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Determination of work material flow stress and friction for
FEA of machining using orthogonal cutting tests
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Abstract

Finite element analysis based techniques are available to simulate cutting processes and offer several advantages including prediction
of tool forces, distribution of stresses and temperatures, estimation of tool wear and residual stresses on machined surfaces, optimization
of cutting tool geometry and cutting conditions. However, work material flow stress and friction characteristics at cutting regimes are not
always available. This paper utilizes a metal cutting model developed by Oxley and presents an improved methodology to characterize work
material flow stress and friction at primary and secondary deformation zones around the cutting edge by utilizing orthogonal cutting tests.
In this paper, Johnson–Cook (JC) constitutive work flow stress model is used to characterize work flow stress in deformation zones. The
friction model is based on estimation of the normal stress distribution over the rake face. The stress distribution over the tool rake face can
either directly be entered in FEA software or used in determining a coefficient of the friction at the tool-chip interface. The methodology
is practical and estimates the unknowns of both the work material constitutive model and the friction model over the rake face.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a considerable amount of research devoted
to develop analytical, mechanistic and numerical models in
order to simulate metal cutting processes. Especially, nu-
merical models are highly essential in predicting chip for-
mation, computing forces, distributions of strain, strain rate,
temperatures and stresses on the cutting edge and the chip
and the machined work surface[9]. The premise of the nu-
merical models is to be able to lead further predictions in
machinability, tool wear, tool failure, and surface integrity
on the machined surfaces. Success and reliability of numer-
ical models are heavily dependent upon work material flow
stress models in function of strain, strain rate and temper-
atures, as well as friction parameters between the tool and
work material interfaces[8].

In material removal processes using geometrically defined
cutting edges, work material goes severe deformations and
shearing at very high deformation rates and temperatures.
Work material flow stress determined through tensile and/or
compression tests may not be valid to represent deformation
behavior in the ranges of strain, strain rate and temperature
observed during especially high-speed machining, a popu-
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lar operation to increase productivity. In addition, friction
between work material and cutting tool surface plays a sig-
nificant role in predicted or simulated force, stress and tem-
perature distributions. It has been repeatedly overstressed
that a good understanding of metal cutting mechanics and
reliable work material flow stress data and friction char-
acteristics between the work material and the cutting tool
edges must be generated for high-speed cutting conditions
[9].

2. Constitutive models for work material flow stress

The flow stress or instantaneous yield strength at which
work material starts to plastically deform or flow is mostly
influenced by temperature, strain, strain rate, and other fac-
tors. Accurate and reliable flow stress models are considered
highly necessary to represent work material constitutive
behavior under high-speed cutting conditions especially for
a (new) material. Unfortunately sound theoretical models
based on atomic level material behavior are far from being
materialized as reported by Jaspers and Dautzenberg[12].
Therefore, semi-empirical constitutive models are widely
utilized. The constitutive model proposed by Johnson and
Cook [4] describes the flow stress of a material with the
product of strain, strain rate and temperature effects that
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are individually determined as given inEq. (1).

σ̄= [A+B(ε̄)n]

[
1+C ln

( ˙̄ε
˙̄ε0

)][
1−

(
T − Troom

Tmelt− Troom

)m]
(1)

In the Johnson–Cook (JC) model, the parameterA is in
fact the initial yield strength of the material at room tem-
perature and a strain rate of 1 s−1 andε̄ represents the plas-
tic equivalent strain. The strain rate˙̄ε is normalized with a
reference strain ratē̇ε0. Temperature term in JC model re-
duces the flow stress to zero at the melting temperature of
the work material, leaving the constitutive model with no
temperature effect. In general, the parametersA, B, C, n
andm of the model are fitted to the data obtained by sev-
eral material tests conducted at low strains and strain rates
and at room temperature as well as split Hopkinson pres-
sure bar (SHPB) tests at strain rates up to 1000 s−1 and at
temperatures up to 600◦C [8]. JC model provides good fit
for strain-hardening behavior of metals and it is numerically
robust and can easily be used in finite element simulation
models[12]. An alternative constitutive model for metals
is derived from dislocation-mechanics theory with a crystal
structure distinction by Zerilli and Armstrong (ZA)[5].

