AR\?2
G =~ 1+£{‘/—‘ Ay V6 JE(ARN
2E]1fb 3 Ez a 12 Ez a
(21)
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The other critical fiber cutting angle -, when 0 < p <~ +
71/2 can be obtained. The delamination cracking which caused
by P, and P, will not occur if the fiber cutting angle is less than
the critical one. This critical fiber cutting angle ¢c; can be
described as

8E\1;Gre[ N [cos(AAS) + sin(AAS)]]
f V6
E, ( > AT

bc1=
(1 + ug)kzazbezm&

23]

(22)

@ Elastic foundation modeling of cutting a single fiber
when /2 + vy <@

(c) Fiber bending model in the laminate plane when 7v/2 +
To<¢

The contact point is gradually moving toward the flank face
and approaching the fiber root simultaneously. The extreme
position which the fiber is tangent to the flank face will be
analyzed. The bending model is indicated in Fig. 6. The point
O is the contact point. Owing to the varying supporting con-
ditions along the fiber axis, the fiber is divided into three
segments, AO, OB, and BC, as illustrated in Fig. 6. The
supporting condition of the 1st segment AO is the same as
that of the 2nd segment OB, because the point B is the onset
point of the debonding. Thereby, these two segments are only

w(x)—zP)\e (COS()\‘XDJFSIH()\\X\))Jri—Z\ 1

1
e *cos(he)e Mt cos(A(x + ¢)) + ) e (cos(Ac)—sin(Ac))

) e (cos(Ac)—sin(Ac))e sin

Fig. 6 Fiber-bending model in the laminate plane (71/2 + vy < )

supported by the uncut layers behind the fiber. Thus, the 3rd
segment BC is supported by the rest of the composite and
bonded by the resin matrix simultaneously. Similarly, the
governing differential equation of the 3rd segment BC and
its general deformation are the same as in Eq. (5) and Eq.
(6), respectively. Substituting k, =0 into Eq. (5), the
governing differential equation of the segment AB can be
obtained, as shown in Eq. (23). Here, the study subject puts
emphases on the bending of the segment AB. The deflection
of this segment fiber can be given by engaged its governing
differential equation and boundary conditions.

e M Fcos(A(x + ¢)) (23)
(Ax+0))

Next, the slope of deflection can be derived straightforwardly, as shown in Eq. (24).

. PX?
v =T
where ¢ = Ad.

<2e’*(2"+")cos()\c)cos()\(x +¢)) + e ACHeos(Ae)sin(A(x + ¢))—e ACHsin(Ae)cos(A(x +

¢)) +4e Msin(w)  (24)

Attention will be focused on the fiber fracture below the cutter in the following sections, namely x > 0; thereby, the bending

moment can be expressed as

M=

kb A2 sin(Ae)cos(A(x +

EfI;PN (Seﬂ(z”")cos()\c)sin()\(x +¢)) + e "2 cos(Ac)cos(A(x + ¢))
A
—e

¢))—4e Mcos(\x) + 4e Msin(\x)

_e—/\(2c+X)Sin()\c)sin(>\(x +¢)) ) . (25)

In the same Way, the bending moment M reaches the max-
imum value When
deflection of the ﬁber can be derived as
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—2\c_n ,2)\¢ :
L — ltan'l 4+e 2e cos()\cz)sm(Ac) .
A 2e72¢(cos(Ac))



Int J Adv Manuf Technol (2018) 96:2671-2685

2679

The contact point is at the fiber root when the fiber is
tangent to the flank face, namely x =0, and the slope of de-
flection is equal to (.

! PA

W (0) = —- (2e 2¢(cos(Ac)) ) = ¢ (27)

Likewise, the load P and the bending moment M when
Yo+ /2 <  can be resolved.

okb
P =
A2 (Ze’zAc(cos(/\c))z)
e EfdeA (28)
2max —
<2e’2’\°’(cos()\c))2)

where A} = 3¢ %) cos(Ae)sin(A(Ly + ¢)) +e M)
cos(Ac)cos(A(Ly + ¢)) —e M )sin(Ae)sin(A(Ly +¢)) —
e M2t)gin(Ac)cos(A(Ly + ¢)) —deMacos(ALy) +4e M
sin(A\Ly) .

