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Abstract

The main objective of this study is to investigate the effect of rake angle on
normal pressure distribution at tool-chip interface region, in order to gain
better understanding of the rake angle effects in orthogonal cutting with
continuous chip formation. The effect of normal pressure at tool-chip
interface for (AISI 1045 St) has been studied for cutting tools having various
rake angles, which are modeled and simulated. Special FEM codes are
applied, the first code is:( MSC FEA/PATRAN/2004), used for preprocessing
& postprocessing, while the second one is (MSC FEA/DYTRAN /2004), used
for the analysis stage. Finite Element model sets for steady state orthogonal
cutting are presented. The model simulates chip formation process in detail.
The modeling and simulation process is based on certain criteria called
“Johnson-Cook™ constitutive model for predicting dynamic material behavior,
so0 the flow stress of the chip is taken as a function of strain hardening, strain
rate and temperature. It is concluded from the simulated results, that the
normal pressure is minimum when the rake angle is (5%), while the normal
pressure is maximum when the rake angle is (-15°), Pressure distribution and
behavior at this region are studied in detail. The results are compared with
many relevant papers published in the literature and showed a good
agreement with the modeled results.

Keywords: FEM, Tool-Chip interface, Normal Pressure, Machining.
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Nomenclature

A The Static yield stress.

A’ The apparent area of contact.

A, The real area of contact

Hardening parameter,

Strain rate parameter.

Temperature exponent.

Strain Hardening exponent.

A rate dependent Coulomb friction.

Static coeff. of friction.

Kinetic coeff. of friction.

Exponent decay coeff..

v Relative sliding velocity of the slave
and master surfaces.

¢ The flow stress,

# " The non dimensional effective strain
rate.

£ The effective plastic strain.

£ The effective strain rate.
E'-.‘D The reference sirain rate.
T#* The non dimensioned temp.
T The working temp

T. The room temperature,

BFEFFEFFIOW

1. Introduction

In order to get further increase in the
productivity and reduce costs, it is
necessary to improve understanding
of the machining process, since the
machining system involves comple-
xity of the physical phenomens,
which occur over a wide range of
temperatures, strains and strain rates.
Modeling and simulation can increase
the understanding of machining
process. The simulation can reduce
developing time and optimize costs,
without the need for further
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machining tests. When metal is cut,
the cutting force acts mainly through a
small area of the rake face, which is in
the contact with the chip and thus is
known as the tool-chip interface.
Therefore it is of interest in the
cutting force determination and
considerations of tool wear to
determine the contact conditions at
the tool-chip interface. To compre-
hend the contact process at this
region, the following should be
analyzed: the contact pressure (normal
and shear) distribution, the tempera-
ture distribution, and the parameters
of relative motion, Many studies have
been carried out to reveal the normal
and shear stresses at the tool-chip
interface. A wide variety of
experimental techniques including
photoelastic toals, split-tool dynamo-
meters, transparent tool for the direct
observation of the tool-chip interface,
metallurgical examination of ‘quick-
stop” chip section, experimental slip-
line field method and others have
been adopted [1-4].

Okushima et al [1971](5] used the
photoelastic method and found that
the whole contact length of tool-chip
interface is divided into two
distinctive parts of approximately
equal length: the plastic part which
extends from the cutting edge to the
middle of the contact length and the
elastic part from the middle of the
contact to the point of chip separation.
Their results indicated that the normal
pressure being zero at the point of
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chip separation, then increases
exponeniiaily towards the cutting
edge. The Finite Element Method
(FEM) started to be applied in the
simulation of metal cutting in the
[970°s to improve the error generated
by the slip-line solution, since the
material was assumed to be rigid-
perfectly  plastic and the seolution
could not really account for the
variation of yield stress with strain,
strain rate and temperature. Some of
these models gave information about
stresses and strain fields, shear zones,
temperature and stress distribution at
tool-chip interface. Some models
studied the effect of friction and
forces at this region [6- 9.

