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A B S T R A C T

A wide range of parameters is available in the literature for the Johnson-Cook constitutive model, the most used
flow stress in metal cutting modelling. This strength of the Johnson-Cook model is also a weakness as it is
therefore difficult to choose the set that will provide the most accurate results. Indeed, for a given material,
several parameters are available due to different identification conditions (strain, strain rates and temperature
range). This paper gathers the sets of Johnson-Cook parameters from the literature for Ti6Al4V before comparing
them based on their stress-strain curves. The twenty identified sets are then introduced in a Coupled Eulerian-
Lagrangian (CEL) finite element orthogonal cutting model and their results are compared at fixed cutting
conditions. This comparison is then extended for the three most characteristic sets to two other uncut chip
thicknesses. All the numerical results are compared to an experimental reference in the same cutting conditions.
Links between the parameters of the Johnson-Cook flow stress and outputs of the model are then highlighted;
they are still valid when the uncut chip value is modified. A set is finally recommended to obtain an accurate
estimation of the cutting force and average feed force and chip thickness values.

1. Introduction

Machining by removal of chips with a cutting tool is a process
involving large strains and strain rates, as well as high temperatures, in
the machined material. The numerical modelling is widely adopted to
help understanding the numerous phenomena it involves. This complex
manufacturing process is up to now mostly studied in the simplified
orthogonal cutting configuration. The finite element method is fre-
quently used to model the process with Lagrangian, Eulerian and
Arbitrary Lagrangian Eulerian formulations. The newly introduced
Coupled Eulerian-Lagrangian (CEL) formulation overcome many of
their limitations and constitutes a promising alternative [1].

An accurate material constitutive model is a key issue to develop a
realistic finite element model of a machining operation. It is therefore
primordial to use a flow stress model able to take into account the
specifities of the process. In metal cutting, it should ideally depends on
the strain, the strain rate, the temperature, the hardening, the viscosity
and the loading history of the material. So far, there is no constitutive
model taking all these phenomena into account and simplifying
hypothesis are introduced. Jeunechamp [2] and Hor [3] present an
overview of the most used constitutive models (beyond the modelling of

machining by removal of chips) taking into account the strain rate.
The dynamic range, when the material properties are studied, is

defined for strain rates larger than 1 s−1 [2]. Typical strain rates in
machining are usually from 104 s−1 to 107 s−1 according to [4]. This
leads metal cutting to be the forming process for which the strain rates
are the largest [5]. Typical values for strains are up to 6 [4]. These
values are so high that, so far, no experimental mean of test has been
developed to reach these extreme conditions of strains and strain rates,
what is more at sufficiently high temperatures. Empirical constitutive
models are widely adopted although they only represent accurately the
material for lower strains, strain rates and temperatures than what is
observed during machining. The values used during the computation of
the model are therefore extrapolated ones.

2. The Johnson-Cook constitutive model and its parameters

The Johnson-Cook flow stress [6] is the most used one in the finite
element modelling of metal cutting. This empirical model dissociates
plastic, viscous and thermal aspects without taking the strain softening
into account as proposed by more recent models [7]. This phenomenon
is however only significant when segmented (or serrated, saw-toothed)
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chips are formed. The Johnson-Cook model is therefore well suited for
continuous chip modelling and remains often adopted in the current
literature [1,8–10]. The Johnson-Cook flow stress is given by
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It involves five materials constants: the yield strength, A, the hardening
modulus, B, the strain-hardening exponent, n, the strain rate sensitivity,
C, and the thermal sensitivity, m. Constants B and n describe the strain
hardening. Tmelt and Troom are respectively the melting temperature
and the room temperature, while ε0̇ is the reference strain rate. The
term depending on the temperature is 0 when T=Tmelt, meaning that it
makes no sense to use the Johnson-Cook constitutive model for
temperatures above Tmelt. The term related to the viscosity is equal
to 1 when the strain rate ε ̇ is equal to the reference value ε0̇ and the flow
stress is independent of the strain rate at that particular strain rate.

The parameters of the Johnson-Cook constitutive model are gen-
erally determined by Split Hopkinson Pressure Bar (SPHB) [11]. That
experimental configuration allows to reach strains up to 0.5 and strain
rates lower than 104 s−1 [12]. These values are lower than what is
observed during machining. The flow stress for higher values is then
extrapolated, which can lead to questionable evolutions. In the range of
experimental values, the Johnson-Cook flow does however accurately
represent the material behaviour [12]. According to Sima and Özel
[13], the Johnson-Cook constitutive model does not represent accu-
rately the behaviour of the material at high strain and the effects of
strain, strain rate and temperature should be taken into account.
Calamaz et al. [12] consider that the Johnson-Cook flow stress should
not be adopted for strains larger than 0.3 and strain rates larger than
1000 s−1.