(d) Fiber bending model in the vertical plane (7, + 70/2 < )

The fiber bending model in the vertical plane when ~ + 71/
2 < (p is the same as that one when 0 < p <~ + 71/2, while the
force in the vertical plane alters. Here, the force can be
expressed as:

fipkb 22

Popn = pP = (Ze_ZAc(cos()\c)f) (29)

So that,
expressed by

the maximum bending moment can be

Mzmax = PZA(A5 + AL)

_HORD s (202 (cos(Ae))?) (A0 + AL)  (30)

where AL = T
The total bending moment is described in Eq. (31).

Mpmax = MZ +M2

2max

2
{uqbkb \2 (2872/\6(0()3()\(1)) )(Ag + AL)T + __EdprAL
(26’”"(005()@))2)
@
T 2Nee (cos(Ac))

A k(86 + AL + (E/1 XA,

(31)

The maximum tensile stress is given by:

Mhmaxrj V/QS
Iy 2/\2[fe 22¢(cos(Xe))?

A\ lkb(26 + AL + (Eg1,3041)

(32)

With ¢ = s

221 pe 2 (cos(Ac))

A k(86 + AL + (E/1,X°A,) 20,

the critical fiber-cutting angle wcr, when o+ 7/2 < o can be
obtained.

20, N1 re 22¢(cos(Ae))?
kb (A3 + ALY +

Pcra (33)

(Eflf>\3A1)2

By the same token, the strain energy release rate of Mode |
fracture (G,¢) can also be estimated by
P

T 2Eb +?4§2< >+\1€ (aﬂ

< \/ 1+ p? pkab )2
2X%e ¢ (cos(Ac))? \4[64E1 Ah \/6 E\ (Ah :
DAY el N Bl T A el N el B PP
S5 5 B
(34)

2EIsb

Furthermore, the other critical fiber-cutting angle ¢, when
Yo+ /2 < p can be obtained.

2
8E11 Gy {Aze’“"‘(cos()\c))z}

) AR

(35)

P2 S
(1 + 12)k*ab

The critical fiber-cutting angles (i.e., pcr and pcrs) for
the two cases (i.e., 0 < <~y +7/2 and 7, + 7/2 < ) can be
represented by the same symbol, ¢ct. The selected fiber will
fracture under pure bending if the fiber-cutting angle exceeds
the critical one during the milling. On the contrary, the select-
ed fiber cannot be removed and turn into a burr. As a result,
there formed a great number of burrs which can be called as
the burr occurrence zone (BOZ), overall the cutting area.
Analogously, the other critical fiber-cutting angles (i.e., ¢c;
and pc,) for the two cases (i.e., 0 < <o+ 7/2 and o + 70/2
< ) can be represented by the same symbol, ¢c. The delam-
ination cracking occurs between the fiber and the composite, if
the fiber cutting angle is larger than the critical one. Then, the
formation of the delamination is a regional phenomenon in the
whole cutting area. Conversely, the delamination cracking can
be inhibited. The range in which the delamination cracking
can be depressed can be regarded as delamination-inhibited
zone (DIZ).

3 Experimental approach

As a view to validate the theoretical model established in
the previous sections, all the critical fiber cutting angles
for the two cases with different initial fiber orientation
were predicted. The occurrence of the damages with the
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initial fiber orientation 6y =90° would be investigated in
some milling tests in detail. The YG6X carbide mill with
two straight flutes, a helix angle 3, = 0°, a rake angle o =
15°, a clearance angle ay=10°, a rounded edge radius
re=15 um, and a diameter 6 mm were applied for the
milling tests. Here, the milling length of each test was
about 15-20 mm, and the tool wear could be ignored.
The other material properties and the feed per tooth used
for model predictions are listed in Table 1.