Childs, T. et al [1989][10] shows the
variation of normal pressure at the
tool face nodes along the tcol-chip
intertace at the end of chip formation
analysis using FEM. At the tool tip
area, the normal pressure has the
maximum value, then the distribution
exhibits a plateau of high stress near
the tool beyond the feed distance, the
normal pressure drops sharply, when
turning mild steel, al the distance of
about (0.35 mm), the chip loses
contact with the tool face, therefore
the normal pressure drops to zero.
Kerlhori ¥L,12001](17] studied in brief
the effect of the contact pressure at
the tool-chip interface, using FEM
and noticed that, the pressure will
become several times the vield stress
of the workpiece material, and this
means that the real contact area
between the tool and chip is so nearly
complete over a large part of the total
area of the interface, that sliding, as
he stated at the interface
impossible, therefore the frictional
force becomes that required to shear
the weaker of the two material across
the whole interface, This force is
almost independent ol normal foree,

15
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but is directly preportional to apparent
area of contact (A,); a relationship is
opposed to that of classical friction
concepts.

Al-Hashimi [2002][12] studied chip
formation using FEM codes with
certain constant force for chip
separation criteria, he studied the
effect of rake angle on many field
parameters, such as, effective plastic
strain, cutting forces, tool-chip contact
length, chip contraction coefficient
and shear angle. His results show that
the contact length increases as the
rake angle is decreased. The
maximum relative difference between
simulated and measured values of
contact length was less than (10%).
V. P. Astakhov et al, [2004] [13] stated
that, the uniforin  distribution of
normal and shear stresses is the case
in metal cutting. The tool-chip
interface was modeled as a contact
problem of indentation of the
deformable work material by a rigid
punch. They had proven that the
distribution of normal and shear
stresses is not uniform.

Lijing Xie, [2004][14], showed that
the normal pressure at the position of
tool face node can be obtained
directly using FEM, he showed a new
chip formation modeling method to
simulate the entire process from the
initial chip formation, chip growth to
steady stale using the code ABAQUS/
Explicit. His work was condensed on
the tool wear estimation at turning and
milling processes. A critical analysis
of the above mentioned papers and
other studies related to pressure
distribution beyond those analyzed
ahove shows that it is quite possible
that actual pressures and pressure
distribution may have not yet come to
light due to significant scatter in the
results obtained. Although there have
been  numerous studies on  the
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orthogonal curting model, most are
timited 1o certain topics, such as the
distribution of residual stress and
temperature  on  the machined
workpiece and cutting tool. Little
research effort has been made 1o
exploring the effect of the rake angle
of the tool on the cutting process: in
this paper the FEM is used to simulate
the effect of rake angle on the
machining process from the incipient
cut of the ol into the workpiece until
the formation of steady state cutting.

2. Finite Element Method Technigue
Two special FEM codes (MSC
FEA/Patran/V2004&MSCFEA/Dytra
n/V 2004) are used to model the metal
cutting process.  The codes are
applied with certain modifications to
suit with metal cutting principles. The
first code is used for preprocessing &
postprocessing, while the second one
is used for the analysis stage. This
selection is based on the following
reasons: the explicit dynamic method
was originally developed to analyze
high-speed dynamic events that are
extremely costly to analyze using
implicit ~ programs.  such  as
ABAQUS/standard. The explicit
dynamic method also has advantages
over the implicit method in modeling
complex contact problems and
material with degradation and failure,
which is essential to model a metal
cutting process. The orthogonal metal
cutling process was modeled in three
parts:

2.1 Orthogonal Cutting Model
Solid modeling is done for the
proposed model sets to be as in
orthogonal cutting, including in
general the mesh selection to a
number of clements and nodes. The
boundary conditions are applied to
imitate real metal cutting process.
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Two tvpes of Lagrangian elements are
apnlied as follows:

l. 8-nodes (CHEXA) for solid
clements to simulate the deformed
material (workpiece) having  six
degrees of freedom per node
translational and rotational in x, y and
z directions. This element comes with
hourglass control that is important in
dealing with large deformation during
metal cutting.

2. 4- nodes (CQUADA4), for shell
elements with three degree of freedom
per node: translation in the nodal x, y
and z directions, to simulate the shell
between the chip and workpiece,
which is used for tying concept
between chip and the workpiece under
predetermined constant force criteria.
The cutting conditions were chosen as
follows: [Depth of cut = 0.5 mm,
width of cut = 0.5 mm, cutting speed
=200 m/min.]