With the friction at the tool – chip interface, the material constitu-
tive model are the two major factors that influence the modelling of
machining [14,15]. Filice et al. [16] investigated the influence of the
material flow stress and friction law. Four constitutive models were
considered, one of them being Johnson-Cook's, and three friction
models, one of them is Coulomb's. They concluded that significant
differences are observed depending on the material constitutive model
and that there is not a single model that predicts accurately all the
studied values (for example, the cutting force can be correctly modelled
but then the feed force will not, and vice versa).

Umbrello et al. [17] performed a sensitivity study of the influence of
the value of the Johnson-Cook parameters on the chip morphology, the
forces, the temperatures and the residual stresses for AISI 316 L steel
that they obtained from the finite element model they developed. Five
sets of parameters were considered. One of the set gave better results
than the others. However, they concluded that the measured outputs,
and particularly the residual stresses, are very dependent on the value
of the Johnson-Cook parameters. According to Umbrello et al. [17,18],
the Johnson-Cook flow stress is not suited for large strains due to its
identification with SPHB that cannot reach strains as large as in
machining.

The same kind of study was performed by Umbrello [18] but for
Ti6Al4V in conventional and high speed machining. The comparison
involved three sets of parameters and concerned the chip morphology
and the cutting force. According to the author, the quality of the results
is closely linked to the identification conditions of the Johnson-Cook
parameters, which should be as close as possible to that of machining.
The recommended procedure consists in an identification based on the
results of machining experiments or the combination of machining and
SHPB experiments. The machining experiments give cutting forces that
are introduced in an analytical orthogonal cutting model to determine
the parameters of the Johnson-Cook flow stress for the material in the
primary shear zone [19]. Such a procedure avoids the extrapolations
caused by the limitation in strains, strain rates and temperatures of
SPHB, increasing the accuracy of the numerical results.

In addition to the wide implementation of the Johnson-Cook model
in commercial and industry-oriented finite element softwares, a notice-
able advantage of this constitutive model is the large availability of its
parameters for many materials in the literature. This strength is a
weakness as well. Indeed, several sets of parameters are found in the
literature for the same material and they can be very different. This
variability is mainly due to the different experimental conditions, the
chemical composition of the material and the thermal treatments. Khan
et al. [20] pointed out the importance of the identification method
followed to determine the parameters. They highlighted differences as
large as 600% for some values used in the identification process
although the chemical composition of the materials was the same.

The literature review showed no comparison between the sets of
Johnson-Cook parameters prior to the finite element modelling of
orthogonal cutting. The influence of these parameters on the stress-
strain evolution and the numerical results was not observed either,
although it should take part in the choice of a set of parameters. In this
context, this paper proposes to collect different sets of Johnson-Cook
parameters for an alloy widely used in machining in many industrial
sectors, Ti6Al4V. All these sets will then be compared, based on their
stress-strain evolutions. They will then be introduced in a previously
validated finite element CEL model of 2D orthogonal cutting. The
results will be compared based on the cutting and feed forces and the
chip morphology. The comparison will bring the numerical results
amongst themselves and with an experimental reference obtained in
strictly orthogonal cutting conditions. These results and comparisons
will be linked to the sets of parameters of the Johnson-Cook constitutive
model in order to highlight the importance of the choice of the set and
recommend the most suited one to obtain accurate results. The study
will then be extended to two other cutting conditions for a short
selection of the most significant sets of parameters.

3. Johnson-Cook model parameters for Ti6Al4V modelling of
machining

3.1. Presentation of the sets of parameters

Table 1 gathers the twenty sets of Johnson-Cook parameters that
were found in the literature for Ti6Al4V. They are ordered in ascending
order of A value. It is immediately noted that the value of some
parameters varies of more than 100% depending on the source. The
very large variation of parameter A, the yield strength at room
temperature, is very surprising as this value was expected to be known
and quite constant. This leads to assume that when A is significantly
different of the Ti6Al4V yield strength, the identifications were
performed without taking the physical meaning of the parameters into
account. Due to the large number of parameters to identify and the
missing constraints on them, this however does not mean that the flow
stress will not accurately represent the behaviour of the material.

