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Abstract

Due to the special properties of composite materials, a reasonable anaysis of the material response to milling with
chamfered main cutting edge tool lacks progress yet. Knowledge acquired from metal cutting can be used only with care. In
this study, the machinability of high-strength glass-fiber-reinforced plastics (GFRP) materialsin face milling with chamfered main
cutting edge of P and K type carbide tools have been investigated experimentally. Chip formation mechanisms and tool wear
have been observed and the surface roughness has been measured with respect to tip's geometries and nose radii. A new force
model for a single-point face milling cutters with a chamfered main cutting edge has been developed. The theoretical values of
cutting forces were calculated and compared with the experimental results; the forces predicted by this model were consistent
with the experimental values. A specia tool holder and its geometry was designed and manufactured first, then these holders
with the mounting tip’s were grinded to various tool geometries, including the width of chamfered main cutting edge, the nose
radii, the lead angle, first and second radial angle and axial angle... etc. In this paper, the sharp of chamfered main cutting edge
tool induce decrease of the cutting force and the smallest of the cutting force vaues in the case of
C, =20, a,4(c,,) =—20°(20°) . Comparing of the different P and K type of tools using in milling GFRP materials, K type of

chamfered main cutting edge tool is better than P type of chamfered main cutting edge tool.

Key words: Face milling, glass fiber reinforced plastics (GFRP), chamfered main cutting edge, and build-up edge

éﬁi;&7ﬂlﬁﬁﬁw‘ﬁip%
"R & BBIRC

Rl R
RRE L R ai

e

1@1}’ L FEEE R | quKFJﬁﬁFIJﬁF[“?J”” iy £ \J%E’J%’z’%‘iﬁé,nﬁ%é‘r?ﬁﬁ%lftﬂﬁmﬁ muf:"
FIe B 1 R e g @gjfjiww* ”H@%$Wb #%wﬂ%~’%%%ﬂﬁW®
BRI « P51 PRI » 10 S0 PG SR 0 g e faaiy
%L{kprw o [P 1A B B F‘I%EIH@ CIEN [ (lead angle) » 51— EEEYT 'I*HF | (radial angle)bigl[ Z(axial angle)
}ltffi'j [fjﬂjfuﬁ ﬂﬁﬁ:fﬁla’ = ?{ [ (Cs)~ R ;'*EJF[HE IJ/JE"”JF{ Jﬁ[% E'A,'I,CS?EZO‘ s :)J* Py E”(HJ
E-'J’ an(an) SIS -10° (10 )H -t i’?ﬁél;‘/’”é' E‘q@ PIGHKE] froE = ST PRI g™ 7E i PO -

RO 2 91, S, PR 1S g

37



CREY AN S8 7E ST

|. Introduction

Advanced fiber reinforced plastics composites (FRP) are
being increasingly used in modern aerospace and other
engineering applications. These materials and possibility of
tailoring their performance mainly due to the high specific
mechanical properties offer this [1]. Composite materials
are ideal for structural applications where high
strength—to-weight and stiffness-to-weight ratios are required
[2].  Although these materials have higher strength
characteristics and low density, the relatively lower elastic
stiffness is observed. For this reason about 40 years ago
experimental work was carried out on the thermal conversion
of various organic precursor materials into carbon and
graphite fibers and fabrics. By far the most common
reinforcement for plastics in ablative and structural-composite
applications was glass fibers.  Glass-fiber-reinforced plastics
(GFRP) has been successfully used in the aerospace,
transportation, recreational, appliance, electrical equipment,
tank and piping industries [3]. These materials wanted to be
used in machine elements or aircraft structure, accurate
surfaces for bearing mounting or adhesive joints must be
provided to get precise machining. Konig et a. [4]
presented in spite of the near net shape production technology
available for the processing, molding and curing of fiber
reinforced plastics; these materias have to be machined.
Though components made of composite materials are often
produced in their final forms, the removal of surplus materials
for tolerance assurance of the components is required.
Milling is the most convenient machining operation to
achieve such a purpose [5]. The face milling process is one
of the most widely used and efficient means of machining
materials at relatively high metal remova rates. In this
process there is a periodically varying chip section during the
milling process, therefore the cutting force also vary during
the process. The cutting efficiency increases significantly if
the machine tool and the cutting tool are suitably selected.
Suitable tools need sufficient hardness and to be of
appropriate geometry. To this end, Kline and DeVor [6]
have established a mechanistic end milling force model and
implemented it on the computer. The machining of glass
fiber-epoxy composite materials is not the same as the
machining of conventional metal materials. The wear of
sintered-carbide tools and high-speed steel tools is very
severe. Hence the cutting speed and feed rate of the
machining operation should be selected carefully in the
machining of carbon fiber-epoxy composite materials. Also,
surface damage of the composite materials such as cracking

I1. Theoretical Analysis

Though composites have excellent performance
characteristics, but when machined those tend to develop the
following flaws: (1) surface delaminating: separation of plies
where the cutter enters and exits the materia; (2) interna
delaminating: separation that develops between plies as a
result of improper machining and drilling; (3) fiber/resin
pullout: tearing away of fiber/resin from the wall of the
machined edge; (4) high tool wear due to abrasion by hard
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and delimitation of the machined surface is often observed
and a low surface-roughness is not easily obtained [7, §].
Machining characteristics of composites vary from metals due
to the following reasons: (1) FRP is machinable in a limited
range of temperature; (2) the low thermal conductivity causes
heat build up in the cutting zone during machining operation,
since there is only little dissipation by the materials; (3) the
difference in the coefficient of linear expansion between the
matrix and the fiber gives rise to residual stresses and makes
it difficult to attain high dimensional accuracy; (4) the change
in physical properties by the absorption of fluids has to be
considered while deciding to use a coolant [1]. Due to the
materials removal process is quite complex, many variables
such as the workpiece material, the cutting tool material, the
rigidity of the machine and the set up, the cutting feedrate and
speed, tool wear, and chip control must be considered.
Gallab [9] showed the cost of polycrystalline diamond tools
(PCD) could be justified by using dry cutting; the relatively
small built-up edge formed on the tool protects it from further
wear by abrasion and micro cutting. The cutting efficiency
would therefore significantly increase if a powerful machine
tool and cutting tool were correctly selected. Kim and
Ehmann [10] demonstrated the knowledge of the cutting
forces is one of the most fundamental requirements. This
knowledge also gives very important information for cutter
design, machine tool design and detection of tool wear and
breskage. Hoshi and Hoshi [11] found that the apparent
strength and the life of tool were increased if asmall region of
negative rake angle was ground on the main cutting edge and
the contact length was controlled by a chip curler.  Hoshi [12]
extensively studied the characteristics of the built-up edge
(BUE) and developed a silver white chip tool in the milling
method. This method involves tool geometries that produce
a BUE which flows away continuously in the form of
separated secondary chip. A tool of this type was reported
to reduce the energy by 15% and prolong tool life by roughly
20% compared with conventional tools [13]. Chang [14]
illustrated that face milling of medium carbon steel with
chamfered main cutting edge tools could improve cutting
efficiency. However, the effects of tool on face milling of
the CFRP and GFRP were excluded from their discussion.
The current paper presents a preliminary study on milling of
on glass fiber/epoxy laminates using chamfered main cutting
edge carbide tools. The effect of tool geometry, tool wear,
chip formation and cutting force has been studied. Due to
the time and the budget limit, some experiments had been
performed to study the cases of GFRP material in milling
with chamfered main cutting edge sharp tool, i.e. milling of
GFRP with nose radius tool and milling of CFRP, the results
of which will be presented in future.