Many researchers used JC model as constitutive equation
for high strain rate, high temperatures deformation behav-
ior of metals. Hamann et al.[6] investigated the effect of
metallurgical treatments after deoxidation of free machining
steels on the machinability by conducting orthogonal cutting
tests, a SHPB test, and numerical simulations of the cutting
process. They used a reversed method to identify parame-
ters for JC constitutive model for two low carbon free cut-
ting steels, namely S300 and S300 Si and two low-alloyed
structural free machining steels, 42CD4 U and 42CD4 Ca.
Lee and Lin[7] fitted SHPB test results in to JC model to
study high temperature deformation behavior of Ti6Al4V, a
titanium alloy. Meyer and Kleponis[10] also studied high
strain rate behavior of Ti6Al4V and fitted their experiments
into JC model. Both research groups also discussed advan-
tages and disadvantages of using JC model as constitutive
equation for Ti6A4V. Jaspers and Dautzenberg[12] have

Table 1
Parameters of JC constitutive model for some metals

Material Reference A B n C m Test

Ti6Al4V Lee and Lin (1998) 782.7 498.4 0.28 0.028 1.0 SHPB
AISI 1045 Jaspers and Dautzenberg (2002) 553.1 600.8 0.234 0.0134 1 SHPB
AA 6082-T6 Jaspers and Dautzenberg (2002) 428.5 327.7 1.008 0.00747 1.31 SHPB
35NCD16 Taunsi et al. (2002) 848 474 0.288 0.0230 0.540 OCT
INOX316L Taunsi et al. (2002) 514 514 0.508 0.0417 0.533 OCT
42CD4 U Taunsi et al. (2002) 589 755 0.198 0.0149 0.800 OCT
S300 Taunsi et al. (2002) 245 608 0.35 0.0836 0.144 OCT
S300 Hamann et al. (1996) 240 622 0.35 0.09 0.25 SHPB
S300 Si Hamann et al. (1996) 227 722 0.40 0.123 0.20 SHPB
42CD4 U Hamann et al. (1996) 598 768 0.209 0.0137 0.807 SHPB
42CD4 Ca Hamann et al. (1996) 560 762 0.255 0.0192 0.660 SHPB
Ti6Al4V Meyer and Kleponis (2001) 862.5 331.2 0.34 0.0120 0.8 SHPB

concluded that strain rate and temperature dramatically in-
fluence the flow stress of metals, steel AISI 1045 and alu-
minum AA 6082-T6, according to measurements with SHPB
tests. Firstly, they used JC and ZA constitutive models to
find parameters in the equations, and then compared results
to the measurements. To calculate parameters, they did not
prefer to use least square estimator method because of its
difficulty. Instead the parameters are investigated by leaving
only one parameter unconstrained, whereas the others are
kept constant, and consequently all parameters are found for
both models (Table 1).

3. Prior research in determination of flow stress
models from orthogonal cutting test

Late Oxley developed an analytical model to predict cut-
ting forces and average temperatures and stresses in the pri-
mary and secondary deformation zones by using (a) flow
stress data of the work material as a function of strain and
velocity-modified temperature which couples strain rate to
temperature, (b) thermal properties of the work material, (c)
tool geometry and (d) cutting conditions. Oxley also utilized
slip-line field analysis to model chip formation in metal cut-
ting. He applied his theory to cutting of low carbon steel and
obtained flow stress and friction data by empirically fitting
the results of the orthogonal cutting tests[3].

