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Slip-Line Metal Cutting Model with
Negative Rake Angle

A small dead region is seen in front of the raleefaf the tool during cutting with negative
rake. The lack of knowledge about the stagnantoregn the cutting with negative rake
requires researching new models. In this work,iegtimechanism of the metal cutting
with negative rake angle tools and the stagnationezformation were studied. A model
was generated from the experimental work by usdédkeeoDewhurst and Collins’ matrix
technique for solving the slip-line problem numeallic This model was applied at
negative rake angles from 0° to -70°. All slip lewegles in the slip line model that consist
of three regions were resolved with the help of élperimental data. Variation of the
dead metal zone and slip line regions with negatake angle was determined. Effects of
the negative rake angle on the cutting and throstes were investigated according to the
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I ntroduction

In the metal cutting with negative rake cuttingl$pdhe strength
of the wedge increases, heat conduction from @uttidge to the
tool shank improves, and the tool life increasesdmparison with
the positive rake cutting tools. Because of thesperties, single
point cutting tools with negative rake geometry aieely used.
Also, in grinding process, the cutting mechanisnalofasive grid is
similar to the cutting mechanism of single pointtiig tools with
negative rake angle. Moreover, in ultra-precision wmicro
machining, at depths of cut smaller than the tatgeeradius, tool
presents negative rake geometry. All these appitstshow the
importance of understanding the cutting mechanisth negative
rake cutting tools.

Several researchers have shown a significant effarying to
understand the cutting mechanism in metal cuttinitp wegative
rake angleAbdelmoneim et al. (1983) studied with orthogoril$
having negative rake angles to observe tfextefof tool rake
angle, cutting speed and depth of cut oa ditting forces.
Furthermore, they realized that the force companemtd chip
thickness decrease with increasing cutting speedslip-line
solution, which was investigated by Abebe (198485 be used to
calculate the cutting forces required to cut a neltand to estimate
the friction conditions of metal cutting. To makéet basic
mechanism of metal removal clear, Kita et al. (J9@@nsidered
metal cutting with abrasive single grid simulateshical tool. They
observed the mechanism of the metal removal bycthing tool
with large negative rake angle and the behaviothef material
ahead of the tool face during cutting. Accordinghe authors, the
dead-metal zone plays a crucial role in the chipmédion.
Komanduri (1971) defined that plastic deformatiakes place
ahead of the tool tip and into the machined surtadaigh negative
rakes and small depths of cut. Kopalinsky and Ox{&984)
investigated the effect of rake angle an(tRrust force)/E (cutting
force) during cutting with negative rake anglewls found that the

(2009) presented two slip-line field models for hagonal
machining with a worn tool with a finite flank weknd. Jin and
Altintas (2010) offered a slip-line field model wehi considers the
stress variation in the material deformation regiue to the tool
edge radius effect for micro-cutting process. A-ile field based
force modeling approach is also proposed to caphe&eavorn tool
cutting mechanism under the combined effects oh blaink and
crater wear in orthogonal cutting by Long and Y¢2§10).A slip
line model for machining with negative rake andlesn 0° to-60°
at constant cutting speeds was presented by O&QiiR).

Kita et al. (1982) used a slip line model to obsehe behavior
of the material ahead of a tool face. In the stigngpoint of the
dead metal zone, the directions of flow of the makewere
assumed upward and backward. Komanduri (1971) elithat the
flow of the material on the tool face is in two efitions during
metal cutting, and some part of the materials flamser the tool
(condition of rubbing or ploughing) and some up tha face from
a chip, with a stagnation point, which depends lua rake angle.
Petrky (1987) presented that according to the vafie (shear
stress) / k (material shear flow stress) and thgaiinee rake angle,
metal flow direction and the dead zone change. glastic flow of
the material was separated into two directionscfatain negative
rake angle. Some metal flows under the tool anéretlup to the
tool face. Fang (2005) performed a slip line mddelmetal cutting
with a large negative rake angle. This model coediof three
regions; one of them was the stagnation zone. Basiig line model
was extended from the Lee and Shaffer's (1951) inotke
stagnation zone in the model decreased with incrgasutting
speed. Fang (2005) used an analytical model ottty formation
for the solution. In this work, the mathematicatrfoilation of the
model was established based on Dewhurst and Celli{i®73)
matrix technique for numerically solving slip-lifield model. Kita
et al. (1981) investigated the influence of thetingtspeed on the
shape of the stagnant region of material produteda of the tool
face. Various works were reported that the positibthe stagnation

force ratio FF. increased considerably with the increase in th@p pecomes deeper with the increasing cutting dpaed the

negative rake angle. The increase rfcan only be accounted for
by the friction angle increasing as uncut chip khiss decreases.
Abdelmoneim and Scrutton (1974) denoted that ogittorces rise
as negative rake angle becomes more negative. Giirely (2004)
studied the effects of cutting speed and negatake rangle on
cutting forces. They concluded that cutting fonmuce as negative
rake angle increases gradually from negative titiges