fibers...etc. [1]. Since GFRP is difficult to machine, few
researches had been found in the literature concerning of
GFRP materials in milling with chamfered main cutting edge
carbidetools. This study presents some experimental results
to clarify details of GFRP composites in milling.  Sregjith et
al. [15] showed the wide difference in thermal properties of
the fiber and matrix materia and also the relatively poor
thermal conductivity of composites make it rather difficult to
adopt any of the unconventional technique for machining of
the polymeric composites. Moreover, the shapes obtained
by traditional turning, drilling, and unconventional processes
cannot obtain related processes, and therefore traditional
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material removed processes are the most suitable for
machining polymeric composites. Composite materials are
mainly molded parts, which require machining, especially
face milling and surface turning, to obtain the desired
dimensional tolerances, for achieving the desired quality of
the machined surface, it is necessary to understand the
mechanism of material removal, the kinetics of machining
and the associated tribological processes affecting the
performance of the cutting tools.  Since available data on the
machining of such materids are relatively few and
inconclusive, a detailed machining study was contemplated.
Wang et a. [16] illustrated in chip formation, cutting forces,
and the surface morphology in edge trimming of
unidirectional graphite/epoxy was highly dependent on fiber
orientation. The chip’s machined surface is defined as the
surface in contact with the tool rake face, whereas the
separated chip surface is the plane of chip discontinuity
similar to the shear plane in meta cutting.  Bhatnagar et al.
[17] showed that on the machining of fiber reinforced plastic
(FRP) composite laminates; it can be assumed that the shear
plane in the matrix will depend only on the fiber orientation
and not on the tool geometry.

Generally GFRP are heat insulating and abrasive in nature;
hence the cutting tools have to encounter a relatively more
hazardous environment and undergo thermal associated wear
processes. The available reports on cutting temperature and
associated influences are mostly related to applications
involving chamfered main cutting edge carbide tools. The
oblique cutting parameters predicted by the tool geometry and
either of maximum shear stress or minimum energy principle
isin good agreement with experimental data published in the
literature from Shamoto and Altintas [18]. To obtain
adequate strength of the cutting edge and to diminish the
cutting forces, Hoshi & Hoshi [11] suggested that the value
of the side rake(radial) angle «, should be in the range of

15° t030°. Coefficients of the tool having a sharp corner
(R=0) without tool wear and they modified the main cutting
edge with a chamfer which had a negative primary side rake

angle (a,) of -30° and a suitable width ,. The width
W, was constrained by the empirical equation (1).
W,-cosC, < f @)
where 1 is the feedrate and C, is the lead angle (side
cutting edge angle)
According to Chang and Fuh [19], the chamfered main
cutting edge tool which can produce a secondary chip reduces

the cutting force and aids the therma dissipation. The
results indicated that, for ease of chip flow, the lead angle

C, should fal in the range of 20° to 40°. The first
radial angle «,, and the second radial angle «,, are fall

into therange of -10° t0-30° and 10° to30° respectivity.
Once C,, a,,,and ¢,, weredetermined, the feedrate was

selected according to equation (1). The choice of the width
of chamfer, the value of the negative radial angle and the
value of the nose radius greatly affect the ease of chip flow
and the resulting surface roughness of the workpiece.

The edge of the negative radial angle lightly contacts
with the workpiece and participates in the cutting action. A
basic force model of three dimensional milling process, which
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can accurately predict the formation of shear planes for the
case of face milling with a chamfered main cutting edge, must
have not only nose radius R, cutting depth d, feed rate f,
cutting speed ¥, the first radial angle «,,, the second radial

angle «,,, and axisdirection angle 2, as shownin Table 1.

However, chamfered main cutting tools effects were not
included in glass-fiber-reinforced plastics (GFRP) milling.
The study was established in order to understand the behavior
of GFRP during machining operations. Notably, the shear
plane areas must be varied due to the effects of the tool
geometry in the cutting process. This work presents some
experimental results to clarify details of the GFRP in milling,
where several trials were carried out for different tool
geometries.

Based on the experimenta results of Hoshi [11] and
Chang [14], the milling tool geometries were selected then
the tool holders were designed and manufactured. The basic
model for a sharp corner tool with a chamfered main cutting
edge tool (R=0) was shown in Fig. 1. Because of the
effects of size, shape and tool angle, modified cutting forces
is present in this section in order to get the accurate results.
As metal is cut under a three dimensional cutting operation,
the total energy consumed per unitsis

U=FV, U=U+U,+U,+U, 2
where
U, is shear energy; U, is friction energy; U, is

surface energy and U,, is momentum energy. From the

experimental results presented by Shaw [13], the surface
energy U, and momentum energy U, are negligible
relative to the other two components and hence to a good
approximation: U =U +U,

Practically all of the energy associated with a cutting
operation is assumed in either plastic deformation or friction,
and essentidly al of this ends up as thermal energy. The
cutting model of sharp face milling tools with a chamfered
main cutting edge is shown in Fig. 1, in which the plane
containing the cutting velocity V', shear velocity 7, and

chip velocity V, are indicated. The effective rake
angle( e, ) and effective shear angle( ¢, ) are defined in this

plane, and the cutting process may be interpreted as pilling up
of orthogonal cuttings with same and but with different
undeformed chip thickness aong the cutting edge.

Denoting shear velocity on the shear as V,, we may

write the shear energy U, as

U,=F, -V, where F, is the shear force on the shear
plane.

The frictional energy per unit time U, on the tool face
issimilarly given by the equation

U,=F, V., where F, is the frictional force on the
tool face.

It was assumed that energy was consumed as shear energy

on the shear plane and as friction energy on the tool face.
The shear energy per unit time (U, ) and the friction energy

per unit time (U, ) [20] can be expressed as:

K

V cose,
— < =7 4 3
N COq@e _ae) K ( )



CREY AN S8 7E ST

and
Uy =BV, = fhde, = — SNFO0SAOV___
[cos(g, + B —a,)cos(p, —,)]
where 4 is the shear area, Q is the friction area, [ ,™db
is the integral width of chip flow direction along the tool face
(B;) is the width measured in the direction orthogonal to the
chip flow and db is an increment of integration in the
direction. According to Bhatnagar et a. [17] assumed the
shear force was calculated using the relations developed for
metal machining, and Chang and Fuh [19] demonstrated the
shear areas in the cutting medium carbon process with a
chamfered main cutting sharp and nose radius (R) tool. For
convenient calculation, the shear plane must be projected in
the plane perpendicular to the speed of cut where an easy
operation of calculation and analysis can be made to save the
time of calculation, and for defining chip flow angle in this
perpendicular section as 7., we have the relation between
n. and 77, onthetool face:

1, = tan™[(tan7, —sing,, tane, - cose, /cose;,,]  (5)

According to this equation, the shear plane can be verified
by changing 7. whileasmall amount values, and

@, =sin"\(sina,, - cosa, cosn, +sin7, -sine,) (6)

where o, istheeffectiverakeangle, «,, isthesecond
radial angle, ¢, isthe axial angle, ¢, is the effective shear
angle, g isthe friction angle, and 7, is the shear stress,
n, is the chip flow angle which was determined that

minimized the total cutting energy U .