Woven CFRP composites are increasingly applied in
different industrial sectors due to their some advantages
comparing with the unidirectional laminates [35].
Moreover, the anisotropic behavior of the damages during
the woven CFRP cutting is similar to that during the uni-
directional CFRP. Therefore, a unidirectional carbon plain
weave fabric/epoxy resin (T300/Epoxy) composite plate
was applied in the experiments. The average thickness
per layer was 0.2 mm, the total thickness was 10 mm,
the width of a bundle of fiber was 2.5 mm, the fiber
volume content was 60+ 5%, and the average diameter
of carbon fibers was 7-8 wm. The laminate density was
1.35 g/em®. All the milling experiments were carried out
on KVCI1050M NC vertical machining center without a
coolant. A cutting depth (a,) of 3 mm was adopted. The
cutting speed (V,) and the feed speed (Vy) were chosen in
the range of 64-109 m/min (the selected interval was
15 m/min) and 100-580 mm/min (the selected interval
was 160 mm/min), respectively. The milling length of
each test was about 15-20 mm.

The workpiece was horizontally clamped on a frock clamp.
In this clamping method, the ply orientation was parallel to the
axis of the end mill. All of the experimental setups are shown
in Fig. 7. The fiber whose axis was perpendicular to the feed
direction was treated as fill fiber, namely the initial fiber ori-
entation 6, was 90°. So, the occurrence of the damages of the
fill fibers was analyzed.

Table 1  Material properties and feed rate used for model predictions
[33, 34]

Items Value
Longitudinal Young’s modulus of fiber, £ 122.6 GPa
Transverse Young’s modulus of fiber, £, 7.7 GPa
Equivalent elastic modulus, £ 2.3 GPa
Equivalent modulus of foundation, & 4.7%107* N/mm?
Strain energy release rate of Mode I fracture, Gy, 260 J/m?
Poisson’s ratio, v 0.3

Friction coefficient, 03

Fiber bonding strength, o, 390 MPa

Feed per tooth, £, 0.1 mm/tooth

@ Springer

4 Results and discussion

4.1 Effect of the initial fiber orientation 6,
on the occurrence of delamination and burrs

Using the above theoretical model, the critical fiber-cutting
angles (i.e., ¢oct and ¢c) and the corresponding engagement
angle with different initial fiber orientation are predicted and
compared with the results obtained by Voss et al. [8] as shown
in Fig. 8. Their main experimental conditions were that the
rake angle vy =15° the clearance angle o =14°, the helix
angle (3, =0°, the peak radius 7pca = 5-15 pm, and the feed
per tooth £, =0.06 mm/tooth.

During cutting, when the fiber is tangent to the flank face,
the bending angle or the fiber cutting angle reaches the max-
imum value. Before this, the fiber fractures if the fiber cutting
angle exceeds the critical one, namely ¢ > ¢cr. Then, the fiber
can be removed. However, the fiber turns into a burr if the
fiber-cutting angle does not exceed the critical one (i.e. ¢
< @cT), because the internal stress in the fiber induced by the
bending cannot exceed the bending strength. In addition, for
any initial fiber orientation, the fiber-cutting angle changes
with the engagement angle changing during milling process.
Within a certain range of the engagement angle, it can be sure
that the fiber-cutting angle is always less than the critical one.
Then, the significant burr areas may be observed within this
range of engagement angle. These burr areas can be defined as
burr occurrence zone (BOZ). The BOZ changes with the

Wiy

S Cutter]