Several researchers have used Oxley’s predictive ma-
chining approach, in order to obtain work flow stress data
[11–14]. Recently, Shatla et al.[11] modified JC flow stress
model and used Oxley’s parallel sided thin shear zone the-
ory and empirically determined parameters of the modified
JC model by applying orthogonal high-speed slot milling
experimentation technique developed by Özel and Altan
[9]. In an attempt to utilize orthogonal cutting tests in de-
termining flow stress data, Shatla et al. presented some
findings for the modified JC model for tool steels AISI
P20 and AISI H13, and aluminum, Al 2007. Tounsi et al.
[13] stated a re-evaluated methodology related to analyti-
cal modeling of orthogonal metal cutting—continuous chip
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formation—process to identify variables of JC constitutive
model. They applied least-square approximation techniques
to obtain those variables. Primary shear zone is assumed
having a constant thickness, and according to experiments
and data that found from literature, its value is approximated
by one-half of the uncut chip thickness. Along with data
published by Hamann et al.[6] for 42CD4 U, and S300,
orthogonal cutting experiments are undertaken for stain-
less steel 316L and 35NCD16 to verify the effectiveness
of proposed methodology. However, they neither presented
an adequate formulation for the friction at the chip-tool
interface in their model, nor attempted to determine friction
parameters.

The research focus of this paper is to determine the val-
ues of the workpiece material flow stress parameters rep-
resents the excessive strain rates and temperatures during
machining process. To calculate these values, results of the
orthogonal cutting experiments including measured values
for machining forces, chip thickness, and tool-chip contact
length are utilized. Specifically, based on orthogonal cutting
tests, the parameters of the JC model are calculated in the
primary deformation zone using Oxley’s slip-line field anal-
ysis in reverse[3]. The same experimental data is used in
determining the frictional parameters on the tool rake face.
An experimentally determined slip-line field proposed by
Tay et al.[2] of the secondary deformation zone is used to
determine the shearing stresskint in the sticking region and
coefficient of frictionµ in the sliding region.

Fig. 1. Deformation zones in orthogonal cutting as illustrated on FEM simulation of chip formation in AISI P20 steel and carbide tool (after Özel and
Altan [9]).

4. Analytical model for orthogonal metal cutting

The plastic deformation for the formation of a continu-
ous chip when machining a ductile material is illustrated
in Fig. 1. It is commonly recognized that the primary plas-
tic deformation takes place in a finite-sized deformation
zone. The work material begins to deform when it enters
the primary deformation zone from lower boundary CD,
and it continues to deform as the material streamlines fol-
low smooth curves until it passes the upper boundary EF.
There is also a secondary plastic deformation zone adja-
cent to the tool-chip interface that is caused by the intense
contact pressure and frictional force. After exiting from the
primary deformation zone, some material experiences fur-
ther plastic deformation in the secondary deformation zone.
Using the quick-stop method to experimentally measure the
flow field, Oxley [3] proposed a slip-line field similar to
the one shown inFig. 1. The slip-line field and the cor-
responding hodograph indicated that the strain rate in the
primary deformation zone increases with cutting speed and
has a maximum value at plane AB. Based on this experi-
mental observations, he proposed the empirical relation in
Eq. (2) for the average value of the shear strain rate along
AB. The velocity along the shear plane is also given by
Eq. (3).

γ̇AB = C0
VS

lAB
(2)
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VS = V cosα

cos(φ − α)
(3)

whereV is the cutting speed,α the rake angle,VS the shear
velocity andφ is the shear angle. Given byEq. (2), lAB is
the length of AB, andC0 is the material constant. The shear
angleφ can be estimated fromEq. (4).

φ = tan−1
(

(tu/tc) cosα

1 − (tu/tc) sinα

)
(4)

where tu is the undeformed chip thickness, andtc is the
measured chip thickness. Oxley also found thatC0 = 5.9
for the mild steel used in their experiments[3]. Although
the strain rate is slightly higher in the vicinity of the tool
cutting edge, its value remains relatively constant over the
majority of plane AB. Therefore,Eq. (2) represents a rea-
sonable approximation of strain rate for plane AB. The
shear strain occurring in the primary deformation zone, and
therefore, corresponds to the average shear strain in the
primary deformation zone.