It is also important to emphasise the difficulty to obtain complete
information on the conditions taking part in the identification of the
parameters, whether it is experimental conditions (slightly more than
half of them is given in Table 1) or the exact chemical composition of
the alloy or its thermal treatments (hardly ever given as in [20], for
example). It may besides be possible that all the sets do not strictly
represent the same material. This is all more critical that the literature
review highlighted their influence on the results. Moreover, many
authors do not give the value of ε0̇. In the absence of information in the
literature, it is fixed to ε ̇ =0 1 s−1, its default value [2]. This hypothesis
was followed to complete Table 1 when it was necessary.

3.2. Analysis of the sets of parameters

The evolutions of the stresses of the twenty stets are plotted in Fig. 1
at a temperature of 773 K and a strain rate of 10,000 s−1, typical values
in metal machining. Many information are shown on that figure and it
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is not easy to clearly identify each curve. The objective of this figure is
to present a global view of the twenty sets. As for the parameters,
significant differences are noted although the material is the same.
When looking at the envelope of the curves, differences of a factor
around 5 are observed between the stresses from the lower boundary
and the stresses from the upper boundary. This upper boundary is
defined by 2 particular sets for strains larger than 0.75. Their evolution
differs from the others that are globally similar with a shape looking
like a kind of logarithm (the exponent n inferior to 1 gives this shape).
The lower boundary has as well a distinct evolution but with a
logarithm-like shape. Some of the sets lead to evolutions and stresses
that are nearly the same. A more detailed analysis is therefore required.

When looking closer to the stresses evolutions, smaller groups of
sets can be identified. Sets 7 and 18 (Fig. 2) lead to high stresses with a
nearly linear evolution. They are almost parallel and set 18 gives higher
stresses mostly because of its higher A value. These very high stresses
are due to B close to 1 GPa combined to a large n value. A n nearly equal
to 1 leads to their nearly linear stresses evolutions. These n values are
the highest of Table 1. The level of the stresses of sets 2 and 15 (Fig. 2)
is the largest one when the evolution looks like a logarithm. Both are
rather close at low strains and set 2 gives higher stresses at large strains
mainly because of larger n and C values. Sets 17 and 19 (Fig. 2) also

lead to high stresses. Their increase with strain is larger than the two
previous ones, which is explained by their high n values. Set 19
increases more than set 17 because of its larger n value.

Table 1
Sets of parameters of the Johnson-Cook constitutive model for Ti6Al4V and experimental conditions used to determine them, by ascending order of A ( : no value specified by the
authors and assumed equal to 1 as suggested by Jeunechamp [2] among others).

Set Parameters Experimental conditions

A (MPa) B (MPa) C n m ε0̇ (s−1) εmax εṁax (s−1) Tmax (K) Comments

1 [21] 418.4 394.4 0.035 0.47 1 1 – – – –
2 [22] 724.7 683.1 0.035 0.47 1 10−5 0.35 3000 1373 SHPB
3 [23] 782.7 498.4 0.028 0.28 1 10−5 0.3 2000 1373 SHPB
4 [24] 804 545 0.05 0.362 1.04 1 – – – Numerical method
5 [25] 859 640 0.000022 0.22 1.1 1 – – – –
6 [26] 862.5 331.2 0.012 0.34 0.8 1 0.57 2150 Troom SPHB
7 [27] 870 990 0.008 1.01 1.4 1 – – – Analytical model
8 [12] 870 990 0.011 0.25 1 1 – – – –
9 [28] 881 468 0.039 0.122 0.7 1 – – – –
10 [24] 884 599 0.034 0.362 1.04 1 – – – Numerical method
11 [29] 896 656 0.0128 0.5 0.8 1 0.57 2150 Troom SHPB
12 [30] 968 380 0.0197 0.421 0.577 0.1 – 1000 873 SHPB
13 [31] 983 348 0.024 0.32 0.69 0.1 – 10,000 1273 Inverse method
14 [32] 984 520.3 0.015 0.5102 0.8242 1 0.12 577.4 293 SHPB
15 [24] 988 762 0.015 0.414 1.51 1 – – – Numerical method
16 [33] 997.9 653.1 0.0198 0.45 0.7 1 0.25 1400 1273 SPHB
17 [20] 1080 1007 0.01304 0.5975 0.7701 1 0.25 1700 755 SHPB
18 [34] 1098 1092 0.014 0.93 1.1 1 0.6 10,000 Troom SHPB
19 [20] 1104 1036 0.0139 0.6349 0.7794 1 0.25 1700 755 SHPB
20 [35] 1119 838.6 0.01921 0.4734 0.6437 1 0.6 7000 1000 SHPB

Fig. 1. Stress-strain curves of the twenty sets at T=773 K and ε ̇ = 10, 000 s0 −1. Fig. 2. Stress-strain curves of sets 2, 7, 15, 17, 18 and 19 at T=773 K and ε ̇ = 10, 000 s0 −1.