The first model with a dead zone for metal cuttivith negative
rake angle tool was developed by Abebe (1981). bfattical
relationships of the model were also presented.dDurand Das
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material ahead of the tool face flows up alongttud face when the
cutting speed is high. Makino and Usui (1973) pmése: that
growing time of the dead-stagnant metal regionarddion of the
material behavior in the front of the tool facen@t clear. Especially
during metal cutting with low cutting speed or oudt tool with
negative rake angle that corresponds to a largativegake angle, a
larger plastic zone was observed. Palmer and Y@63)1supported
the idea that the stagnation zone is related tdiphef the tool. In
the light of this information, direction of matdridepends on
negative rake angle. In rake face of the cutting,toreation of
stagnation zone affects the geometry of the toloeréfore, flow of
the material is closely related to the geometrythd stagnation
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zone. In the models mentioned above, this metal-deme was

considered stagnant. In contrast, alteration af 2bne was observed

by Kita et al. (1975, 1978) in the experimentatgts.

In the present study, a slip line model for metattiag with
negative rake angle tool was developed. Mathenhdtoaulation of
the model was established according to the Dewlamdt Collins’s
matrix technique for numerically solving slip-lipeoblems. All slip
line angles in the slip line model that consisttloee regions were
resolved with the help of experimental data. Vavatof the dead
metal zone and slip line regions with negative ragle was
determined. Effect of the negative rake angle enciitting and thrust
forces was investigated according to the cuttiregdp

Nomenclature

F = resultant force

F. = cutting force

R = thrust force

k = material shear flow stress

Pa = hydrostatic pressure at point A

P and Q = members of a set of basic matrix operators
t = uncut chip thickness

Ve = cutting speed

w = width of cut

Greek Symbols

oiando, = radii of curvature of two base slip-lines HN aitL

a1,a2 = angles of the vertices on each side of the iefeisn
of the slip-line AK with the free surface of workterial

ag =reliefangle

61, 05, 03, 0, = slip-line angles

= slip line angle of the HNM region

= slip line angle of the dead metal region

=rake angle

= total velocity jump across the slip-lines

= shear stress

= angular velocity of a machined chip

QAT R M

The Slip Line M odd

Models started in the 1960's were studied to siypiie models
of metal cutting theoretically, up to present dajbrecht (1960)
based his model on the existence of a stagnation po the radius
where the work material’'s tangential velocity vémgd. Dewhurst
(1978) proposed the slip-line model for metal agftvith a curled
chip when using a flat-faced cutting tool. In thisdel the force acts
between the chip and obstruction. Fang's (2002) ghtabk into
account the tool-chip contact on the tool primang &econdary
rake faces and at the chip-groove backwall. Farm Bawhurst
(2005) developed a model to fully take into consatien the built-
up edge formation and chip-up curling effect. Néveless there is
not a specific formulation obtained for metal auftiwith negative
rake angle tool in any of these models. In the gmrestudy, some
basic assumptions have been made in the modelmegseTinclude
orthogonal machining assumption, which states ttet work
material is rigid, perfectly plastic. In other werdthe material
specifications do not change with strain, strate end temperature.
Regions in the developed model are given in Fig. 1:
e DLM, the dead region in front of the tool and néxtthe
rake face of the tool.
* AK, the convex region that makes the chip curls.
e KLMN curvilinear quadrilateral region, the regioropiding
contact between slip plane surface and HNM region.
* HNM region, which comes into existence as the deéat
chip rubs with the rake face of tool.
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Mathematical formulation of the model

The matrix algorithm developed by Dewhurst and i@sll

(1973) in order to solve slip line problems is ugethis study. This
algorithm is being applied to solve plain frictidimited slip line
problems. The hodograph for this slip-line modekéen in Fig. 2
(Ozturk, 2012).

P and Q are the basic matrix operators defined dwyHnrst and

Collins (1971).

Two vectors defined for modeling purposes are HN .