The calculation of shear area 4 and projected area Q fall
into one of the following categories depend on the
relationship between nose radius, federate and the depth of
cut.

1. Sharpness of the tool is such that its radius equals
zero (R=0, R<f)

The calculations of shear area A and projected area Q, is
showninFig. 1[14]. The areas of the shear plane A and the
projected area Q of the various cases are obtained as
follows:The shear area 4 is equal to 4,+4,+4;,, as illustrated
inFig. 1(a).

_ s’
1= 2
4cos” .,
1

cos’7,

cos’ o,

2
, 4cos’a, B _
sin¢, cos’7,

1
sin?¢, cos?n,

[sin’n, + +(sine, +cose, cotg,)* —

2siny, sine, (sina, + cosa, cotg,)]14Y?
_ t3(2bl cosar, —tytanm, / cose,

@)

) .
2 {cos?ar, —sin? g,

A, -
2sing, cosc,, oS,
[sinnc—(sinae+cosaecotgoe)sinaa]2}}/2 (8
AS = (VVeZ COSZ arl tan Cs)/(zcosaa S n¢e) (9)

(4;+45) is the area of the main chip, 4; is the area of
triangle BCE, A, is the area of trapezoid CEFD; and Agis the
triangular area of the secondary chip, DYJ . The
chamfered width, W, was constrained by the empirical
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formula (1).

The area of the projected cross-section Q is equal to O,
+Q, +Q;, where Q, is the area of trapezoid BCDL; Q,is the
area of rectangle CC' DD and Q; is the area of
triangleDD 'Y (Figs.laand 2).
1 b,+b t

—2_ (10), =W.b,/cose, 11
Ql 2 Cosaa) COS(Zrz ( ) QZ e 2/ a ( )
0, = (% cosay, tanC, ) [2cosar, (12)

2. Nose radius of the tool (R) is smaller than the
federate (f), R#0, R<f, as shown in Fig. 2.

The shear area A4 includes here both the area of (1) and
the cylindrical areaformed by the tool nose radius [19].

3. Nose radius of the tool (R) is larger than the
federate (f), R#0, R>f

According to the depth of cutting, which can be
subdivided into three parts: (@) d>R, (b) d=R, and d<R, as
shown in Fig. 3[19]. Although paper focuses on cases with
a sharpness of the tool, such asin case (2) and (3), a further
simulation is under wait to study the case of large nose radius
cutting, and the results will be reported in the future.

Expressions for ¢, t, ,t; ,f;, b, b, and b, are shown in
Appendix; b is the width of cut. It was assumed that energy
was consumed as shear energy on the shear plane and as
friction energy on the tool face.

According to Wang [16], the normal and shear forces
along the fiber direction were calculated to assume that the
measured resultant force equivalent to that present in the
workpiece at the tool point. Transformation eguations used
to obtain the normal and shear forces ( N, F, ) along the fiber
direction in terms of the principa and thrust ( F,,F, )
components are shown in Egs. (13) and (14) [16].
Ng=F.sn@+F,cos6 (13),F; = F.cos@—-F,sin6 (14)

where ¢ denotes the angle between the fiber orientation
and the trim plane. The shear force F, was calculated
using the relations developed for metal machining [16].

Bhatnagar et a. [17] showed that while the classical
Merchant's model [21] is applicable to homogeneous
materials and their aloys. He applies this model in the
machining of FRP in the —# cutting direction as a first
approximation. He assumes the shear plane angle as the
fiber angle where failure occurs. By substituting & for ¢
in Merchant's model, a basic relationship for the two
components of the cutting force with the geometry of the
cutting can be obtained from Egs. (16) and (17) [17].
@0=45-3/2+¢/2 [21]( @ istheback rakeangle) (15)

cos(f—r)

Fo=t,d,——— —— (16),
sin@cos(@+ f—r)
e V) a”
sinécos(@+ S —r)
T5= T composie = T sierVy (V isTiber containg)[22] (18)

where 4, is the area of undeformed chip, £ isthe mean

friction angle, r is the back rake angle, F.. isthe main cutting
(horizontal) force and F, is the thrust (transversal) cutting
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force. By knowing the shear area 4, of the undeformed chip,
the shear strength 7, was calculated [17], 7, is the shear
stress [22, 23]..

The cutting power is a function of at least ., @,1, @2 d,
Wo, Co, Con , V. O &, 7, , 8 and .. Assuming that the
chip flows up the tool in a direction would minimize the total
cutting power U, then by changing 7. was determined to
minimize U, for @, @, @ d, Wo, Cs, Co, i V. vy &,
7, and S were given in the tool specifications and cutting

Once . had been determined, then ¢, that
describe the chip formation could be determined.

The vaue of 7. for the total minimum power U,,;, to be
used in equation (19) was obtained by calculating U for a
range of values 7. according to the computer flow chart (Fig.
4). Therefore (Fr)ymin Was determined by solving equation
(20) in conjunction with the energy method [24].

conditions.

Unin=V -(Fy )y, ad Umin=  functions of
((Zrl,Otrz,(Za,d,
W,.0...C.Co./\V,&, t,, Band 1) (19
i Y|
Umin: (FH) Umin,FH: (F[-I)Umin: Umm :{ TS Cosae
4 COS((DE _ae)
7, Sin S cose,Q 20)

cos(g, + - a,)cos(p, —,)
where ¢, isthe effective shear angle equals to the angle
between the fiber orientation angle( 8 ) and lead angle C, .
B 74 Sin B cosa,Q
- coslg, + f-a,)coslp, - )
l(FH )Umin B (F; )Umin 'SinaeJ

N, = (22)
(cose, , - cosar, )

(21)

t

Fr =—N, cose,, Sina, + F,(siny, cosa, — cosy, sina,,sine, ) (23)

F, =-N, -sna,, + F, cosy, - cosax, ,. (24)

(R)y =N, cosa,, cosa, +(F,)ymin SINQ, = (F)y,,, (25
(R); is the horizontal cutting force in the horizontal

plane, N, is the normal force at the tip surface with minimum
energy. Because of the effects of size and shape with tool
edge wear, a modified cutting force is presented in this paper
in order to get more precise results. Besides the (F)ymin
force, the plowing force Fp due to the effects of the tool
specification [19] is considered under the prediction of the
horizontal cutting force, asshowninFig. 5. Thatis