The bottom element of the workpiece
15 restrained from moving in all
directions. The cutting tool is modeled
as perfectly rigid body, because most
tool materials have significantly high
elastic modulus, compared with large
plastic deformation of workpiece, the
elastic deflection of the cutting tool
can be ignored. The boundary
conditions are such that the tool can
move freely in x-direction which in
other degree of freedom is restricted
.The metal machined in simulation is
(AIST 1045 St.), whose physical and
other thermal properties and constants
needed for the specified FEM
program are available in the
mentioned codes. The cutting tools
are assumed to be rigid with various
rake angles :(-15°-10°, -5° 0°, 5°, 10°,
15°). a constant clearance angle is
chosen to be (7°), and the nose radius
of the cutting edge is equal to (0.045)
mm. Other assumptions for the model
include that the chip formation is
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contmuous, the workpiece is stress
free prior to the cutting operation, and
that cutting tool wear and residual
stress from phase transformation are
ignored.

2.2 Friction at the Tool-Chip
Interface

However in metal cutting process, it is
generally observed that the mean
coefficient of friction on the 1ol face
varies considerably with the change in
cutling speed, rake angle and so on.
This  results from the extreme
conditions of metal cutting area where
the normal pressure at the tool-chip
interface is very high. According 10
reference [17] the ratio of the real area
of contact (A,) 10 the apparent area of
contact (A") approaches or reaches (1)
under cutting conditions, which is
different  from the application
conditions of Coloumb's assumption.
The contact surfaces in our models
were assumed to be sliding and
sticking. A friction force is also
applied 1o each of the surfaces,
parallel to the surface. The magnitude
of the force during sliding is equal 1o
the magnitude of the normal force
multipiied by the coefficiem of
friction. A new model of friction is
applied called a rate dependent
Coulomb friction (p) is expressed by
the following relation:

Rl e T T

where:(,, is the static coefficiem of
friction;
() s
friction.
(P') is the exponent decay coefficient,

{v) is the relative sliding velocity of
the slave and master surfaces. Due to
severai numerical tests, The optimum
coeflicients of friction in sticking and
sliding regions are found to be (0.4 &
0.3) respectively and are estimaled
using Zorev's stress distribution model

the kinetic coefficient of
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[i], which is till now, the most
extensive experimental model for
friction estimation in metal cutting
field.

2.3 Material Model

The workpiece material is assumed to
be (AISI 1045 St). Due to the large
plastic deformation to which the
workpiece material is subjected in
metal culting process, workpiece
material strain hardens. The isotropic
hardening model 1s employed to
model this behavior by defining flow
stress (o) as a function of plastic
strain, strain rate and temperature.
The following Jolmson-Caok
censtitutive model was able to include
the effective plastic strain, strain rate
and the strain hardening effects under
high machining temperature:

g(A4=BE "1~ Ch & "{1-T*7)
where: £ is the non dimensional

effective strain rate = £ / 4‘5'-'.,,
T* is the non dimensioned
temperature = (T-T,) AT =T
£ is the effective plastic strain, &
is the effective strain rate, £, 15 the
reference strain rate, T 18 the
working temperature, T, is the room
temperature, Tue 15 the  melting
temperature. 4, B, C, n, and m are
material parameters. These terms are
determined from experimental results
data over a wide range of strain rate
data was taken from tests and
Hopkinson bar tests documented in
the literature, These parameters can be
obtained for various materials found
in the Johnson-Cook paper and from
experimental data [15, 16]. The heat
generation in this study assumes
adiabatic condition, as about 90% of
the plastic work is converted to heat
and about 60-70% of the heat
generated goes into chip [18].
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3. Results and Discussion

In Our models, the modeling and
simulation process is classified into
two stages. the first is non steady state
that includes {initial contact, intimate
contact and start of separation], while
the second stage which represents the
actual chip formation process is called
steady state stage. Fig.(1) shows an
example of the entire pressure
distribution for the whole simulation
lim¢ representing the two mentioned
stages of chip tormation process. The
pressure  fluctuation is  shown
dynamically then approaches a
constant value as the tool advances
through the workpiece to reach the
steady conditions. The anaiytical
resufts of the present modeling
process show that the distribution of
the normal pressure follow that
obtained experimentally by Zorev{1].

