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ABSTRACT

Temperatures of the carbide tip's surface when turning Carbon-Fiber-Reinforced-Plastics
(CFRP) materials with a K type sharp main cutting edge tool considered wear 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 infrared as the input. The carbide tip’s
surface temperature is determined by finite element analysis (FEA, Abaqus™ software) and
compared with temperatures obtained from experimental measurements by infrared . Good

agreement demonstrates the proposed model.
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1. INTRODUCTION

Singamneni (2005) demonstrated the mixed finite and boundary element method (FEM)
finally enables the estimation of the cutting temperatures which is a simple, efficient method,
and at the same time it is quite easy to be implemented. The objective of this paper is 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.

2. THEORETICAL ANALYSIS

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. 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 predict the cutting temperatures and the cutting
forces. For the case of chamfered main cutting edge, temperatures and forces depend on

nose radius R, first side rake angle g, second side rake angle «g,, as shown in Fig.1 and

Table 1.

tool holder

Figure 1. Basic model of the chamfered main edge. Figure 2. Specifications of tool face
with wear tool when wear
(f>R, R#0).
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2.1 Shear Area in the Cutting Process with Chamfered Cutting Edge Sharp Tools
Considering Wear
Fig. 2 reveal that the geometrical specification of tool wear on the tool face

(triangle CNM ) can be derived from the values of t,, and ¢, when already measured.
A=A +A + A + A (as shown in Fig.1) 1)

A =0.5a,b,5in0, =0.5a,b, [1-(ay? +by® —c3%)/2a3b,1%23 (A = ANBE ) (2)

A2=%(a4+b4)-h4(A2=rectangIeMDFE‘) 3), A=Ay +An (A=AMEE+AMNE) (4)

ab . 057+a,—ZA31 cs? +dg? —es>
A, = sin 5), ~A31=cos[2 5 6
' 2cosg, ( 2 ) ©) cos 1 2¢5ds 1 ©
sin(ZA32) he2 2 _m? |
= h 7 — cos! s =M, -t in(% _ 8
Ago gsNs 2 cos fe (7) 232 =cos = ZthS 1-sin [SZ sm(2 ap)] (8)

A, = (0.5W,2 cos? a g tan Cy) /(cos oy, sin ¢) ( Ag is the area of secondary chip:aAD'YJ ) (9)

Q=Q+Q+Q (10)
Q- 0.5(d /cosCg —W, cos® ag tan Cy) feosCs —Wecosag (m~msin $,)10.5 (11)
cos oy, Cosas
Qy= e Cosaﬁ(golscoscﬂ @nCs) _ON-W,cosaq (12), Q, = (0.5W.” cosar, tanC_)/cose, (13)
Qp
CM =t,, (cosCq +5inCq tang,) (14),  CN = w(C0sCs*sinCs-tand,) (45

(sing, tang, + CoS¢@y)

NM =(CM~ +CN” —2CM - NM cos ¢,) (16)
(CN°+NM° -CM")
2CN-NM

The contact length of the tool edge can be considered as in Fig. 2.

(CM° +CN —=NM")

i N (17), ZCNM =cos™[
2CM -CN

ZCMN = cos™'[

] (18)

f cosC,
cos¢,

Wcos(%—éCMN) <( —~W, cosag,)

e
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Figure 3. Tool tip wears with chamfered  Figure 4. Flow chart of the inverse heat transfer

main cutting edge tool.

From the above diagram, the contact length is 1, = HN+ NM+MD =i -ii +ii i +iii -iv=

f cosC,/cosa,) W, cos ) TNM 4 d

———-CM (19)
cos(C,-C,) cos C, cos

f cosC, ~We Cosag) +NM cos(ZCNM —C,) +
€0, €0S(C,, — C)

I, = HN cosC, + NM cos(LCNM —C,) + MDsinC, [

(d/cosCg - CM)sin Cs (20)

2.2. Energy Method to Predict Cutting Force

Transformation equations used to obtain the normal (Ns) and shear forces (Fs) along the
fiber direction in terms of the principal (F¢) and thrust components (F;) are shown in Egs. (21)
and (22).

Ng =F,siné+F, cosd (212), Fs=F.cosd+F;sing, Liu (2002) (22)
Ts = Tcompsite = 7 fiber V f by Rosen and Dow(1987) (Vs is fiber contains)

V, =V cosa,/cos(p, — ) , (23), f, =zgtsinpglcos(p+p—a)sing (24)
V. =Vsing,/cos(p, — a,) (25) a,=sin"'(sinag, COSr, COST +Sin7.sina,) (26)

Therefore, (Fy)uminWas determined by solving Equ. (28) in conjunction with the energy
method by Reklaitis etc.(1984). (27)
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~ A i .. .
Froo Omin _ ¢ T COSGA 7s sin fc0saQ (28), where the frictional force is
\Y COS(@ — )  COS(@ + 5 — ctp ) COS(@ — %)

Tgsin fcos a,Q
[cos( g + f — ¢ )sin @ ]

Nt :[(FH)_(Ft)Umin sin ae] (30)

COS (g, COS Oy

determined by F; =

(29)

2.3. Calculation of Flank Wear
Thus, the flank wear Vg is a function oft,, 6, ande,. Vg =ty cosa,(cot, —tan ;)
(31
2.4. Finite Element Model
The finite element analysis software Abaqus™™ is used in this study. The finite element
mesh of the carbide tip is shown in Fig. 5, which was modeled by 58,000 four-node
hexahedral elements. 8*%6 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.