Fuy =(Fy)y +Fp  (26),Fp =HB-r,-L, (27)

in which r, is the radius on the main cutting edge

between the face and the flank, and 7, is the length of flank
wear. Based on the experimental evidence measuring the
length of 7,, the values are between 0.05mm and 0.1mm
(cutting time equals 10 min), L, is the contact length between
the cutting edge and the workpiece. L, is the projected
contact length between the tool and workpiece. The contact
lengths L, and L, are determined for the following conditions
(Figs. 6aand 6b), as follows.
d J1-cosC;
= +
COSCV [Coice - Cv ) : CosarZ

]:p_m+ﬂ (28)
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d . f1cosC, cosC,
L = sinC, + :
’ COSCv [COSO(,Z COS(C? - Ce )]
(Fr)y =Fr+L,V,0,(30),(F,), =F, +Lp-Vb-7,(31)
If HB is the Brinell hardness of the workpiece, the
expressonsof o, and 7, aregiven by [25]
t,=0,/2 (32),0,=HB/x (33)
Based on Fig. 7, the final modified cutting force F,,

(29)

components are rewritten for C, #0° asthe following:

Fuyy = (F H )M )

In Fig. 8 each tooth of the cutter with entry angle and
exit angle, are both varied by workpiece and cutter diameter,
the values will alter at 8, = 0°~180°. To understand the
whole process of the cutting force pulsation, the complete
process (6, =0", 6, =180") will be investigated in this
paper. Be contrast with the turning operation as shown in
Fig. 9(b), the workpiece carries out a rotary motion and the
tool has aplane motion. But aslong as the feedrate is small,
the cutting velocity, the radial angle («a, ), the axial angle
(e,), the undeformed chip thickness, and the normal rake
angle, which influence al by less than 5% [26], so that the
path can be approximation as a circle without much loss in
accuracy. Thetooth path of aface milling cutter is a cycloid
as shown in Fig. 8. The comparison of tool geometry
between the face milling cutter and turning tool is shown in
Fig. 9, where theradial angle (¢, ), the axia angle (¢, ), and
lead angle (C, ) of face milling cutter are equal to the second
normal side rake angle (¢, , ), the back rake angle (¢, ) and
the side cutting edge angle ( C, ) respectively. As shown in
Fig. 8, the undeformed chip thickness of the tooth path is
divided into a series of elements, 10 degrees in each element,
in which undeformed chip thickness(¢, ) is the central cross
section between both side.  Comparing the chip cross section
with the turning process, we readlize that the f (mm/rev) and
d of face milling are equal tof (feed per rev) andd
(cutting depth) in turning, so that the undeformed chip
thickness and cutting width W in face milling process are
calculated by the following equations:
ty=fpc0sC, (34), fy=/sing, W =d/cosC,

where f = feedrate/(rev - per - tooth) .

As shown in Fig. 8, the unit chip cross section and various
cutting force components exerted on workpiece at cutting
edge are exhibited, in which F,,, F, and F, ae
equal to the cutting force components in turning.  Since the
directions and magnitudes of the elemental oblique cutting
force components F,,, , F,, and F, will vary from
element to element, these can be resolved into the fixed and
practical directions X (horizontal), Y (transversal) and

Z (vertical). Thusthe cutting forces are given by

Frp = (F7)y €0SCs + (Fy ) SINC (35)
Fyyy = (Fy )y €0SCy — (Fr)y, SINC (36)
Fy =Fyy, c0s@y +Fy, Sin@y (37)
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Fy =Fy, sin, —F,, cos@, (38), F, =Fp (39)

II1. Experimental method and
procedure

To verify the proposed force model, experiments were
performed and forces were measured with a three-component
dynamometer, experimental set-up is shown in Fig. 10. The
experiments were on a vertical machining center using a plate
face milling process without using any cutting fluids. It was
required to measure the cutting force components Fy,; , Fr

and Fr (Figs. 7 and 8) for a range of cutting conditions

(cutting speed, feedrate and depth of cut) and tool geometrical
factors (radial, axial angle, nose radius, etc.). The machine
tool used for the tests was a leadwell vertical machining
center (MCV-OP) having a variable feed range with
1~10000mm/min, motor with speeds 60 ~ 60007pm , rating
up to 3.7/55kW In measuring the cutting forces a

Kistler type 9257B, three-component piezoelectric
dynamometer was used with a data acquisition system that
consisted of Kistler type 5807A charge amplifiers, all
measured data were recorded by a data acquisition system
(Keithley Metro byte-DAS1600) and analyzed by the control
software (Easyest). The reliability of the measurement
techniques was checked constantly by repeating the
experiments. At the end of each cutting test, the tool flank
wear (Vz) was measured using a toolmaker's microscope.
Since the manufacturers did not provide tools with selected
combinations of lead, radial, axia and inclination angles,
specia tool holders were designed and manufactured in house
areused in thetests.| angle (¢, ), first and second radial angle

( ar and a/rZ)

To achieve the various cutting geometries, six specia
cutting tool holders were manufactured to obtain the specified
lead angle (C,) and radial angle (¢, ). The cemented

carbide tips were ground on a tool grinder. The tool
specifications of relief angle, first radial angle ( «,,), second
radial angle ( «,,) and chamfer width are listed in Table 1.
The dimensions of these tool holders and tool tips were
inspected with a coordinate measuring machine to verify
those can meet the specifications. The cutting tool used in
the experiment was Sandvik P10 and K10 [27] and the
workpieces were GFRP. The workpiece was held in the
plan of the dynamometer, and the dynamometer was
mounted on the machining center table, and preliminary
machining of the workpiece was performed to ensure flatness
of the plate. The experimental conditions were maintained
the same for al tests, as follows:
1. Dry cutting;
2. Cutting velocity, ¥ =285m/min(N = 800rpm) ;
3. Cuttingdepth: 4 =1.0 and d =2.5mm;
4. Rate of feed :  f =120mm/min

(0.15mm/(rev - per - tooth) ;

5. Thetool holder was vertical to the workpiece;
6. Protrusion of single tool tip from the tool holder was
30 mm .

In the test for each tool geometry the workpiece was

42

milled 170 mm in the feed direction, while the data were
recorded three times at different depths. The results were
then averaged. The cutting force, the shapes of chips and
tips wear were observed and discussion in section 4.

A. Workpiece

The work material used was 0 ; unidirectional filament
wound fiber of E-glass-fiber-reinforced plastics (GFRP) with
Vinylester resin composite materials in the form of bars
having a square pultruded pipe, size is 50*50*6 mm, and 180
mm length. Table 2 shows some of the physica and
mechanical properties of GFRP prior to carry out the cutting
experiments [23].

B. Cutting Tools

For achieving cutting geometrical configurations, six
cutting tool holders are machined so as to obtain the specified
lead angle (Cy), axia angle (¢, ), first and second radial angle
(@, and @,,) and also both K and P type carbide tip’s which
were grounded with a grinder. To have a specified relief
angle, negative rake angle and a certain chamfer width, the
specifications are listed in Table 1. A tota of 6 tool
geometries could be made with various combinations of tool
holders and tips. The dimensions of these tool holders and
tool tips were inspected with a coordinate measuring machine
S0 as to meet the specified requirements.