Cutter

Fig. 7 Experimental setup
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change in the engagement angle. Moreover, the fiber-cutting
angle is highly dependent on the initial fiber orientation. So,
the BOZ changes with the change in the initial fiber orienta-
tion. The BOZ for different initial fiber orientation is shown in
Fig. 8, and the critical zones (BOZs) are marked red in the
schematic illustration. The predicted variation of the fiber-
cutting angle and its critical ones (i.e., wcr and pc) with the
engagement angle are shown in Fig. 8a, as well as the

schematic illustrations. These model predictions and the re-
sults obtained by Voss et al. [8] (as shown in Fig. 8b) are
compared and agree well with each other. Figure 8 demon-
strates that the burrs with the initial fiber orientations 6, = 0°,
0o =120°, and 6, = 150° are formed on or near the straight slot
edges. These burrs cannot be removed after the cutting tool
passed through during the formation of the straight slot edges.
However, the burrs with the initial fiber orientations 6, = 30°
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and 0, =60° are formed on the curve slot edge and away
from the straight slot edges, and these burrs can be re-
moved during the formation of the straight slot edges.
Thereby, the burrs in these cases may be less than those
in the former cases. These rules are consistent with the
results observed by Voss et al. [8]. Therefore, in order to
get the smoother slot edges, the suitable initial fiber ori-
entations can be chosen in the range from 30° to 60°.

Additionally, as ¢ > ¢c, the delamination cracking occurs
along the fiber axis caused by the loads P, and P,. Conversely,
the delamination cracking may be inhibited. From Fig. 8, it is
evident that the delamination cracking can be prone to be
created and exists throughout the whole cutting area. The
delamination-inhibited zone (DIZ) is incredibly tiny and usu-
ally in the burr occurrence zone (BOZ).

4.2 Generation rules of the surface damages
with the initial fiber orientation 6, = 90°

Considering the initial fiber orientation = 90° in Fig. 9, the
variations of the fiber cutting angle (¢ and the corresponding
critical ones with the engagement angle ¢ are proved.

When 0 < ¢ <o+ 70/2 (here 9 = 15°), as shown in Fig. 9a,
the fiber-cutting angle  gradually decreases from -y, + 7v/2 to
0 with the increase of the engagement angle ¢. As shown in
Fig. 9b and ¢, Ad is gradually reduced from 7, to 0 during the
cutting, and the drop of the bending load P appears. However,
their variation ranges are all very small. As a result, the vari-
ation ranges of the critical fiber-cutting angles (i.e., ot and
wc) are all so small, which could keep these critical angles at
certain values (i.e., pcr=69.2° and pc=18.8°). When
w=pcTt=69.2°, the engagement angle ¢ =20.7°. As
0<¢<20.7°, the fiber-cutting angle can exceed the critical
one (namely, ¢ > pct), and the fiber can be removed.
However, when 20.7° < ¢ <90°, the fiber-cutting angle or
the maximum bending angle cannot be over the critical one
(namely ¢ < pcr), and the fiber cannot be removed, and
turned into the burr. So, the range 0f 20.7° < ¢ <90° is a burr

occurrence zone (BOZ). In addition, as ¢ = pc=18.8°, the
engagement angle ¢ =71.1°. As 0<p <71.7°, the fiber-
cutting angle can exceed the critical one, and the delamination
cracking can easily occur. However, when 71.1° < ¢ <90°,
the delamination cracking can be restrained because < pc.
Therefore, the range of 71.1° < <90° is a delamination-
inhibited zone (DIZ).

Likewise, when o + 71/2 < (o = 0) as shown in Fig. 9, the
fiber-cutting angle ¢ is gradually decreased from 7t to o + 71/2
with the increase of the engagement angle . Both Ad and P
are gradually decreased, but the variations of them are larger
than when 0 < ¢ <~y + 70/2. Hence, the critical angles (i.e.,
wcr and ) obviously change. However, both pcr and ¢
are far below the fiber-cutting angle. Thereby, the fiber can be
effectively removed as o+ 71/2 < ¢, but the delamination
cracking may be prone to be formed.

In summary, based on the above theoretical model analy-
ses, it is demonstrated that the range of 20.7° < <90° is a
burr occurrence zone (BOZ) when the initial fiber orientation
0o =90°. In addition, the range of 71.1° < <90° is a
delamination-inhibited zone (DIZ), and this zone is within
the burr occurrence zone (BOZ).

