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Prediction of Cutting Temperatures in Turning Carbon Fiber Reinforced Plastics
Composites with Worn Tools
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Department of Mechanical and Electro-Mechtronic Engineering,
National Ilan University, 260, Taiwan

Abstract: Temperatures of the carbide tip's surface when turming Carbon Fiber Reinforced Plastics (CFRP)
with a worn main cutting edge tool is investigated. The frictional forces and heat generated in the basic cutting

tools are calculated by using the measured cutting forces and the theoretical cutting analysis. The heat partition
factor between the tip and chip is solved by using the inverse heat transfer analysis which utilizes temperature
on the carbide tip’s surface measured by mifrared as the mput. The carbide tip’s surface temperature is
determined by Finite Element Analysis (FEA) and compared with temperatures obtained from experimental

measurements. Good agreement demonstrates the proposed model.
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INTRODUCTION

Composite materials ideal for structural
applications where high strength to weight and stiffness-
to-weight ratios are required by Hocheng et al. (1997).
Ferreira et al. (2001) showed that turning experiments
were observed with the performance of different tool
materials like ceramics, cemented carbide, Cubic Boren
Nitride (CBN) and diamond. Experimental results showed
that only diamond tools are suitable for use in finishing
turmng. In rough tumning, the carbide tools can be used in
some retractions parameters. Machimng characteristics of
composites vary from metals due to the following reasons:
(1) FRP 1s machinable i a limited range of temperature, (2)
the low thermal conductivity causes heat build up in the
cutting zone during machining operation, since, there 1is
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 ligh dimensional accuracy and (4) the
change in physical properties by the absorption of fluids
has to be considered while deciding to use a coolant by
Malhotra (1990).

Cutting temperature is an important parameter in the
analysis metal cufting process. Singamneni (2005)
demonstrated the mixed finite and boundary element
method (FEM) finally enables the estination of the
cutting temperatures which 1s a sumple, efficient method,
and at the same time it is quite easy to be implemented.
Chang (2006a) showed a model to accurately predict the

arc

cutting force for turning of carbon fiber reinforced plastics
composites using chamfered main cutting carbide tools.
The objective of this paper 1s to set up an oblique cutting
CFRP model to study three-dimensional cutting
temperature for a sharp worn tool with a chamfered main
cutting edge.

THEORETICAL ANALYSIS

Composite materials are mainly molded parts, which
require machining, especially face turning, to obtamn the
desired dimensional tolerances. Bhatnagar et al. (1995)
showed that in machining of Fiber Reinforced Plastic
(FRP) composite laminates; it can be assumed that the
shear plane in the matrix depends only on the fiber
orientation and not on the tool geometry. The available
reports on cutting temperature and associated influences
are mostly related to applications involving chamfered
main cutting edge carbide tools.

Shamoto and Altintas (1999) demonstrated that the
mechanics of oblique cutting are defined by five
expressions. Three of the expressions are obtained from
the geometry of oblique cutting and the remaimng two are
derived by applying either maximum shear stress or
minimum energy principle. Since temperature is of
fundamental importance in CFRP cutting operations,
many attempts have been made to predict it. Chang (2008)
presented a model to predict the cutting temperatures in
turning of glass-fiber-reinforced plastics with chamfered
main cutting edge sharp worn tools, that can accurately
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Table 1: Tool geometry specifications (chamfered main cutting edge)