γAB = cosα

2 sinφ cos(φ − α)
(5)

In the primary zone, the shear stress stays same on plane
AB, and the average value of shear stress at AB is given by
Eq. (6).

kAB = FS sinφ

tuw
(6)

wherew is the width of the chip, and the shear forceFS
is calculated from the measured cutting forceFC and feed
forceFT, as shown inEq. (7).

FS = FC cosφ − FT sinφ (7)

Due to the difficulties associated with routinely measur-
ing meaningful machining temperatures, developing mathe-
matical models for machining temperature has been widely
used as an attractive alternative. In Oxley’s model[3], the
average shear plane temperatureTAB is given byEq. (8)

TAB = T0 + (1 − β)FS cosα

ρStuw cos(φ − α)
(8)

whereT0 is the initial workpiece temperature,ρ the density,
S the specific heat value of the work material,β the fraction
of the energy generated in the primary zone that enters in
the workpiece and determined[3].

β = 0.5 − 0.35 log(RT tanφ) for 0.04 ≤ RT tanφ ≤ 10.0

β = 0.3 − 0.15 log(RT tanφ) forRT tanφ > 10.0

(9)

with RT a non-dimensional thermal number given whereK
is the thermal conductivity of the work material by

RT = ρSVtu
K

(10)

The average temperature of the primary deformation zone
can be estimated usingEq. (8). The average shear strain rate,

shear strain, and shear stress in the primary deformation
zone are given byEqs. (2), (5) and (6), respectively. Using
the Von Mises criterion, they can be related to the equivalent
stress, strain, and strain rate usingEq. (11).

σ̄AB =
√

3kAB, ε̄AB = γAB√
3
, ˙̄εAB = γ̇AB√

3
(11)

In order to determine the parameters of the JC constitutive
model, a set of orthogonal cutting experiments is performed
to measure the forcesFC andFT in various cutting conditions
and later values of̄εAB, ˙̄εAB, σ̄AB, andTAB are computed.

Using inverse solution of Oxley’s model to find the de-
sired parametersA, B, C, m, n is in fact quite challenging
due to the non-linearity in the JC constitutive model. Other
researchers proposed various techniques to address this
problem. Shatla et al.[11] reported that their algorithm
is vulnerable finding local convergence as the unrealistic
combinations of JC parameters as the solution.

In this work, the parameters of JC model are determined
by using non-linear regression algorithm based on the
Gauss–Newton algorithm with Levenberg–Marquardt mod-
ifications for global convergence. The only unknown value
at this point isC0, which is given byEq. (12).

C0 = (pA − pB)(Aε
−n
AB + B)

2BnkAB
(12)

pA and pB are the hydrostatic stresses at points A and B,
respectively, which can be determined from measured ma-
chining forces and stress state at point A as shown by Oxley
[3]. C0 is solved in an iterative procedure and parameters of
the JC constitutive model are computed. Therefore, the flow
stress parameters can be directly used in the finite element
simulations of metal cutting.

5. Analytical model for friction at the tool-chip interface

The normal stress is greatest at the tool tip and gradually
decreases to zero at the point where the chip separates from
the rake face[3]. The frictional shearing stress distribution is
more complicated. Over the portion of the tool-chip contact
area near the cutting edge, sticking friction occurs, and the
frictional shearing stress is equal tokint [1]. Over the remain-
der of the tool-chip contact area, sliding friction occurs, and
the frictional shearing stress can be calculated using the co-
efficient of frictionµ. This section describes a methodology
to determine the shearing stress in the sticking region and
the coefficient of friction in the sliding region, based on the
measured machining forces,FC andFT, and the measured
tool-chip interface contact lengthlC. The normal stress dis-
tribution on the tool rake face can be described byEq. (13).