Two kind of tool materias [27] (Sandvik P10-S1P and
K10-HIP) and various tool geometries were employed in the
study. Tool compositions of S1P (P #ype) are listed in the
following: WC 56%, TiC 19%, Ta(Nb)C 16% and Co 9.5%;
and of H1P (K type) are the following: WC 85.5%, TiC 7.5%,
Ta(Nb)C 1% and Co 6%. Oblique milling tests were carried
out for each tool. However, for the purpose of comparing
tool wear, all cutting tests had a fixed time and the same
cutting conditions.

V. Results and Discussion

From Egs. (7)-(12), the shear area A4 and projected
area Q were caculated. After the shear area (4 ) and
projected area ( Q) were obtained, the shear energy per unit
time(U, ) and the friction energy per unit time (U, ) were
caculated from Equations (3) and (4). The theoretical
principal component of the cutting force, (£,),, ... Wasthen
obtained from Egs.(19) and (20); the vertical theoretical
cutting force ( 7, ) and the transverse theoretical cutting force
( F;) were obtained from Egs. (21)-(24). As C, is not zero,

the flank wear and plowing force must be taken into account
to obtain the modified three-axis turning forces F,,, F,,

and F (Fig.7) that were obtained from Egs. (25)-(36) and
the three axis milling forces F, (horizontal), Fy (transverse)
and F, (vertical) that were obtained from Egs. (37)- (39)
respectively. The values of the theoretical, modified and
experimental results for each have F,, F, and F, were

plotted in Figs. 11-17. The following conclusions were drawn
from these results. A series of preliminary tests were
conducted to assess the effect of tool material on the tool
wear, cutting forces, surface roughness and cutting
temperature during the turning of GFRP.
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1. The Cutting Forces

According to Chang [14], in Fig. 11, are showed that in
face milling of plain carbon steels with chamfered main
cutting edge tools decreases about 15% of resultant cutting
force, Fj, than unchamfered main cutting edge tool. The
increase of the radial angle #,; and «,,, the decrease the total
cutting force F in case of the constant of lead angle C;.

The increase of the lead angle, C, from 20° to 30° isfound
to induce the decrease of cutting force. However, the cutting

force would increase if the angle were increased from 30° to
40° .
The experimental horizontal (Fy), transversa (Fy) and

vertical (F,) cutting forces respectively are shown in Figs. 12,
13 and 14 with the sharp P type carbide tool versus C; of

chamfered and unchamfered ( r,; = -30° , «,, =30")

geometrical configurations.  The experimental horizontal
(Fy), transversa (Fy) and verticd (F, cutting forces
respectively are plotted in Figs. 15, 16 and 17 with the sharp
K type carbide tool versus C, of chamfered and unchamfered

(e,,=-30", a,, =30") geometrical configurations. The

theoretical horizontal (Fy), transversal (Fy) and vertical (F,)
cutting forces respectively are shown in Figs. 18, 19 and 20
with the sharp P type carbide tool versus rotation angles and

C, of unchamfered and chamfered (¢,, =-30°,¢,, =30°)

geometrical configurations. The theoretical horizontal (Fy),
transversal (Fy) and vertical (F,) cutting forces respectively
are indicated in Figs. 21, 22 and 23 with the sharp K type
carbide tool versus rotation angles and C; of unchamfered and
chamfered ( «,,=-30" , «,,=30" ) geometrica
configurations. The results are implied in the following
from the above figures:

A. Comparing with milling of carbon steel and GFRP
wor kpiece:

(1) A face milling of GFRP materials with chamfered main
cutting edge tools decrease the cutting forces Fy, Fy and F,
than unchamfered tool. In Figs. 12 to 17, the results show
good agreement with Chang and Fuh in face milling medium
carbon steel [14].

(2) In the case of the constant of «,; and «#,,, R=0., Figs. 12

to 23, the increase of the side cutting edge angle C;, from 20°
to 30°, the cutting forces Fy and Fy are increased, but C;

from 30° to 40°, the cutting forces Fy and F'y are decreased,
thisis different from Fig. 11. Chang [14] studied of milling

medium carbon steel, the increase of C, from 20° to 30°,
and the decrease of cutting force. The cutting force would

increase if the angle were increased from 30° to40°. This
may be probably for the difference materials, the shear zone
is different and during cutting GFRP, the chip is both powder
and fiber and the chip was fractured by the tool compressive
forceloadsto fiber. The large C; the more fiber chip and the
larger the contact between the cutting edge and workpiece
will be, and the resistant force Fy and Fy are produced. As

the C,is more than 30°, the fibers are easier to be cut and the
cutting forces Fy and Fy are decreased. During machining,
the cutting zone experiences both therma and mechanical
stresses.  This also leads to unstable cutting forces.

B. Comparing with different tool geometriesin milling of
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GFRP materials
(1) The cutting force values are observed in Figs. 12 to 23,
that are the smallest in the case of chamfered tool at C, =20°,

@ (a,2)=-10°(10°). The reason is due to decrease the
powder chip, and more obvious and smooth formation and
flow of the fiber chip are produced. Especialy, smaller
theC, , the shorter contact length between the chip and tool,

increased the cutting GFRP efficiency and decreased the
difficulty of chip formation, as shown in section 4.2, Figs. 24
and 25.

(2) From Figs. 18 to 23, if the plowing force were taken into
consideration, the fina modified theoretical cutting forces
will agree with the experimental values.

C. Comparing with different Pand K type of chamfered
main cutting edge carbide tools

(1) Due to severe edge chipping, the cutting forces for the
chamfered main cutting edge of P type carbide tools were
much higher than that experienced by chamfered main cutting
edge of K type carbide tools.

2. The shape of chips

Chang and Fuh [14] showed, when face milling of
medium carbon steel with chamfered main cutting edge tools,
the secondary chip is formed more obviously and has flowed
more easily under the situation of C;=30°, «a,; =-30° and
a =30°. Producing a secondary chip in the case of
C=20", @, =-10° and «,,=10° israther difficult.

Knowing the relation between the main chips and
secondary chips, the different tool geometrical configurations
on various radial angles and lead angles are first attempted to
be understood. Nine kinds of tools were used in milling the
GFRP workpiece in the same cutting condition. The
different chip shapes with P type tool and K type tool are
provided in Figs. 24 and 25 respectively.

A. producing a secondary chip in these 6 kinds of chamfered
main cutting edge tools is rather difficult and it is formed
unobviously.

B. in Fig. (244d), the powder and fiber chip is formed more

obvioudly under the situation of C;=20", «,=-30° and

a =30°.
C. for producing the powder and fiber chips, in Figs. 24 and
25, the fiber chip is more obviously when the chamfered main

cutting edge of Ptypetool, and the C, from20° t040°, «

4 =-30° and «,,=30° isemployed.

D. in milling of GFRP with chamfered main cutting edge
tools, no secondary chips are observed for al kind of the tools
shown in Figs. 24-25, and the chips are powder and fibers,
it is difficult to clarify the shear zone, and the secondary
flows unobserved.