They arec; ando, vectors respectively. Relationships among the
slip line model in Fig. 1 are expressed in Eqs«(6})

1)

MN =0, .0,

Cutting Tool

)
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h negative rake angle tool.

(d.Lk.ay
Figure 2. Hodograph for the slip line model.

DL= 0,0, )
KL= MN+ O.C 3
KL=F,,.MN -Q,,.0, @)
MN=F,, KL+Q,, KN (5)
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KN = Pg?,].a2 —Q”%.MN (6)

o, is found in terms of; by solving the equations above. This way,

the number of vectors decreases to one.
Equations obtained from the hodograph in Fig. 2given in
Egs. (7)-(13).

hn= w0, (7)
k'n=awKN 8)
k"= pc 9)
hn= g,.mn (10)
n=P, k'l —ngﬂ.k'n (11)

mn=P, .0c-Q, .wKN (12)
w= P, 0C

g, KN (13)

; ng’l'

n

When the forces transmitted across the slip lines KL, and
AK are denoted by vectorssk F¢., and k., then the resulting
cutting force F can be written as given Eq. (I=8l)p line AK is
determined as expressed in Eq. (15). Friction abetereen tool and
chip is given in Eq. (16).

F — Fax + Fe + Fo (14)
ktw  ktw  ktw  ktw
AK= (ﬁ}c (15)
w

(16)

o= cos‘l(zj
k
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Eventually t/k value decreases and/P value increases as
becomes more negative. is determined from the hodograph

a,=m+6,-6-6,-y-90 17)

Experimental Study

Cutting is performed under definite metal cuttimanditions, in
order to apply the slip line model of metal cuttimigh negative rake
angle and to determine the effect of negative eaigle on the dead
region, the cutting and thrust forces. Slip lingylas based on slip
line model were attained from experimentally gatidedata.

Figure 3. Quick stop device.

Experimental equipment

The use of Quick Stop Device is necessary to inyest the
plastic deformation in the workpiece material aadrfations on the
tool tip existed during metal cutting. The phototbé quick stop
device is shown in Fig. 3 (Ozturk, 2012). There a® basic
motions in the device designed for this work. Thasecutting and
sensitive cut depth motions. Control of the plagnbrased metal
cutting device is provided by a servo motor whishdriven by

Pa/k andt/k values have to be determined in order to make thconirol Technique Unidrive (model no: 1403). Botpead and
slip line model complete. 2 k, andt denote hydrostatic pressure, stopping distance of the single plane cutting motiwy be adjusted

material shear flow stress and tool-chip frictiorsklear stress,
respectively. Fang and Jawahir (2002) had specdiethge of Pk
andt/k according to the negative rake angle and presetfiis as a
table in their study for medium carbon steel. lis $tudy, accepted
values for the slip line model with a brass matesi® given in
Table 1. Table 2 is used for the value gfi®

Table 1. & and 7k values considering negative rake angle.

1% 0° | -10°| -20°| -30°| -409 -50 -60 =70
% | 1 ]o095 09| 08§ 080 075 070 065
o) 0 9° 13°| 16°| 18° 209 219 25

Table 2. P a/k value considering negative rake angle.
y 0° -10° -20° -30° -40° -50° -60° -70°
P% 085 09 095 1 1 1 1 1
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in advance thanks to the Unidrive control softwg@ISOFT).

Cutting and thrust forces can be measured by styage and strain
gage indicator during metal cutting. Single platrais gages were
bonded to four facets of the tool for force measwet. CE eDAQ
V3.8.6a software program was used for collectintadadjusting
channels, and identifying strain gages. Achievethipaters were
booked down in ".sif* format. The software is cdllmField 1.6.2,

which is published by Somat Corporation, and usedisplay the
saved files. The maximum thickness and width ofdhip that can
be machined by the device are 2 mm and 1.5 mm ctgely. The

designed device may operate at the maximum cusiegd of 17.5
m/min. Cutting speed is determined by the softwastalled in the
computer. The work is performed at various rakeleanglues. In

order to secure this, a special tool holder isgiesi to rotate the
tool. A Mitutoyo 543-450 B digital dial gage is uks¢o ensure
parallelism of the workpiece and to provide thetingtdepth. The
eDAQ:-lite trademarked strain gage indicator hags fthannels inlet
and communicates with RS 232.
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Workpiece materials and cutting tools

Brass workpiece material was used in this studycesit was
stated that dead region existed and built up eddjeat come into
being at metal cutting with brass (Kopalinsky arnxie®, 1984). The
experimental samples were made of CuzZn30. Cheroa@aposition
of the samples was as follows: Cu% = 69.809; Zn30438; Sn% =
0.0029; Pb% = 0.005; Fe% = 0.0219; P% = 0.0019.diimensions
of the supplied workpiece material were 32 mm x80 x 1.5 mm.