Fig.{2XA&B) shows the simulated
chip contour and mesh deformation
under different wvalues of the
following rake angles (-15°, -10°, -5°,
0=, 5°,10°% and 15%). We can see that
as the rake angle is increased the
normal pressure is decreased. As the
tool rake angle increases from (-13° to
+15%), the difference between chip
thicknesses and undeformed chip
thickness decreases, i.¢. the larger the
rake angle, the smaller the difference
hetween the machined chip thickness
and the original undeformed chip
thickness. The pressure distribution in
Fig(2)A&B) is shown by removing
the tool from the model, as the rake
angle is increased in the range of (-15"
to 0°), a sharp pressure drop occurs
from (1716 - 998) MPa, the reason is
due to sticking or seizure at this
region near the tool tip ranging at a
distance from the tool tip to the in the
mid distance of contact, which
ensures that, the pressure at this
region is reduced linearly due to force
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decomposition and change in contact
area, 50 we can say that Larger
contact area can be seen using the
cutting tool with smailer rake angles,
reaching to quasi constant values in
the range of (5° to 15%), so that the
value of normal pressure is within the
range of (562-773) MPa, which means
also thar, less sticking conditions may
appear at this region. Further, it can
be seen from Fig.(2)(A&B), that the
chip tp surface also becomes
smoother as the rake angle increases
and the chip flows away from the
cutting edge on both sides, the mesh
deformation at the starting end of the
machined workpiece shifts toward the
left instead of the right, as for the
above phenomena is that given a
small rake angle, the cutting action
after transform into pushing and
squeezing force. In this case, a larger
cutting force is required. This is also
why there is a less smooth surface on
the chip tip. In general, we can say
that the cutting process can be
affected by controlling the contact
length of tool-chip interface when the
contact is controlled to a certain
length, so that the real contact is
shorter than the natural contact, the
cutting force is reduced. Consequently
the specific horsepower of the
workpiece as well as the tool
temperature is reduced.

Fig.(3) shows comparison between
the tool rake angle and maximum
pressure at tool-chip interface for
steady stage of chip formation
process, the values of pressure drops
to ( 1/3 ) in the range of rake angles
(-15° to 5%, compared with that of
range of rake angle (5° to 159,
leading to less tool wear and better
tool life.

From this curve we can conclude that,
the optimum rake angle that gives
minimum normal pressure at tool-chip
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interface is (5 °). this may be caused
by uniform pressure  distribution
caused by uniform contact criteria and
thermal effects at this region, which
means that low tool wear and high
ol life for this rake angie. The
mentioned  description  of  pressure
distribution is  similar 10 the
experimental tests being published in
references (19, 20). Fig(4) (a & b)
shows in detail the experimental
pressure distribution along the area of
conmact as if the cutting was in
progress, many observations can be
seen, the comact area between the
rake face and the chip is divided into
three zones, next to the cutting edge,
the chip was found to slide over the
rake face with no metal wansler 1o the
ool although there was intimate
contact between the rake face and the
freshly  generated chips.  The
following zone can be seen clearly
extending umtil the end of contact,
there was a large deciease in pressure
values. which is confinned also by
Fig.(5)[19].Fig.(5) shows photographs
taken by camera with four frames
using transparent cutting tools enabled
the tool-chip contact area on the rake
surface to be observed in situ duering
cutting using a high powered
microscope.  Multipie  experiments
studies conducted by references [22,
and 24] and many others
conclusively proved that the tol-chip
interface consists of the pans, namely
the plastic part of the tool-chip
interface can be clearly observed on
the tool rake Fface, Therefore the
uniform pressure distribution can be
casily and clearly obscrved from Fig.
6)[22].