3. Thewear of tips

A. The chamfered main cutting edge P and K type of milling
tool have man grinded according to various designed
specifications, however the unchamfered main cutting edge
with sharpness milling tool (R=0) has the more crater and
flank wear than the above tool after milling time about 10 min,
as shown in Fig. 27 to 28. The design of chamfered main
cutting edge tools are better and more resistance than that of
the unchamfered main cutting edge tools.

B. The chamfered main cutting edge tool with the nose radius
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(R=0.1) has the least wear among various tools as observed in
Figs. 26, 27 and 28 from a comparison of the wear of the tips.
Additionally, the chamfered main cutting edge with sharpness
tool (R=0) has a medium level of wear, and unchamfered tool
(R=0) has the largest. The reason is that the formal tools
posses a lower oxidation wear associated with low
temperature at chamfered main cutting edge and the chip
produces more easily and these tools have the smaller cutting
forces among the other tools.
C. K type of chamfered main cutting edge carbide tools
sustained to the least tool wear compared to P type of
chamfered main cutting edge carbide tools. This is
undoubtedly due to K type of tools superior hardness and
wear resistance, as well as low coefficient of friction together
with high thermal conductivity. On the other hand the P
type of tools suffered from excessive crater wear and
chipping.
4. Thesurfaceroughness of the workpiece

The surface roughness of workpiece Ra( ¢ m) vs. nose
radius tools R and various C, a «@,;( @) =-30°(30")

chamfered and unchamfered main cutting edge P and K type
toolsisshownin Fig. 29.

A. In Fig. 29, in the case of C,=20°, at R=1.0 with K type

of chamfered tool, the values of surface roughness Ra is the
smallest.
B. For constant C, , in Fig. 29, increasing the side rake angle

a, anda,, of P and K type chamfered tool, enhances the
surface roughness Ra. The reason is due to increase the
fiber chip and less obvious powder chip and larger the cutting

force. The increase of C, is from 20°to 30°, increase of
surface roughness. However, the surface roughness would
decrease if the angle is increased from 30° to 40°. This
would be the Cs more than 30°, the fiber is easier to be cut
and the cutting forces are decreased as shown in Figs. 20, 23,
24 and 25. However, the largest Ra occurs while theC, is30°

of Ptype chamfered cutting tool.
C. In Fig. 29, for constant C, , increasing the nose radius R

but decreasing the side rake angle #,; and «,,, reduces the
surface roughness Ra of P and K type chamfered and
unchamfered tool. The larger the nose radius R, the lower
the surface roughness Ra.

V. Conclusions

A series of preliminary tests were conducted to asses the
effect of tool geometries of P and K type of chamfered main
cutting edge carbide tool on the tool wear, cutting forces, and
workpiece surface roughness during the milling of GFRP.
Due to the K type of tools superior hardness and wear
resistance, as well as low coefficient of friction together with
high thermal conductivity, it was shown that chamfered main
cutting edge K type carbide tools sustained the least tool wear,
compared to unchamfered K and P type of tool. The cutting
forces, and workpiece surface roughness for the chamfered
main cutting edge of P type carbide tools in milling were
much higher than experience by chamfered main cutting of K
type carbide tools.  On the other hand, the K type of
chamfered main cutting carbide tools suffered from lower

crater wear and chipping. K type of chamfered main cutting
edge tools with C, equals 20°, the conditions f=120mm/min,

a,; =-20°, a,, =20°, produce the lower cutting forces and
tip wear. Chamfered main cutting edge tools have the
advantage of alimited chip contact length within the tool face.
If the chamfer width is suitable, the effect not only diminishes
the cutting forces and tool wear but aso improves the surface
roughness of the workpiece. Further work will be extended
to the analysis of large nose radius tool in milling GFRP and
CFRP materials with chamfered main cutting edge tools.
Another important thing about GFRP machining is workshop
environment; the powder and fiber chip generated irritates the
skin and is dangerous for the heath. The use of a vacuum
cleaner, and safety protections for the operators are highly
recommended.

In al experiments, milling of GFRP, the cutting forces
presented small values compared to milling of carbon steel,
the small forces values observed could be explained by the
fact that the chip generated as the cutting is a powder and
fiber, set it does not present tool cutting edge strength. The
new tool model is presented which propose a new concept for
caculating the variation of shear areas using the energy
approach to predict 3-dimensional face milling cutting forces
while tool chamfered and unchamfered. A force model has
been built to predict the cutting forces of face milling GFRP,
either in the case of chamfered or unchamfered sharpness tool
(R=0). The predicted cutting forces of face milling are in
an agreement with those by experiments.

Nomenclature

A:  areaof shear plane (mm?)

C,: endcutting edge angle ( rad )

C,: lead angle(side cutting edge angle) (rad )
d: depth of cut (mm )

fo feed rate of cutting position

F, . theoretical horizontal cutting force (N')
(Fy),, : modified F,, (N)

Fpyy ¢ find modified (7, ),, (N)

Fp: plowing force( N')

F,: friction force (N )

F;: theoretical transversal cutting force( N')

(F; ),, : modified F, (N)

final modified (F;),, (N)

Fy,: theoretical vertical cutting force( N')
(Fy ), : modified F, (N)

F,, :  fina modified (F, ), (N)

Fy: milling forcein X axisdirection
Fy: milling forcein Y  axisdirection
F,: milling forcein Z axisdirection

HB: Brinell hardness ( N/mm? )
L,: length of contact between tool and workpiece (mm )
projected length of between tool and workpiece ( mm )
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N, normal force ( N')

O: projected areaof cutting section on tool face (mm?)
r 1 main cutting edge radius ( mm )

R, arithmetic average roughness ( 1 ,,,)
t,: undeformed chip thickness for each tooth( mm )
U, friction energy per unit time ( Nim/s )
U, : shearenergy (Nm/s)

V1 cutting velocity (m/min )

V,: flank wear (mm)

V.. chipvelocity (m/min)

Vyo fiber content (%)

V. shear velocity (m/min)

W, chamfering width (mm )

a,: effectiverakeangle (rad )

a,,: thefirst radial angle (rad )

o,,: thesecondradia angle (rad)

a,: axial angle(rad)

6.: entryangle(rad)

6,: eitangle(rad )

6, . dterentry angle(rad )

0, sderelief angle(rad)

o, yieldshear stress( N/mm® )

7, : yield normal stress ( N/mm? )
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Appendix