A TPGN 160308 insert which has no cutting edgeusdias
used during the experiments with negative rake earigbl. The
insert was fastened on the tool shank by mechapmalpression.
Length of the tool was designed in accordance thighstrain gages.
Shim, clamp, clamping screw, and lock pin were usethount the
insert. Relief angle of cutting tool was 11 degrees

Cutting parameters

Metal cutting operation wagerformed at eight different rake
angles, three various cutting speeds and cuttinghdéor the
experimental work done about the cutting operatioiven with
negative rake angle tool. Metal cutting parametesed in the
experiments are given in Table 3. Experiments wemicated
two times, and average values used in the expetinesnlts. The
standard error value of the experiment was 0.02kctwis quite
reasonable.

Calibration was done in order to measure thrust emiing
forces accurately. To derive, Bnd F forces, microstrain values
were read from the strain gages bonded on the, fightt and rear
sides of the shank and these values were convertimce values
within the calibration measurements.

Table 3. Cutting parameters used in the experiments
Experiment  Cutting speed Uncut chip Rake angle
group Nc. V. (m/min) thickness t(um v (©)
1 0.25,0.5,0.7 50, 100, 15 0
2 0.25,0.5,0.7 50, 100, 150 -10
3 0.5 50, 100, 150 -20
4 0.25,0.5,0.75 50, 100, 150 -30
5 0.t 50, 100, 150 -40
6 0.25,0.5,0.75 50, 100, 150 -50
7 0.t 50, 100, 150 -60
8 0.5 50, 100, 150 -70

Results and Discussion

Cutting and thrust forces

As a result of the experiments, variation qfdhRd FE values
according to uncut chip thickness cutting deptltatstant cutting
speed and variable negative rake angle is illisdran Figs. 4-6.
Figure 4 shows thrust and cutting forces versu® rakgles.
values are given in Fig. 5, versus rake angle fifferént rake
angles. Thrust force variation with rake anglehisven in Fig. 6.

The results stated below are derived from the deaph

e In Fig. 4(a-c) it appears that cutting and thrastés rise by

growing negative rake angle.
» Cutting force increases as the cutting depth isa®at the
constant cutting speed. Cutting force increaseatively
faster if the rake angle is -50° or less (Fig. &a-

e Thrust forces increase with increasing uncut chipkness
at constant cutting speeds as shown in Fig. 6(a-c).

« If the negative rake angle is more negative tha?,-1 is

obvious from these graphics that the increase maftithe

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright
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thrust force is greater than the increase ratithefcutting
force (Fig. 4(a-c)).

Cutting and thrust forces decrease parallel toegsing cutting
speed. The reason for decreasing forces may baieeglwith the rise
of temperature, great amount of chip formed in unite and
shortened contact length. Along with the enlardedtjz deformation
zone, angle of the vertices on side of the intéieeof the slip-line
AK with the free surface of work material diminishand the forces
increased as the rake angle became more negatigesffiect of rake
angle on cutting forces, especially on thrust ferdeecame more
noticeable when the negative rake angle increased.

2000

——Fc =—Ft
__ 1500 »
£ /
iL
& 1000 /
(3]
(T8
500 "
:W
0 T T T
Qe -20° -40° -60° -80°
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2500
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]
o 1000
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Figure 4. Thrust (F ;) and cutting forces (F ) variation with rake angle (V . =
0.5 m/min), a) t=0.05mm, b)t=0.1mmandc)t =0.15mm.

July-September 2012, Vol. XXXIV, No. 3 /249



——y=0° —— =100
- y=-30° y=-50°
900
800
700
600 —
Z 500 —
£ 400 ,/-//_-"/
300 ——
200
100
0 T
50 100 150
Uncut Chip Thickness (um)
(@)
——y=0° —-—y=10° y=-20° y=-30°
=#=y=-40" —4—y=50" -#—y=H60" —y=7T0°
1200
1000
800 —_—
z W
S 600 — X
'S
200
0 T
50 100 150
Uncut Chip Thickness (pm)
(b}
——y=0° —_—y=10°
——y=-30° y=-50°
900
800
700
600 /_,A
g 500 ——
£ 400 —
_A_.——'—_'___'__‘
300 se————
200
100
0 T
50 100 150

Uncut Chip Thickness (um)

(©)

Figure 5. F ¢ variation with uncut chip thickness for rake angle tools,a) V. =
0.25 m/min, b) V . = 0.50 m/min and c) V ; = 0.75 m/min.
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Figure 6. F variation with uncut chip thickness for rake angle tools, a) V. =

0.25 m/min, b) V. =0.50 m/min and ¢) V ; = 0.75 m/min.