σN(x) = σNmax

⌊
1 −

(
x

lC

)a⌋
(13)

wherex is the distance from the cutting edge, anda is an
empirical coefficient that must be calculated. Integrating the
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normal stress along the entire tool-chip contact length yields
the relation inEq. (14).

FN =
∫ lC

0
wσN(x)dx=

∫ lC

0
wσNmax

[
1−

(
x

lC

)a]
dx (14)

FN is the normal force on the tool rake rake face determined
from Eq. (15)

FN = FC cosα− FT sinα (15)

Oxley[3] showed thatσNmaxcan be estimated by analyzing
the hydrostatic stress along AB, yieldingEq. (16).

σNmax = kAB

(
1 + π

2
− 2α− 2

BnC0

Aε−nAB + B

)
(16)

CombiningEqs. (14)–(16), it can be shown that the ex-
ponential coefficienta is given byEq. (17).

a = FN

wlCkAB(1 + (π/2)− 2α− 2(BnC0/Aε
−n
AB + B))− FN

(17)

Normal stress distribution over the rake face is fully de-
fined and the coefficient of friction can be obtained, once the
values of the parametersσNmax anda are found. The shear
stress distribution on the tool rake face illustrated inFig. 1
can be represented in two distinct regions (a) in the sticking
region withτf (x) = kint and whenµσN(x) ≥ kint, (b) in the
sliding region withτf (x) = µσN(x), 0 < x ≤ lP and when
µσN(x) < kint, lP < x ≤ lC. Herekint is the shear flow stress
of the material in the secondary zone and it is related to the
frictional force between the chip and the tool,FF as given
in Eq. (18).

FF =
∫ lP

0
wkint dx+

∫ lC

lP

wµσN(x)dx (18)

The relation between the average coefficient of friction in
the sliding regionµ andkintis:

µ = kint

σN(lP)
(19)

CombiningEqs. (18) and (19)leads to the expression for
kint in Eq. (20)

kint = FF(
wlP + w

σN(lP)

∫ lC
lP
σN(x)dx

) (20)

The frictional force componentFF is given byEq. (21).

FF = FC sinα+ FT cosα (21)

As shown inFig. 1, shape of the secondary plastic zone
in the sticking region can be assumed triangular according
to Tay et al.[2]. On the rake face point N is located at the
interface between the sticking and sliding regions. Line MN
is a II slip-line that is assumed to be straight. Similar to the
approach proposed by Oxley[3] can be taken to analyze

hydrostatic stresses along MN, and to compute the length of
sticking region,lP along with usingEq. (22).

lP = δtC

sin(φ − α)
(22)

whereδtC is the maximum thickness of the secondary zone
as shown inFig. 1. δ is another parameters yet to be de-
termined iteratively. According to Oxley[3], in the sec-
ondary zone, the average shear strain rate and shear strain
are considered constant and can be estimated fromEqs. (23)
and (24).

γ̇int = VC

δtC
(23)

γint = lC

δt2
(24)

The average tool-chip interface temperature is the average
temperature at the primary zone and the maximum temper-
ature rise in the chip as given inEq. (25).

Tint = TAB +$TM (25)

$TM can be calculated once the thickness of the tool-chip
interfaceδtC, and the tool-chip contact lengthlC are found.

log
$TM

$TC
= 0.06− 0.195δ

(
RTtc

lC

)1/2

+ 0.5 log

(
RTtc

lC

)
(26)

The shear flow stress, shear strain rate, shear strain, and
temperature for the secondary zone are given byEqs. (20)
and (23)–(25), respectively. The only unknown in the solu-
tion process is the value ofδ based on the minimum work
criterion proposed by Oxley[3]. As derived inAppendix A,
the difference between hydrostatic stresses at points M and
N (pM andpN, respectively) is given inEq. (27).

pM −pN = kint

[
2(φ−α)+

(
(Bnεnint)/γint

A+Bεnint

)
lp sinφ

δsin(φ−α)