Coefficients of the tool having a sharp corner (R=0)
without tool wear

t, =fcosC, (Al); t, =W, cosa,,(A2); ty3=t,—t, (A3)

fi=f-W,cosa,, (A4), b=d/cosC, (A5),
b,=t,tanC,(AB), b,=b-b, (A7)
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Table 1 Tool geometrical specifications
lead angle, C, |tool radial angle nose radius (R), unit: mm carbide tool
No @
(@ ar) W
3N Tool % _
Z: > a,, G
- I -1 view R
20 1 —20°,20 sharp(R=0), chamfered(R=0, R=.3, R=.5, R=1.0) P10, K10
20 2 —30,30 sharp(R=0), chamfered(R=0, R=.3, R=.5, R=1.0) P10, K10
30 3 —20,20 sharp(R=0), chamfered(R=0, R=.3, R=.5, R=1.0) P10, K10
30 4 —30,30 sharp(R=0), chamfered(R=0, R=.3, R=.5, R=1.0) P10, K10
40 5 —20,20 sharp(R=0), chamfered(R=0, R=.3, R=.5, R=1.0) P10, K10
40 6 —30,30 sharp(R=0), chamfered(R=0, R=.3, R=.5, R=1.0) P10, K10
Table 2 Properties of the work materials GFRP [23]
nomina | density | thermal fiber | coefficient thermo- hardness| tensile | compare- | modulus | shear
form gm/cm’ | conductivity | contain | of thermal setting resins (Shore, | strength ssive tensile | strength
kCal/hr C expansion Hs) | (kg/mm?) | strength | (kg/mm?) |(kg/mm?)
(10%C) (kg/mm’)
roving 1.7~2.0| 021~0.28 72% 2~9 Unsaturated- 55~60 30~50 30~50 1500~ 18
continuous polyester 3000
strand Resin(Isophthalic)
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Fig. 2 Basic model of the chamfered main cutting Fig. 3 Basic model of the chamfered main
cutting edge tool, >R, R#0 edge tool <R, R #0
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Fig. 5 Horizontal cutting force of Fpy Fig. 7 Final modified cutting force for Cs 0"
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Fig. 6 Figures for calculation of the contact length (a) Ls (Lf :p_m+ﬂ)and (b) Lp (projection length)
between the cutting edge tool and the workpiece
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Fig. 8 cutting forces model with face milling and cutting geometric relationship
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Fig. 9 The tool geometrical angles for (a) a milling cutter, and (b) a turning tool
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1. Spindle ( ISO Ne. 40 ) <]
2. Tool holder @
3. Tool { Cuter. Sandvik-P10 )
4. Workpiece (GFRP, fiber=72%)
5. Dynamometer { Kistler - 92578 )
6. Charge Amp. (Kistler - S807A) workpiece 4
:. A/D Converter { Metro byte - DAS 20 )
. Machining Center { MCV - OP )
9. PC/CRT ( W-Time 80486 computer ) f}%
10, Data Acquisition { Easyest ) 5

=

—_—

830
750
670
590
510
430
350
270
190
110

830
750
670
590
510
430
350
270
190
110

30

-5
%(19@66%0@%09»@&0@0

—--m--- Fr: theoretical values (chamfered edge P type of sharp tool vs rotating
angles at Cs=20, radial angle -30 & 30)

---&---Fr: theoretical values (chamfered edge P type of sharp tool vs rotating
angles at Cs=30, radial angle -30 & 30)

—--&--- Fr: theoretical values (chamfered edge P type of sharp tool vs rotating
angles at Cs=40, radial angle -30 & 30)

—o— Fr: theoretical values (unchamfered edge P type of sharp tool vs
rotating angles at Cs=30, radial angle -30 & 30)

——0— Fr: theoretical values (unchamfered edge P type of sharp tool vs
rotating angles at Cs=20, radial angle -30 & 30)

—~— Fr: theoretical values (unchamfered edge P type of sharp tool vs
rotating angles at Cs=40, radail angle -30 & 30)

Fig. 11 The resultant theoretical cutting forces: Fr (N) vs. C, and rotation angles, ¢, for a chamfered and

unchamfered toolsa,; =-30° and a,, =30°at d=1, =45mm/min and V=75m/min (medium carbon steel)
respectively
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Fig. 12 Experimental horizontal cutting forces F x (N) vs. Cs of chamfered and unchamfered P type
carbide tools at a, (-30°) anda,» (30°), d=2.5, =120mm/min and V=285m/min (GFRP) respectively
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(d) Cs =30° (chamfered tool) (e) Cs = 40° (unchamfered tool) (f) Cs = 40° (chamfered tool)

Fig. 13 Experimental transversal cutting forces Fy (N) vs. Cs of chamfered and unchamfered P type
carbide tools at a,; (-30°) anda,»(30°), d=2.5, =120mm/min and V=285m/min (GFRP) respectively

(a) Cs = 20° (unchamfered tool) (b) Cs = 20° (chamfered tool) (c) Cs = 30° (unchamfered tool)
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(d) Cs = 30° (chamfered tool) (e) Cs =40° (unchamfered tool) (f) Cs = 40° (chamfered tool)

Fig. 14 Experimental vertical cutting forces Fz (N) vs. Cs of chamfered and unchamfered P type carbide
tools at a,s (-30°) anda,, (30°), d=2.5, f=120mm/min and V=285m/min (GFRP) respectively

(d) Cs = 30° (chamfered tool) (e) Cs = 40° (unchamfered tool) (f) Cs = 40° (chamfered tool)

Fig. 15 Experimental horizontal cutting forces F x (N) vs. Cs of chamfered and unchamfered K type
carbide tools at @, (-30°) and @2 (30°), d=2.5, =120 mm/min and V=285 m/min (GFRP) respectively
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(d) Cs = 30° (chamfered tool) (e) Cs =40° (unchamfered tool) (f) Cs = 40° (chamfered tool)

Fig. 16 Experimental transversal cutting forces Fy (N) vs. Cs of chamfered and unchamfered K type
carbide tools at a,; (-30°) anda,»(30°), d=2.5, =120 mm/min and V=285 m/min (GFRP) respectively
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(d) Cs = 30° (chamfered tool) (e) Cs = 40° (unchamfered tool) (f) Cs = 40° (chamfered tool)

Fig. 17 Experimental vertical cutting forces F; (N) vs. C, of chamfered and unchamfered K type
carbide tools at a,; (-30°) anda,»(30°), d=2.5, =120mm/min and V=285m/min (GFRP) respectively
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8 &8 & 8

—--&—- Fz theoretical values (chamfer edge P type of sharp carbide tool, R=0)
--0-- Fy: theoretical values (chamfer edge P type of sharp carbide tool, R=0)
--0-- Fx: theoretical values (chamfer edge P type of sharp carbide tool, R=0)
—&— Fy: theoretical values (unchamfer edge P type of sharp carbide tool,R=0)
—a— Fz theoretical values (unchamfer edge P type of sharp carbide tool,R=0)
—e— Fx: theoretical values (unchamfer edge P type of sharp carbide tool,R=0)

Fig. 18 Theoretical cutting forces : horizontal (Fx), transversal (Fy) and vertical (Fz) vs. rotating angles (°)
for chamfered and unchamfered main cutting edge P type carbide tool at Cs=20°, a,/(-30°) and a,,(30°),
f=120mm/min, d=2.5, and V=285m/min (GFRP) respectively



FIR S T SR

70 70
60 60
50 50
40 40
30 30
20 & 20
10 10
0 2 0
110 % 10
20 + 120
20 b 1 30
40 L 1 a0

--a—- Fz theoretical values (chamfer edge P type of sharp carbide tool, R=0)
--0-- Fy: theoretical values (chamfer edge P type of sharp carbide tool, R=0)
—--0-- Fx: theoretical values (chamfer edge P type of sharp carbide tool, R=0)
—&— Fy: theoretical values (unchamfer edge P type of sharp carbide tool,R=0)
—a— Fz theoretical values (unchamfer edge P type of sharp carbide tool,R=0)
—e— Fx: theoretical values (unchamfer edge P type of sharp carbide tool,R=0)