The warp yarns and the fill yarns in the plain weave fabric
cannot be able to be distinguished after the forming of CFRP.
In order to be easily distinguished, the fiber whose axis is
parallel to the feed direction is regarded as warp fiber, namely
the initial fiber orientation 6y = 0°/180°. The fiber whose axis
is perpendicular to the feed direction is treated as fill fiber,
then the initial fiber orientation 6, =90° in this case. To ex-
amine the validity of the results of the theoretical model when
0y =90°, several milling experiments are conducted. The
workpiece is horizontally clamped on a frock clamp in these
experiments. Figure 10 depicts the machining effects of part
experiments with different cutting parameters. As displayed in
Fig. 10, there are some warp burrs or even the mixed burrs of
the fill burrs and the warp burrs on the top layer. Furthermore,
the delamination cracking is widespread on the top layer and
often covered by the burrs, resulting in the inhibitive effect on

(a) (b) (©)
180r  0< dpptm2 ———>b———p 1< $ 2 <10
160k g 0< p<pprn2 ———>0g Jotm2< b 120 < papetns ————— e ypin2< o
¢ = ¢
1400 E] 1 =1t
1.5F
120} ¢
100} i 08¢
S $=69.2°,9=20.7° H H
A g + :
N/ fm 1. + 0.61| +
+
oor BOS b
404 ] 4 04F
o ’DDS ) osH
Z18.8°.0=71.1° f }
ST f — .
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Fig. 9 Variations of ¢ct, ¢c, P, and Ad with ¢ (when 6y =90°)
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_ =64m/min V=79m/min

Fill burrs
V=94
m/min

Fig. 10 Machining effects with different cutting parameters (when 6, = 90°)

the delamination cracking is not suitable to be observed.
However, it clearly demonstrates the same occurrence regu-
larity of the burrs in all the machining effects. Therefore, com-
bining the calculational results, the research may put emphasis
on analyzing the occurrence of the damages of the fill yarns,
especially the occurrence of fill burrs, in the following
subsections.

Figure 11 shows the images of the slot surface at V, = 94 m/
min, V¢= 100 mm/min, and @, = 3 mm. A dotted yellow line is
used to mark the margin of the delamination in Fig. 11. There
are so many obvious fill burrs induced from the fill fibers
when 29.8°<¢p<90° and ¢ =180° as shown in Fig. 11.
Therefore, the ranges of 29.8° < ¢ <90° and ¢ = 180° are the
burr occurrence zones (BOZs). It is also shown that the de-
lamination is reduced when 67.7° < < 90°, and this range is
regarded as a delamination-inhibited zone (DIZ). These re-
sults are basically consistent with the theory deduction.

Theoretically, there are no burrs as ¢ = 180°, because the
fiber-cutting angle can exceed the critical one, and the fiber

Fig. 11 Surfaces of the slot edges 0< <yyt/2—
(Ve =94 m/min, V¢= 100 mm/

min, a, =3 mm)

Cutting direction

7

— yotm/2< [

V=94m/min

VC:109m/in

Fill buﬁrrgw o

Warp burrs & Fill burrs ] “

F11Lburrs Warp:busrs

can be removed in or near this engagement angle range.
However, the burrs appear in this engagement angle range in
actual processing. Noteworthy, it can be known that the en-
gagement angle ¢ = 0° is at the beginning of tool engagement
and the engagement angle ¢ = 180° is at the tooth exit. At the
beginning of tool engagement, the cut depth gradually in-
creases from zero. The supporting effect imposed by the uncut
layers is strong. In addition, because of the woven structure,
the warp fibers and the fill fibers are separated from each
other, and constrained by each other. As a result, the fiber-
bending deflection which is perpendicular to the workpiece
surface may be decreased. On the contrary, the supporting
effect and the confinement effect are all reduced significantly
because the cut depth decreases gradually to zero. Then, the
perpendicular bending deflection of the fiber may be easy to
occur. In general, the fiber is always under the combined con-
dition of the local contact stress and bending stress in cutting
area. The tool-fiber contact can be treated as elliptical
Hertzian contact problem. The tool—fiber contact at the
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Fig. 12 Tool-fiber contact
models (when ¢ =0° or p = 180°)