Side cutting Tool Ride rake angles Nose Carbide
edge angle C, No. Oy, Ofen (Chy, O6o) roundness ( R) tool
20° 1 10°, -10° (10°, -10°) 0.0, 0.1 (sharp and wom) K10
20° 2 30°, 30° (307, -30°) 0.0, 0.1 (sharp and worn) K10
30° 3 10°, -10° (107, -10°) 0.0, 0.1 (sharp and wom) K10
300 4 30°, 30° (307, -30°) 0.0, 0.1 (sharp and worn) K10
409 5 10°, -10° (10°, -10°) 0.0, 0.1 (sharp and worn) K10
40° 6 30°, 30° (307, -30) 0.0, 0.1 (sharp and worn) K10
Notation: Tool holder and tips ‘
Tool
: C,
e Ilview .
Top view
predict the cutting temperatures and the cutting forces. __asby gin (T % — £A3L (5)
. . 3
For the case of chamfered main cutting edge, temperatures Zcose, z
and forces depend on nose radius R, worn depths d;,
cutting depth d, feed rate £, cutt?'ng speed V, first side A3 cos"[csz +d} - esz] )
rake angle oy, second side rake angle «y and 2¢5d;
parallel back rake angle o, as shown in Table 1. The
process for deriving the shear plane areas is divided into A, -gh, sin(A32) (7
segments with tool wear and without wear. 2eos ¢,
e Shear area in the cufting process with A3 00571[1152 +n,’ - msz] — sin! lisin(f )] (8)
chamfered cutting edge sharp tools without wear Zhsns 5 2
(Chang, 2006b)
. Shefdl" area in the cutting process with chamfered A2 00571[1152 +n’ - msz] i llsin(f —a)l ©
cutting edge sharp tools considering wear Zhyn, 5 2
(A, is the area of secondary chip :AD'YT)
Takeyama and Murata (1963) showed that the
mechanism of tool wear in turning can be classified nto Q= Q0+, (10)
two basic types: (1) mechanical abrasion is directly
proportional to the cutting distance and independent of Q= 0.5(d/ cosC, — W, cos” a, tanC,) feosC, - W, cosa,
the temperatre and (2) physicochemical wear is cosg, Costy an
considered to be a rate process closely associated with ~(CN-NMsing, )/ 0.5
the temperature. For simplification, the wear effect of the
tool edge is considered in the following such that the Q,- W, cosar,, (d/ cosC, tanC) _TN-W, cosa, (12)
depth of tool wear ty; in the direction of cutting depths oS,
and geometrical wear angle ¢, on the tool face must be
measured on line. Figure 2 and 3 reveal that the 0, =(0.5W, coso, tanC,) / cos o, (13)
geometrical specification of tool wear on the tool face
(triangle CNM) can be derived from the values of t;; and . ) (14)
. CM =ty (cosC; +s8inC; tan g, )
¢, when already measured (Fig. 1, 2):
— t,(cosC, +sinC, -taneg, )
_ N=% s s s (] 5)
A= AFAFAFA; (1) (sin @, tang, +cosqy)
A; =0.5a;b,5in 6, = 0.5a;b,
b2 ey 200,15 (A, - @ XM = (O + O - 20 WVeosq)?  (16)
[ (a7 +b —¢c;?)/ 2a,b, 1"} (A, = ANBE) ( + Cos@y)
—2 -2 ——2
1 4 (CM + CN” -NM 17
A, :E(ﬂa-%—m)-h‘1 (A, =rectangle MDFE") (3 ZCMN = cos 1[W] a7
) 2 2 =2
A,=A, + A, (A, = AMEE + AMNE) (4) LONM — cos [(ON+ NM’ — M) (18)
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Fig. 1(a-b). (a) Basic and (b) detailed model of the
chamfered mamn edge tool when wear
(>R, R = 0)

tool holder

Fig. 2: Specifications of tool face with wear

Coefficients a,, b, ... h, a re shown in Appendix A;
b,, ¢;, &, b, ¢, ... 1 ;are shown in Appendix B. The
contact length of the tool edge can be considered as two
types, as shown in Fig. 2, 3. Since, the distinction between
types of contact length causes different cutting
conditions, the shear plane areas with tool wear differs
accordingly:

Fig. 3: Contact length L;and L,,

— feosC
NM cos(E — ZCMN) = (: FORLe W, cos o)
2 CosC,

as shown in Fig. 2
From the above diagram, the contact length is:

I, = HN + NM + MD = i - ii + i il + iii - iv
[fcosCs/cosota)—Wecosotsl)er d oM (19)
cos(C, - C,) cosC, cosa,

Therefore, the projected contact length (1)) on the
projection line (1.e., on the plane of the work piece) is also
derived:

1, =HNcosC, + NMcos(LCNM - C, )+ MDsinC,
feosC, — W, cosa,)
cosa, cos(C, —C,)