Fig(7) shows in detail distribution
behavior of normal pressure along the
tool rake face for different values of
rake angles. It can be seen that the
normal pressure for negative rake

-
P
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angles is much greater than that for
positive rake angles due the reasons
being menticned, this behavior for
various rake angies can be explained
as follows:

For rake angles in the range of ( -15°,
—10° - 57, the distribution follows
nearly exponential curve with the
maximum at the cutting edge and zero
at the point of separation, this
distribution is simtlar to that being
mentioned in references[25,26,27],
Fig.(8)-curve3, shows the behavior
details, experimental techniques are
used in analyzing the normal pressure
at  tool-chip imterface, using
photoelastic method and  split tool
dynamometer with conditions similar
to that used in the present paper.

Qur modeled results agree well with
Reference [14]. who used FEM in his
work, the machining conditions were
as follows: orthogonal cutting, tuming
operation, dry cutting, Rake angle = -
77 Work material: (AISI 1045 St.),
Cutting parameters: V. =300m/min,
a=2mm, s=0.145 mm/rev. Fig.(8)
shows the graph of the modeled
results obtained from reference{4].
For rake angles in the range of (0°,5°,
107,157 ) the curve trend is shown 1o
be more steady in the region between
the toe)l edge to one third of the
contact region measured from the tool
tip, then the pressure is dropped to
zero at the end of contact region, This
also agree well with references [25,
26, 28, 29), Fig.(8)-curvel, shows the
detail description.

4. Conclusions

The main conclusions which may be
drawn from the present simulation
waork are as follows

The optimum rake angle that gives
minimum pressure under steady state
stage is (5”), while the maximum
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pressure is recorded when the rake
angle is (-15°C).

I

bt

Tl

th

b

The results of FEM modeling in
which the actual experimental
results obtained in orthogonal
cutting tests were utilized fully
support  the  results  of  the
analytical modeling,

Pressure  distribution  of  the
normal pressure for negative rake
angies (-15 ° -10° -3% follows
nearly exponential curve with the
maximum at the cutting edge and
zero at the point of separation

For positive rake angles and zero
(0% 5° 10° 159, the normal
pressure  distribution is  more
steady in the tool edge to one
third of the contact region
measured from the tool tip.
Predictions show that the present
FEM code used for orthogonal
cutting is an  accurate viable
analysis, as long as flow stress
behavior of the work material is
obtained realisticaily and friction
at the chip-tool interface is
modeled correctly.
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Table (1) Johnson-Cook parameters for (AISI 1045 St.)

" Staric yield stress (A ) 553.1 MPa |
— |
Hardening parameter (B) 600.8 MPa
Strain rate parameter { ¢) | 0.0134 sec”
i Reference slrainra‘lc[é} | LOsec”
' Strain Hardening exponent (n) 0.234
Temperature exponent{ m) 1.0
Melting temperature (T au _I 1500 °C
| Room temperature ( T, 5°C
— —
Steady state
l .
|
|]
< A | | 1
E"EI" |If|lllll|. ||| | | | |
W Wil ! | | |
Lo |y N ||- ]
A U LVal | 11
50 LHH'_‘__-', \-\ r f"""'hﬂ‘“--ﬂ\.ﬁ || L
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Tine { sec)

Fig(1): Predicted pressure at tool-chip interface for tota! cutting
time at different stages of chip formaticn process, ( tool rake angle =15°).
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Figd T-A ) FEA Pressure distribetiont in MP2) al tool-chip interface for different
rake o ales at ?lcﬂrjy state stage of chip formation process ( A =-15" . B=-10",
et ol | Y
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Fig{3). Relation between too! rake angle and maximum pressure at
tool-chip interfuce for steady stages of chip formaiion process.
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Fig( 4% Schematic diagram of the rake face showing cxient of three
distinet zones constituting the chip-toot contact arsa.

a- Clasaification adopted by reference [20)

b- Classificanon suggested by reference| 19]

¢~ Current paper
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Fig.t 11 . hotographic seguence of the pypical evoiution of the chip-tool coitact
ohses o | through a glass tool, showing the sliding and sticking zones [19).
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Figire 17, SEM imags of the toul Fahie Taoe, h,

Fig.o): SEM image o the ool rake tace ! 221
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Fiv (7 ): Predicted normal pressure along the tool-chip interface for different

values of rake angles.
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Fig.( ¥1: Typical experimental pressure distribution at tool-chip interface[4].
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Fig(9): Normal pressure of the tool face nodes at tool-chip interface at
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steady state |14].