I —

10 | L, 1
P ; ; 11— —t
3
L 1. Workpiece (GFRP, GT201)
= 2. Tool (cutter, Sandvik-P10 & 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)

U 7 6 8. PC (Lemel PentiumITI-733)

9. Easyest Data Acquisition
10. Lathe (SJ 410*760G)
11. Current Meter (Heme-200P)

el

Figure 5. Solid model of the chamfered edge tool. Figure 6. Experimental set-up.

2.5. Modified Carbide Tip Temperature Model
Magnitude of the tip’s load is shown in the following Eqgs. (32) and (33)

oT o°T o°T o°T
K=U;/A (32) A=L,(d+W, +V 33), pc—=k k k 34

where p is the density, cis the thermal conductivity, and Kk is the heat capacity.

ilexp T T tji |est )2 (2005) (36)

Guu=Kg Li and Shih (2005) (35), opj (k)= ZI ZJ T
i=1 j=1
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In this study, K is assumed to be a constant for all cutting edges. The inverse heat

transfer method is used to find the value of K under certain turning speeds.

2.6. Inverse Heat Transfer Solution and Validation

The flowchart for inverse heat transfer solution of K was obtained by the Abaqus™
solver and is summarized in Fig. 5. The inverse heat transfer method is applied to solve K
by minimizing an energy function on the tip surface determined by Egs. (35)- (36) and finite
element modeled temperature at specific infrared locations, as shown in Fig. 5 on the tip face.
The discrepancy between the experimentally measured temperature by infrared pyrometer, ]
by timet;,T i and finite element estimated temperature at the same infrared location

exp

and time, T determines the value of the objective function.

tji | est

3. EXPERIMENTAL METHODS AND PROCEDURES

Experimental set up is shown in Fig 6. The work material used was 0 ; unidirectional
filament wound fiber of CFRP with Vinylester resin composite materials in the form of bars
having a diameter of 40 mm 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). 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= 235J/Kg-"K.

4. RESULTS AND DISCUSSION

4.1 From Fig. 7, it proved that the cutting edge temperature of the chamfered main edge tool

was lower than unchamfered main cutting edge tool.
4.2 According to Fig. 7, the tip temperatures of chamfered main cutting edge sharp worn tools
were not high and the inverse (calculated) data correlates closely with the experimental

values.

4.3 From Fig.7, the cutting temperatures of chamfered main cutting edge sharp worn tool is

the lowest, when Cs = 20°, «,(as,) =-10(10") and the temperature is not exceed 350°C.
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4.4 From Fig.7, it proved that the distribution of chamfered main cutting edge sharp worn

tool’s temperature was close the Fig. 8.

5. CONCLUSIONS
The test investigated the cutting forces and cutting temperature during the turning of
CFRP.  Chamfered main cutting edge sharp worn tools with Cs equals to 20

ag(as,) =—107(10") and nose radius R=0.3 mm, produce the lower cutting forces and lower

cutting temperature. Good correlations between predicted values and experimental results of
forces and temperatures during machining with chamfered main cutting edge sharp worn tools
in cutting CFRP.

APPENDI X

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

f cosC,
oS ag,
f cosC,

a ={[ —W, cosag, — CN cos(C, — C,)[tan, — tan(C, — C,)J° + (f cosCs/cosae ~W,cosarg — CNcos(C, - Cy))/ cosipe?(cos” e

( ~W, cosa, —CN cos(C, - C,))

cosa, I (cos? a, (tana, +cotg,)? - 2[(f cosCs/cosae —WCOsarg — mcos(Ce —-Cg))/cosn]
€os7,
oS & (tan o, + cot ) c0s(0.57 — ary, )} 2 (1)
f cosC =i
—— ~W.cosag —CNcos(C, -C) fcosCg/cosag ~W,C0Sarg) —=—
ba:[ cosas, ]COSae (2), C3 :[ S S2 e Sl)_CN (3)

cos 7, sing, cos(C. -Cy)
a,=d/cosCg —[f cosCg/cosag, —W, cosag — CN cos(C, — C,)]? [tan 7. — tan(n. — tan(C, — C)) — NM sin