(d/cosC, —CM)sinC,

+ NMeos( ZCNM - C, 1+ (20)

Energy method to predict cutting force: Wang et al.
(1995) illustrated that the normal and shear forces along
the fiber direction were calculated by assuming that the
measured resultant force is equivalent to that present in
the workpiece at the tool point. Transformation
equations used to obtain the normal (N ) and shear forces
(F,) along the fiber direction in terms of the principal (F_)
and thrust components (F,) are shown in Hq. 21 and 22
(Wang et al., 1995):

N; =F sin0+F cos6 (21)
E, =F,cos0+F,siné (22)

where 0 denotes the angle between the fiber orientation
and the trim plane.

Bhatnagar et al. (1995) showed that while the
classical Merchant (1944) 13 applicable to homogeneous
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tool holder

Fig. 4: Condition of tool tip wears with chamfered main
cutting edge tool

methods and their alloys, he applies this model in the
machining of FRP in the -0 cutting direction as a first
approximation. He assumes the shear plane angle as the
fiber angle where failure occurs. By substituting -8 for ¥
i Merchant’s model, a basic relationship for the two
compoenents of the cutting force with the geometry of the
cutting can be obtained:

Ts = Teompae = Tine V¢ Dy Rosen and Dow (1987)
(V;1s fiber contains):

WV, =Vcosa, /cos(p, — o) (23)
f, =1t sinfB / cos(p+ B — o)sing (24)

where, f, is the friction force in orthogonal cutting for unit

width of cut and where, t, is the undeformed chip
thickness (Fig. 1b):

V., =Vsing /cos(p, —o,) (25)

(26)

o, =sin” (sin oL, COS O, COS T, + Sin T, sin o, )

where, o, 1s the effective rake angle; oy, 1s the second
normal side rake angle; &, 1s the parallel back rake angle;
¢, is the effective shear angle equals to fiber orientation
angle, 6 (Hocheng et al., 1997); 1), is the chip flow angle
which was determined that mimimized the total cutting
energy U; B is the mean friction angle by Merchant (1944,
and Ty is the shear stress by Rosen and Dow (1987). The
cutting power is a function of atleast ¢, oy, g, d,
W, C, C, £, V0. 0, B, 1; and 1. The value of 1,
for the total mimmum power U, to be used in
Eq. 27 was obtained by calculating U for a range of
values 1, according to the computer flow chart
(Fig. 5). Therefore, (Fy)ym was determined by solving
Eq. 28 in comjunction with the energy method by
Reklaitis et al. (1984):

Input data of tools /

specifications, cutting
condition and experimental

Determine the
fusert whether it has
radius ornot

Measurunine the worn depth
from toolmarker microscope

Determine the case
of intersection

Li=re |

[n=n+a |

y
Case in section

Predict shear andfriction area A, Q)
A=ATAGLATA,
Q=0QHuHY,

(Fa)Upy, Uy, and
Y

Calculate the friction force Fs

L 2
| Calculate heat peneration by fretion q; |

¥
Determine the heat partition factor K
itial value of K.

| Calculate the heat input 9., |

| Out of tip's temperature digtribution |

¥
Ot of tip's temperature distribution
anx] modle validation

(Biop )
Fig. 5: Flow chart of the inverse heat transfer

Umm: (FH) Umin FH (27)

F o= Ui s cosa A

T, sinf cosa, Q 78
Vo lcos(o, — o) @8

cos(@, +p - o, Jeos(p, — o)

where, the frictional force 15 determined by:

_ T, sinfeosa,Q (29)
v [cos(ep, + B — o, )sing, ]

where, N, the normal force on the tip’s surface with
minimum energy where the frictional force is determined

by:
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_ By~ Fy,, sine ] (30)

COS O, COS T,

N

t

Calculation of flank wear: The tool tip wear 1s shown in
Fig. 4. For simplification, the wear effects of front edge
and main edge are omitted. The only effect to be
controlled is the setting condition perpendicular to the
vertical line. Thus, the flank wear V 1s a function of t;, 0,
and ¢,. The approximate flank wear 1s shown as follows:

Vy =ty cosa,(cotd, —tana,) (31)

Solid modeling of carbide tip: The chamfered main cutting
edge tool has a more complex geometry. To develop a 3D
finite element model for thermal analysis, a solid model of
the tip can be established in three steps. First, the Tip
Cross-Section Profile (TCSP) perpendicular to the main
cutting edge was measured using a microscope, then
CAD software, SolidWorks™, was used to generate the
tip body by sweeping the TCSP along the main cutting
edge with the specified pitch. Finally the tip’s main
cutting edge was simulated to remove unwanted material
and create a solid model of turning tip geometry, as
shown in Fig. 6.

Finite element model: The finite element analysis
software Abaqus™ is used in this study. The finite
element mesh of the carbide tip 15 shown in Fig. 6 which
was modeled by 58,000, four-node hexahedral elements.
As shown in the top view of Fig. 6, 86 nodes are located
on the projected contact length between the tool and the
workpiece, 3*6 nodes are located on the chamfered width
of the main cutting edge and 1*6 nodes are placed on
flank wear. These should provide a reasonable solution in
the analysis of tip temperature distribution in turning. The
mitial condition of finite element analysis has a umform
temperature of 25°C 1n the tip. Because the tip does not
rotate in the experiment, free convection boundary
condition is used when applied for the swrface of tip
contact with the workpiece.

Modified carbide tip temperature model: Magnitude of
the tip’s load is shown in the following Eq. 32 and 33:

K=U, /A" (32)
A'=L @+ W, +V,) (33)

where, A' 1s the area of friction force action, U; is the
friction energy, W, 1s the tip’s chamfered width, d is the
cutting depth, V, 1s the flank wear of the tip and for

Fig. 6: Solid model of the chamfered edge tool

simplification, the value of Vi 13 set to be 0.1 mm. L; 15 the
contact length between the cutting edge and the
workpiece Eq. 19 L, is the projected contact length
between the tool and the workpiece, as referred to n
Fig. 7 and can be determined by Eq. 20 and the following
condition:

2 2 2
YL W A (34)
a oy o

where, p is the density, ¢ is the thermal conductivity and
k 15 the heat capacity.

The boundary condition on the square surface at the
cutting edge, opposite from the turning tip, also assumed
to be maintained in turming, is assigned to be 25°C. The
heat generation in turning is applied as a line load on the
main cutting edge. The contact between tool and chip is
wide 1n stamnless steel machimng according to Eq. 19 to
20. Compared to the 0.36 mm feed per revolution, the
characteristic length of the elements at tip and cutting
edges is much larger, around 3.29 mm. This allows the use
of line heat flux at the cufting edge in finite element
analysis. The heat generation assuming the cutting edge
1s perfectly sharp, the friction force, and the chip velocity
are multiplied to calculate the line heat generation rate, g,
on cutting edge .= F;V..

Assuming K 1s the heat partition factor to determine
the ratio of heat transferred to the tool, the heat
generation rate g,y on each cutting edge 1s given by Li
and Shih (2005):

qtnnl = qu (35)

In this study, K is assumed to be a constant for all
cutting edges. The inverse heat transfer method 1s used
to find the value of K under certain turning speeds.

Inverse heat transfer solution and wvalidation: The
flowchart for inverse heat transfer solution of K was
obtained by the Abaqus™ solver and is summarized in
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Fig. 7. Experimental set-up

. Workpiece (GFRP, GT201)
2. Tool (cutter, Sandvil-P10 and K10)
3. Accelerator (Kistler-8632B)
4, Dynamometer (Kistler-9257B)
5. Thermo-Hunter (NB-SH30A)
6. Charge Amp. (Kistler-5807A)
7. A/D converter (Metro Byte-STA20)
8. PC (Lemel PentiumIII-733)
9. Easyest data acquisition
10, Lathe (ST 410* 760G)
11. Current meter (Heme-200P)