(a) Vertical contact

(b) Oblique contact}Z

AZ

beginning of tool engagement (¢ =0°) is equivalent to that
between two cylinders of similar radius with 71/2 crossed axes,
due to the small perpendicular bending deflection of the fiber.
By contrast, the contact between the fiber and the cutting edge
at the tooth exit (¢ = 180°) is also equivalent to that between
two cylinders, but the angle between their central axes is less
than 71/2. Here, it is assumed that this angle is 7t/4. The contact
models of the two cases are illustrated in Fig. 12. The maxi-
mum pressure occurs at the center of the contact area and that
of the two cases are given by [11]:

4 . /=5

F, = §E Rd\ 36)

23 . [

F,= TE RdA

1 L 7 . el 11
where F=5F R is the equivalent radius, =% + o R,
and R, are the cutting edge radius and the fiber radius,
respectively.

According to Eq. (36), there is a difference of factor 0.59
(Fo/F, =0.59) between these two pressures with the same tool
and material parameters. Due to the phenomenon that the fi-
bers evade the tool edge by the upward bending of the fiber,
the maximum pressure of the latter case can be obviously
decreased, leading to the lower shearing crack possibility of
the fiber and the larger buckling deflection. As a result, the slot
edge burrs at the tooth exit are more obvious than that at the
beginning of tool engagement. It is a reason that the ranges of
@ =180° is another burr occurrence zone (BOZ) in actual
processing.

Moreover, as 0 < ¢ <~y + 7/2, the burrs are formed on the
curve slot edge and away from the straight slot edge, so these
burrs can be removed during the formation of the straight slot
edges. Nevertheless, the burrs cannot be removed at ¢ = 180°
when v + 7/2 < ¢, because the burrs are on or near the
straight slot edge. Thus, the burrs at the tooth exit are more
obvious than that at the beginning of tool engagement. When
0o =90°, the region when the engagement angle lies in
0 < <7/2 is within the up-milled zone, and the other region
when 7/2 < ¢ <7t is within the down-milled zone. It can be
seen that the burr defect on the down-milled edge is more
severe than that on up-milled edge. Therefore, when 6, =
90°, it is beneficial to reduce the burrs and improve the ma-
chining quality of the slot surface with up-milling in actual
machining process.

@ Springer

5 Conclusions

Top-layer damages, such as burrs and delamination, are some
of'the crucial quality issues in CFRP milling. In this paper, the
theoretical models for revealing the mechanisms of these dam-
ages formation have been proposed based on the elastic foun-
dation beam theory. The occurrence of these damages with
different initial fiber orientation has been investigated. Some
key conclusions are drawn from the results presented in this
research as follows:

(1) The initial fiber orientation directly affects the burrs and
delamination distributions during the milling of CFRP.
To reduce the burrs and get the smoother slot edges, the
suitable initial fiber orientations may be chosen in the
range of 30° to 60°;

(2) As6p=90°, there are two burr occurrence zones (BOZs)
(i.e., 29.8° < <90° and ¢ =180°);

(3) When 6,=90°, the burr defect on the down-milled edge
is more severe than that on up-milled edge. Therefore,
the milling quality of the slot surface can be improved
under the up-milling operation.

From Egs. (1), (17), (22), (33), (35), and (36), it is proved
that there are many factors, such as the feed rate, the cutting
edge radius r, the rake angle, and the tool-fiber contact state,
affecting the occurrences of the top-layer damages. In further
studies, according to these models, the effects of the feed rate,
the tool wear, the tool geometry, the tool—fiber contact state on
the occurrences of the damages (i.e., burrs and delamination)
will be studied in detail.
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