(% — ZOMN =05 — 1, — Co — CJ)I8in(05_1, + Co — Cy) (4), by =d /(cosC — cosC,) - CM (5); h, =(c,” - df)% (6)

cy <[ f cosCg —W, cosay —mcos(ce -Cy) . NM sin(z —@g—~ZCNM ), cos ¢ (7)
4 COS 77, sin(@g — 77 +Cs —Cg) ~ singe
a=NM B=b G=8 o-[ "% w cosay ~CNoos(C,~C,)llany, ~tan(C, ~C,) (8)
' CoSag
( f cosC, —W, cosag, —CN cos(C, —C,)
d; =[ COSZe Jcos o, (tan o, + cot ¢,) ©)

cos 7y,
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f cosC, / cosa, —W, cosay —CNcosC, —Cs)+ NM sin( 7 —6 g—2 CNM

95 = _ )] °® @. (10
cosry, sin( g —n,+C3, —-C,) ~sin ¢,
hy = (Ms® + N2 — 2mgngsin a,) 2 (11)
m, = NM sin(z — s = ZCNM +77. =C, +C,) (19, = g, sin ¢, (tan o, + cot ¢,) — ds (13)
sin(¢, —n, +C, -C,)
=l o W, 005z, ~CNa(C, ~C,)(anr, ~tan(, ~C,) - OM -+ NM sinGr —0, = ZCNM =, =€, +C,) - (14)
COSO(Sl SIn(eB /S Ce _Cs)
_ 1
ss = (I° + r,” — 21K sin ab)é (15), 15 =gssing,(tana, +cotg,)/cosa, (16)
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Table 1. Tool geometry specifications (chamfered main cutting edge)

side cutting tool side rake angles Nose roundness ( R) carbide
edge angle Cg no ag,ag(o,0,) tool
20° 1 10°,-10° (10°,-10°) 0.0, 0.1 (sharp and worn) K10
20° 2 30°,-30°(30°,-30°) 0.0, 0.1 (sharp and worn) K10
30° 3 10°,-10°(10°,-10°) 0.0, 0.1 (sharp and worn) K10
30° 4 30°,-30°(30°,-30°) 0.0, 0.1 (sharp and worn) K10
40 ° 5 10°,-10°(10°,-10°) 0.0, 0.1 (sharp and worn) K10
40° 6 30°,-30°(30°,-30°) 0.0, 0.1 (sharp and worn) K10
notation: - N "
tool holder & tips % @ﬁ

! > I -1 view o R

¢ top view

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

density thermal fiber thermal tensile compressive  |shear modulus tensile
g/cm®  |conductivity |contain |expansion |strength strength strength  |(kg/cm?)
kCal/hr'C (10°/C)  |(kglcm?) (kg/cm?) (kg/cm?)
1.7~1.9 ]0,21~0.28 75% 2~9 3.5~4 3.5~3.9 1.5~2 235~400
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Temperature, Te, vs Cs of unchamfered & chamfered cutting edge tools

Te: degree
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measured vs Cs of unchamfered sharp worn tool at side rake angle -30 & 30
calculated vs Cs of unchamfered sharp worn tool at side rake angle -10 & 10
measured vs Cs of unchamfered sharp worn tool at side rake angle -10 & 10

: calculated vs Cs of chamfered sharpworn tool at side rake angle -30 & 30

measured vs Cs of chamfered sharp worn tool at side rake angle -30 & 30
calculated vs Cs of chamfered sharp worn tool at side rake angle -10 & 10
measured vs Cs of chamfered sharpworn tool at side rake angle -10 & 10

Figure 7. Shows

the cutting temperatures vs C, for different values o, and « with

chamfered and unchamfered sharp tool at d=3.0 mm, f=.33 mm/rev, V=252m/min

respectively.

88




HWT1l
+3_04Te+02
+i_§1l5e+02
+i_552e+ii
+i_25Ze+0i
+E.lENet0E
+1_&58e+02
+1.65Tet0E
+1_4z5e+02
+1.192e+0E
+9 _f1lEe+0l
+7.29%a+01

ODE: ch=-070_odb ABAQUE/ Brandard £.4-4 Bat Bep 10 19:01:29 Eastern Daylight Time 2005

Step: Beep-l
3 { Inczenent 1: Beep Time =  2.000

Primary War: NT1L

Deformed Var: not =et  Deformation Beale Factor: mot et

(a)

HT11
+32_047a+02
+2.§liet0z
+2.5E3et02
+2_35Zet0z

+4. 953=+01
+Z.BEEet0l

1\/ ODB: ch=-070.0db ABAQUE/ Btandazd €.4-4 Sat Bep 10 19:01:2¢ Eastern Daylight Time 200§

Step: Brep-1

Incremant 1. Scep Time = 2.000

Primary War: NT11

Deformed Var: not set Deformation Seale Factor: not =et

(b)

Figure 8. Temperature distribution with chamfered cutting edge inserts (a) heat flux (b)
near the tool nose at Cs = 30°, &, (ar,) = —10"(10"), d=3.0 mm, £=0.33 mm/rev,
and V=252 m/min (GFRP)
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