—&— Te: Measured (unchamfered worn tool vs. time at Cs = 10, rake angle-30 and 30
——+—- Te: Measured (unchamfered wom tool vs. time at Cs = 10, rake angle-30 and 30
—=— Te: Measured (unchamfered worm tool vs. time at Cs = 10, rake angle-10 and 10
==-Qm== Te: Measured (unchamfered wom tool vs. time at Cs = 10, rake angle-10 and 10
—a&— Te: Measured (unchamfered wormn tool vs. time at Cs = 10, rake angle-30 and 30
—— Te: Measured (unchamfered worn tool vs time at Cs = 10, rake angle-10 and 10
=—¢-== Te: Measured (unchamfered worn tool vs time at Cs = 10, rake angle-10 and 10
——-4—- Te: Measured (unchamfered wormn tool vs time at Cs = 10, rake angle-30 and 30

335
325
315

335

g 305 S S S - Mol A
n“ a
§ 295 -295
=
285 I 285
275 275
2655 T T T T T T T ! 265
0 06 12 1.8 24 36 45 51 54
Time (sec)

Fig. 8 Cutting temperatures versus cutting time for different values o, and ¢, with unchamfered and chamfered sharp
toolatd =3.0mm, f=033mmrev ', V=252 mmin ' and C, = 30° (CFRP)

Fig. 5. By assuming a value for K, the spatial and temporal
temperature distribution of the tip can be found. The
inverse heat transfer method is applied to solve K by
minimizing an energy function on the tip surface
determined by Eq. 35-36 and finite element modeled
temperature at specific mfrared locations, as shown in
Fig. 7 on the tip face. Using an estimated value of K, the
heat generation rate 1s calculated and applied to nodes on
the tip’s main and end cutting edges. The discrepancy
between the experimentally measured temperature by
infrared pyrometer, j by time t, T%| and finite element
estimated temperature at the same infrared location and
time, T%| determines the value of the objective function by
L1 and Shih (2005):

OB = 303 (1 (36)

=

i 2
exp 7Tj |es|)

where, n; is the number of time instants during turning
and n 1s the mumber of thermoccuples selected to
estimate the objective function.

After finding the value of K, the finite element model
can be used to calculate temperature at locations of
thermocouples not used for inverse heat transfer analysis.
The tool tip’s temperature predicted from finite element
model 135 compared with experimental measurements to
validate the accuracy of proposed method.

EXPERIMENTAL PROCEDURES

Experimental set up is shown in Fig. 7. Workpiece is
observed in Fig. 7. to be held in the chuck of a lathe and
the cutters that were mounted with a dynamometer were
employed for measuring the three axes compound of
forces (Fy, Fyand Fp).
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=== Te: Calculated vs. Cs of unchamfered sharp worn tool at side rake angle-30 and 30
—— Te: Measured vs. Cs of unchamfired sharp worn tool at side rake angle-30 and 30
——a—— Te: Calculated vs. Cs of unchamfered sharp wom tool at side rake angle-10 and 10
=——de— Te: Measured vs. Cs of unchamfered sharp worn tool at side rake angle-10 and 10
-—0-— Te: Calculated vs. Cs of unchamfered sharp worn tool at side rake angle-30 and 30
—— Te: Measured vs. Cs of unchamfered sharp worm tool at side rake angle-30 and 30
—— Te: Calculated vs. Cs of unchamfered sharp worn tool at side rake angle-10 and 10
—-— Te: Measured vs. Cs of unchamfered sharp worn tool at side rake angle-10 and 10
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Fig. 9. The cutting temperatures vs. C, for different values &y, and «y, with chamfered and unchamfered sharp tool at
d=3.0mm,f=033mmrev ", V =252 m min ", respectively.