Fig. 19 Theoretical cutting forces : horizontal (Fx), transversal (Fy) and vertical (F;) vs. rotating angles (°)
for chamfered and unchamfered main cutting edge P type carbide tool at Cs=30°, a,1(-30°) and a,»(30°),
f=120mm/min, d=2.5, and V=285m/min (GFRP) respectively
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—-a—- Fz theoretical values (chamfer edge P type of sharp carbide tool, R=0)
--0-- Fy: theoretical values (chamfer edge P type of sharp carbide tool, R=0)
--0-- Fx: theoretical values (chamfer edge P type of sharp carbide tool, R=0)
—&— Fy: theoretical values (unchamfer edge P type of sharp carbide tool,R=0)
—a— Fz theoretical values (unchamfer edge P type of sharp carbide tool,R=0)

—e— Fx: theoretical values (unchamfer edge P type of sharp carbide tool,R=0)

Fig. 20 Theoretical cutting forces : horizontal (Fx), transversal (Fy) and vertical (Fz) vs. rotating angles (°)
for chamfered and unchamfered main cutting edge P type carbide tool at Cs=40°, a,1(-30°) and a,2(30°),
f=120mm/min, d=2.5, and V=285m/min (GFRP) respectively
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—-4&—- Fz theoretical values (chamfer edge K type of sharp carbide tool, R=0)
—-0-- Fy: theoretical values (chamfer edge K type of sharp carbide tool, R=0)
--0-- Fz theoretical values (chamfer edge K type of sharp carbide tool, R=0)
—&— Fy: theoretical values (unchamfer edge K type of sharp carbide tool,R=0)
—a— Fz theoretical values (unchamfer edge K type of sharp carbide tool,R=0)
—e— Fx: theoretical values (unchamfer edge K type of sharp carbide tool,R=0)

Fig. 21 Theoretical cutting forces : horizontal (Fx), transversal (Fy) and vertical (Fz) vs. rotating angles (°)
for chamfered and unchamfered main cutting edge K type carbide tool at Cs=20°, a,1(-30°) and a,2(30°),
f=120mm/min, d=2.5, and V=285m/min (GFRP) respectively
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--2—- Fz theoretical values (chamfer edge K type of sharp carbide tool, R=0)
—-0-- Fy: theoretical values (chamfer edge K type of sharp carbide tool, R=0)
—-0-- Fz theoretical values (chamfer edge K type of sharp carbide tool, R=0)
—&— Fy: theoretical values (unchamfer edge K type of sharp carbide tool,R=0)
—— Fz theoretical values (unchamfer edge K type of sharp carbide tool,R=0)
—e— Fx: theoretical values (unchamfer edge K type of sharp carbide tool,R=0)

Fig. 22 Theoretical cutting forces : horizontal (Fx), transversal (Fy) and vertical (Fz) vs. rotating angles (°)
for chamfered and unchamfered main cutting edge K type carbide tool at Cs=30°, a,1(-30°) and a,,(30°),
f=120mm/min, d=2.5, and V=285m/min (GFRP) respectively
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1&0 130 140 150 160
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30 - 1 30

—-2&—- Fz theoretical values (chamfer edge K type of sharp carbide tool, R=0)
--0-- Fy: theoretical values (chamfer edge K type of sharp carbide tool, R=0)
--0-- Fz theoretical values (chamfer edge K type of sharp carbide tool, R=0)
—&— Fy: theoretical values (unchamfer edge K type of sharp carbide tool,R=0)
—a— Fz theoretical values (unchamfer edge K type of sharp carbide tool,R=0)
—e— Fx: theoretical values (unchamfer edge K type of sharp carbide tool,R=0)

Fig. 23 Theoretical cutting forces : horizontal (Fx), transversal (Fy) and vertical (Fz) vs. rotating angles ()
for chamfered and unchamfered main cutting edge K type carbide tool at Cs=40°, a,1(-30°) and a,»(30°),
f=120mm/min, d=2.5, and V=285m/min (GFRP) respectively

pe tool) (b) Cs =20° (chamfered P type tool ) (c) Cs =30 ° (unchamfered P type tool)

a) Cs=20° unchamfered P

(d) Cs =30° (chamfered P type tool) (e) Cs=40° (unchamfered P type tool) (f) Cs =40° (chamfered P type tool)
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Fig 24 Shape of chips, unchamfered (a) (c) (e) and chamfered (b) (d) (f) of P carbide tool vs. Cs at a4
=-30°, a,,=30°, d=2.5 mm, f=120mm/min, and V=285 m/min (GFRP) respectively

(a) Cs =20°(unchamferedK type tool) (b) Cs =20°(chamfered K type tool) (c) Cs =30° (unchamfered K type tool)

(d) Cs =30° (chamfered K type tool)  (e) Cs =40° (unchamfer K type tool)  (f) Cs =40° (chamfered K type tool)

Fig 25 Shape of chips, unchamfered (a) (c) (e) and chamfered (b) (d) (f) of K carbide tool vs. Cs at
a,4=—30"°, a,,=30°, d=2.5 mm, f=120mm/min, and V=285 m/min (GFRP) respectively

rear view

rear view

top view . top view top view '
(a) R=0, unchamfered (b) R=0, chamfered (c) R=0.1, chamfered

Figs. 26 New of P type tool view (a), (b), and (c) with Cs =30°, and a,/ (a,,) =—30° (30°) respectively

top view top view top view
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rnt view : front view ' front view
(a) R=0, unchamfered (b) R=0, chamfered (c) R=0.1, chamfered

Figs. 27 Worn of P type tool view (a), (b), (c), (d) and (e) with Cs =30°, and a,; (a,;) =—30° (30 "), at
cutting time 10 min, d=2.5mm, =120mm/min and V=285m/min respectively

top view top view top view

front view front view front view
(a) R=0, unchamfered (b) R=0, chamfered (c) R=0.1 chamfered

Fig. 28 Worn of K type tool view (a), (b), and (c) with Cs =30°, and a,; (a,2) =—30° (30 ), at cutting time
10 min, d=2.5, =120mm/min and V=285m/min respectively
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RO, no RO, RO0.3, RO05 R 1.0,
chanfer chanfer chamfer chanfer chamfer

—— Raexperimental values vs R of P type carbide tool at Cs is 40 degree
—— Raexperimental values vs R of K type carbide tool at Cs is 40 degree
— &— Raexperimental values vs R of P type carbide tool at Cs is 30 degree
— i~ - Raexperimental values vs R of K type carbide tool at Cs is 30 degree
—@— Raexperimental values vs R of P type carbide tool at Csis 20 degree

—O— Raexperimental values vs R of K type carbide todl at Cs is 20 degree

Fig. 29 Experimental surface roughness Ra vs. R, Cs of P and K type chamfered and unchamfered
main cutting edge tools ata, (a,;) =—30° (30°), d=2.5, f=120mm/min and V=285m/min respectively
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