In the scope of this study, change of cutting amdist forces
according to cutting speed were investigated aedntbdeling has
been done by using instantaneous stop device favusaspeeds, at
a wide range of rake angle between 0° a®°, for CuzZn30
workpiece material.

Slip lineangles

Slip line angles based on the model may be foundthey
determination of cutting and thrust forces. BasedHill's theory
(1954), for every particular value of the tool raagle, the extension
of the stress field into the assumed rigid zonemlg possible over a
limited range of solutions to the slip line mod#l.an accepted
solution is taken into consideration, metal cuttmgy eventuate for
the specific values af; anda, cited in Fig. 1, for every single surface
between AK slip line and free surface. Thus, thedi@ns expressed
in the following equations have to be constituted.

T P 3T

—-1-2a,<s A2 <2aq,-=——+1 18

> 1= 175 (18)

Zsc:o{cr2 - ”j -1< Pu <1+ 2(0'2 —”] (19)
4 k 4

Slip line angles, 65, 83, 64, N, a4), confirming Egs. (18) and
(19) at various negative rake angle and k.t.w \glhed to be found
out for newly composed slip line model. All variablwere detected
by equating the forces measured in computer cdetrol
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instantaneous stop device with the F/k.t.w valleutated by Math
Cad by means of rake angle, slip line angles, sktain and
hydrostatic pressure variables defined by the useturacy of the
variables depends on the satisfaction of the egps({18) and (19).
Figures 7(a)-(c) and 8(a)-(b) represent the vamiatf slip line
angles of the existing model with negative rakel@nglues.
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Figure 7. Relation between slip line angles of the existing model and
negative rake angles, a) k.t.w = 12.45, b) ktw = 24.9 and c) k.t.w = 37.35.

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright

0 2012 by ABCM

——0; —m-0,
—a— B 0,

25°
§ 2,0° — - ——— —_—— -8
=2
o
< o
.g 15° g—a—H*
3 r
R —

05° : . . |

0e -20° -40° -60° -80°
Rake Angle
(a)

250° +

150°
S

100°

50°
UG T T T T T T T
0* -10* -20° -30° -40° -50° -60° -70°
Rake Angle
(b)

Figure 8. Slip line angles variation with negative rake angles, a) 01, 0,, 63,

0, and b) a;.

It can be seen that as negative rake angle in@edead metal
region slip line angled) increases and HNM region slip line angle
(n) decreases (Fig. 7(a)-(c)). Slip line anglesand6, increased for
negative rake angle values greater tha@f° as6, stayed constant.
Nonetheless, slip line angl increased for negative rake angle
greater thar-30°, as seen in Fig. 8(a). Area of the dead rehlbD
enlarged as negative rake angle became more negatie reason

for the increase in the angle between vertices auh eside of the

intersection of the slip-line and free surfaog) (may be explained

with the enlargement of plastic deformation zonerase angle

increased (Fig. 8(b)).

Conclusion

In this study, a model for metal cutting with negatrake angle
tool was developed. Dead region was consideredhi;nmodel. A
detailed experimental investigation was presentedte effects of
negative rake angle on the thrust and cutting foreariation of the
cutting and the thrust forces with cutting speedendetermined by
using instantaneous stop device for various speddswide range
of rake angle between 0° ar@0°, for CuzZn30 workpiece material.
It was concluded that cutting and thrust forceseased parallel to
the increasing negative rake angle and uncut tlidgriess, whereas
they decreased with the increasing cutting speed.

Significant results acquired in this study are gibelow:

e The slip line field model was divided into thredosegions.

Mathematical formulation of the model was done Hase
basic matrix algorithm of Dewhurst and Collins (397

» As the rake angle changed to more negative, thistiiorce

showed slow increase up to abed° and then sharp rise

July-September 2012, Vol. XXXIV, No. 3/ 251



up to -70°. Negative rake angle and cutting speedew

found to be affecting force componentgFEratio increased
as negative rake angle became more negative.

e The unknown slip-line angle pair was solved depegdin
the force data obtained experimentally and vanatib the
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