Table 2: Properties of the work materials (roving continuous strand, hardness, HS: 55~60)

Density Thermal conductivity Fiber Thermal expansion  Tensile strength ~ Compressive Shear strength ~ Modulus tensile
gom™? (kCal hr~'°C) content (105°C) (kg cm™) strength (kg cm™?) (kg cm™) (kg cm™)
1.7-1.9 0021~0.28 75% 2-9 3.5-4 3.5-3.9 1.5-2 235-400

The work material used was 0°; umdirectional filament ~ for unchamfered main cutting edge sharp tools

wound fiber of CFRP with Vinylester resin composite
materials in the form of bars having a diameter of 40 and
500 mm length by Liu (2002). Table 2 shows some of the
physical and mechanical properties of CFRP prior to
carrying out the cutting experiments. The cutting tools
used in the experiments are Sandvik H1P (K type) by
Brookes (1992). Carbide-tipped tools with following
angles are used: back rake angle = 0°; side rake angle = 6°,
end relief angle =7°; side relief angle = 9°; end cutting
edge angle = 707, side cutting angle = 20, 30, 40° and nose
radius = 0, 0.1 mm. Tool composition: WC 85.5%, TiC
7.5%, Ta (Nb)C 1% and Co 6% (30), HV = 1850,
density = 12.9 g cm™", thermal conductivity = 60W/m-"K
and heat capacity = 235 I’'kg-°K. Oblique turning tests
were carried out for each tool The experimental tests
are as follows: dry cutting; cutting velocity equals to
252 m min~"; cutting depth equals to 3.0 mm; feedrate
equals to 0.33 mm rev™". Block diagrams of performance
are drawn as shown in Fig. 5. The cutting force, cutting
temperature was observed and discussed.

RESULTS AND DISCUSSION

The cutting forces: Chang demonstrated in turning of
CFRP with chamfered main cutting edge sharp tools, the
resultant cutting force, Fr, is about 15% less than that

(Chang, 2006a). As well as in the case of turning CFRP
with chamfered main cutting sharp worn tools, it shows
the theoretical cutting forces are good agreement with the
experimental values.

Temperature of surface of tip: Inverse heat transfer
utilizes the temperature measured by infrared on the
surface of tip as the input to predict the heat flux on the
chamfered main cutting edge tools. This method
determines the heat partition factor using the optimization
method. Knowing the temperature of cutting tools
(Fig. 6) and how tlis chamfered mam cutting edge
tools decreases the temperatuwre of the tool tip
surface, as indicated in the following: Based on Li and
Shih (2005), according to Eq. 34-35, the flowchart for
mverse heat transfer solution of K 15 described in
Fig. 5. After finding the value of K, the finite element
model can be applied to calculate temperature at
tips, the results are shown in Fig. 8-10. Figure 8 and 9
show the cutting temperatures vs cutting time for different
values oy, and o, with chamfered and unchamfered sharp
tool at C, = 30°. Figure 9 shows temperature distribution
with chamfered cuting edge mserts (a) heat flux (b)
near the tool nose at C, = 30, ¢, = -30° and &, =
30°, d = 3.0 mm, f=033mmrev'and V =252 m min~"
(CFRP).
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+2.0872402
+21 815402
+Z.5824402
+2]352at02
+Z_1z0at0L
+1.8BGe+02
+10857at02
+1.azget0z
+10153a402

YA
ey,

1l

2
ODE: che-070.0db  ADAOVS/Standard §.4-4  Fat Fep 10 19:01:2¢ Lastern Daylight Time 2005
Stap: Stap-l

1 Increment 1. Srep Time = 000
Primary Var: WT11
Deform:d ar: not ser  Deformavion Scale Tactor: not et

+3.047=+02

(b)

3
1\/ ODE: chs-070_odb AFAQUS/ Srandard §.4-4 Sar Fep 10 19:01:29 Eastern Daylight Time Z005

Step: Otep-1

Increment 1. Btep Time =  z.000

Frimary Var: NT1l

Dirformed taz: mow set Deformation Beale Facter: met set

Fig. 10: Temperature distribution with chamfered cutting edge mserts (a) heat flux (b) near the tool nose at C;, = 30°,
Cey(Cey), = -10°%(10°) d = 3.0 mm, f = 0.33 mm rev ' and V =252 m min~"' (CFRP)

¢ From Fig. 8, it proved that the -cutting CONCLUSIONS
edge temperature of the chamfered main edge
tool was lower than unchamfered main cutting edge A series of preliminary tests were conducted to asses
tool the effect of tool geometries of K type of chamfered main