]
(27)

As shown inFig. 1, point M is on line AB, andp changes
proportionally along AB aspB < pA remains and the hy-
drostatic stress at point M can be given byEq. (28).

pM = pB + δtC

lAB
(pA − pB) (28)

The hydrostatic stress at point N is equal to the normal
stress atlP.

pN = σN(lP) (29)

The only unknown inEqs. (27)–(29), δ can be solved in
an iterative procedure and the coefficient of friction in the
sliding region,µ, can be determined as part of the entire
determination of the flow stress and frictional parameters
using orthogonal cutting test.
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6. Conclusions and future work

The goal of this work is to present a methodology in
order to determine work material flow stress and friction
properties for use in finite element simulations of metal cut-
ting processes. For this purpose, a work material constitu-
tive model developed by Johnson and Cook is used as the
work flow stress model. The friction models consist of three
parameters (a) normal and frictional stress distributions, (b)
length of the plastic region in the secondary zone, (c) co-
efficient of friction in the sliding region. The parameters of
the JC constitutive model and frictional parameters can be
computed in an iteration scheme by utilizing an inverse so-
lution of Oxley’s machining theory and forces measured in
orthogonal cutting tests for various cutting conditions. This
methodology will be applied to characterize flow stress for
AISI P20 mold steel and AISI H13 tool steel and the friction
parameters at the tool-chip interface by using the orthogonal
cutting tests. Then, the flow stress model will be compared
with the other models determined for the same materials.

Appendix A

The slip-line field analysis reveals the equilibrium equa-
tions asEq. (A.1) on the AB with a I slip-line and as
Eq. (A.2)on the MN with a II slip-line.

∂p

∂s2
+ 2k

∂ψ

∂s1
− ∂k

∂s2
= 0 (A.1)

∂p

∂s2
− 2k

∂ψ

∂s2
− ∂k

∂s1
= 0 (A.2)

In the above equations,p andk are the hydrostatic stress
and shear flow stress of the work material,Ψ the angular
rotation, ands1 ands2 are distances measured along I and
II lines, respectively. Both lines AB and MN are assumed
straight along slip-lines I and II, respectively. On line AB
the equilibrium equation becomes

pA − pB

lAB
= dk

ds2
(A.3)

Right side of the above equation can be written as

dk

ds2
= dk

dγ

dγ

dt

dt

ds2
(A.4)

Recall that shear flow stress is a function of strain,
strain-rate and temperature constituted by Johnson–Cook
model

dk

dγ
= kAB

(Bn/γAB)(γAB/
√

3)n

A+ B(γAB/
√

3)n
(A.5)

dγ

dt
= C0V cosα

lAB cos(φ − α)
(A.6)

dt

ds2
= 1

V sinφ
(A.7)

Substituting Eqs. (A.4)–(A.7) into Eq. (A.3) yields
Eq. (A.8)

pA − pB = 2kABBnC0

AεAB
−n + B

(A.8)

Similarly, the equilibrium equation along line MN that is
given with Eq. (A.2) becomesEq. (A.9) when it is assume
to be straight, the strain-rate and temperature are considered
unchanged in the secondary zone.

pM − pN

lMN
− 2

kint(φ − α)

lMN
= dk

ds1
(A.9)

dk

ds1
= dk

dγ

dγ

dt

dt

ds1
(A.10)

dk

dγ
= kint

(Bn/γint)(γint/
√

3)n

A+ B(γint/
√

3)n
(A.11)

dγ

dt
= V sinφ

δtC cos(φ − α)
(A.12)

dt

ds1
= 1

V sin(φ − α)
(A.13)

Substituting Eqs. (A.10)–(A.13)into Eq. (A.9) yields
Eq. (A.14)

pM − pN + 2kint(φ − α) = kint

(
Bn/γint

Aε−nint + B

)
sinφ

sin2(φ − α)
.

(A.14)
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