*  According to Fig. 8-9, the tip temperatures of  cutting edge carbide tool. Chamfered cutting edge sharp
chamfered main cutting edge tool were not high and ~ wom tools with C, = 20°, the conditions £ = 0.24 mm rev ",
the inverse (calculated) data correlates closely with g (tts,) = -10°(10°) and nose radius R = 0.3 mm, produce

the experimental values the lower cutting forces and lower cutting temperature.
* From Fig. 8, it proved that the distribution of  Good cormrelations between predicted wvalues and
chamfered main cutting edge tool’s temperature was experimental results of forces and temperatures during
close the Fig. 10 machining with sharp worn tools in cutting CFRP. The
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FEM and Inverse heat transfer solution in tool
temperature in CFRP tuming is obtained and compared
with experimental measurements. The good agreement

demonstrates the proposed model.
APPENDIX A

Coefficients of the tool have a sharp comer (R = 0)
without tool wear:

a, =[(fcos C, — W, cosa,,)(tanm, — tan(C, - C,) (1)

(1/ coscr, +1/ cosm, —2sina, / cosa, cosn, )

b, = (fcosC, — VVF cOS ol ) 2)
cos 1, sing,

fecosC, - W
(- (fcosC, L COS Ol ) 3)
O8O, COST),

d (4)

ym ——
cos C, cosa,

b, =(d/cosC, cosar, — (feosC, — W, cosory, /cosa,) (5
[tan ), —tan{C, - C )]

1 1 )112 (6)

h,=(fcosC, - W
2= £ ) (cos2 n sin® ¢, cos® o,

APPENDIX B

Coefficients of the tool have a sharp corner (R = 0)
with tool wear:

fcosC —_—
a; = {[& —W, cosc, — CNeos(C, — C)J[tanT, — tan(C, — C,)] +
oS O,
(feosC, / cosa, — W, cosa, — CNcos(C, —C,))/ cos, *(cos’
feosC

cosd,

L —W, cosy, —@cos(ce -Cn

Ticos® o (tancy, +cotd, ¥ —
cosT,

2(fcosC, / coso, — W, cosar,, — CNecos(C, — C,)) / cosn, ]
cos o (tana, + cotg, yeos(0.5x — o, )}

(1)
feosC -
LA W, cos oty — CNeos(C, —C,) 2
b _[coscnsg L CO8 L, 2
’ cOs T, : sing,
feosC, / -W, —
6= cosC, /cosd, L Cos Ol ) o (3)

cos(C, —C)

a,=d/cosC, —[fcosC, / cosa,, — W, cosa,, — CNeos(C, — C)]*
[tan 1, — tan(n, — tan(C, — C,)) — NMsin 4
(n—ZCMN—-0, —1n, —C, —C,)/sin{f;_n, +C, —C))

b4:d/(cosCs—cosCE)—m (3)
e ©

feosC, - W, coscr, — ﬁcos(ce -C,) N
_ coan, ™
NMsin(n—8,-/CNM)_ cosd,

sin(@, -7, +C, -C) ] sind,

c,=[

a,=NMb, =b, c, =a,

feosC - ®)
e, =[—= - W, cosa;; — CNcos(C, — C))][tann, —tan(C, — C,)]

CO8 U,

feosC,

cosa,

— W, cos oy, — CNeos(C, — C,)

g
d; =[ Jeosa, (tan o, + cot¢5 )

cosT],

:[fcosCs {coso, — W, coso,, — CNcos(C, — C,) N
_ cos. 10)
NMsin(n— 6, -/CNM)_cosd,

sin(By —n, + C, —C,) " sing,

g5

h;=(m?% +n} —2m,n, sin a,)"* (1)

_ NMsin(n -8, — ZCNM+1, =C, +C)) (12)
B sin(@, -1, +C, - C,)

et

n, =g, sing, (tana, + cotd, )—d,

. 13
L =1"%% _w, cosar, - CNeos(C, - C,)l(an 1, - tan(C, - ng o
CoSy,
WJFNMsm(:n:fBB —ZCNM +1,-C,+C) (14
sin(fy —n, +C, - C,)
s, = (5 +r; — 2k sina)” (15)
r, =g, sing,(tan o, +coto,)/ cosa, (16)
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