Fig. 3. Stress-strain curves of sets 1, 9 and 20 at T=773 K and ε ̇ = 10, 000 s0 −1.
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At the opposite (Fig. 3), set 1 gives the lowest stresses at low strains
due to small A and B values, coupled to a n value significantly lower
than 1. The flow stress produced by set 9 (Fig. 3) has a shape that stands
out the others. Indeed, after an initial increase, the stresses are nearly
independent of strain. This is linked to the very low n value, the lowest
of Table 1.

In Fig. 4, sets 3, 4, 8 and 10 exhibit very similar evolutions and
stresses levels, as well as sets 11, 14 and 16 but at a lower level of
stresses. The flow stresses of sets 11, 14 and 16 are lower than that of
sets 3, 4, 8 and 10. When looking at both small groups, it is evident that
B and n are such that their lower B value balances their higher n value,
and vice versa.

Flow stresses curves of sets 6 and 12 are very close (Fig. 5). The
lower n value of set 6 ends in a lower stress value at high strains.
Evolutions of sets 5, 12 and 13 are nearly parallel. Set 5 is higher like its
B value. When comparing set 12 and set 13, lower m and C values for
set 12 give lower stresses.

The flow stresses evolutions and levels are now observed at different
temperatures and strain rates. When temperature increases from 673 K
to 773 K and 873 K (Figs. 6 and 7 and Figs. 8 and 9), the level of stresses
decreases as expected from Eq. (1), highlighting the thermal softening.
It is interesting to point out that the evolutions dot not change much
and that the small groups formed at 773 K are not affected by the
temperatures variations.

The stresses increase when strain rate goes from 1000 s−1 to
10,000 s−1 and 100,000 s−1 and the strain rate hardening is high-
lighted (Figs. 10 and 11 and Figs. 12 and 13). In Figs. 10 and 11, small

changes are noticed for sets 4 and 8 for example. At 1000 s−1, stresses
of set 8 are larger than that of set 4, while it is the contrary at
100,000 s−1. This is due to the value of C larger for set 4 than for set 8.
Stresses of set 5 in Figs. 12 and 13 are nearly insensitive to the level of
strain rate, which is explained by the value of C nearly equal to 0 (it is 3
orders of magnitude lower than for all the other sets).

Fig. 4. Stress-strain curves of sets 3, 4, 8, 10, 11, 14 and 16 at T=773 K and
ε ̇ = 10, 000 s0 −1.

Fig. 5. Stress-strain curves of sets 5, 6, 12 and 13 at T=773 K and ε ̇ = 10, 000 s0 −1.

Fig. 6. Stress-strain curves of sets 3, 4, 8, 10, 11, 14 and 16 at T=673 K and
ε ̇ = 10, 000 s0 −1.

Fig. 7. Stress-strain curves of sets 3, 4, 8, 10, 11, 14 and 16 at T=873 K and
ε ̇ = 10, 000 s0 −1.

Fig. 8. Stress-strain curves of sets 5, 6, 12 and 13 at T=673 K and ε ̇ = 10, 000 s0 −1.
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4. Experimental reference

Experimental tests were carried out to provide a reference for the
numerical modelling. The setup, introduced in [36], allows to achieve
plane strain 2D orthogonal cutting conditions on a common milling
machine. Several cutting conditions were considered. The cutting speed
was fixed to the maximal feed rate of the machine: 30 m/min and three
uncut chip thicknesses were selected: 40 µm, 60 µm and 100 µm. At

least three repetitions were performed. The cutting conditions of the
experiments are summarized in Table 2.

The average of the root mean square (RMS) values of the cutting
forces, measured with a Kistler dynamometer 9257B, are provided in
Table 3. The chips were continuous for all the cutting conditions. Their
thickness was measured on 25 points distributed along their length. The
average values are summarized in Table 3. Standard deviations of both
the forces and the chip thickness are low; they stay under 10% of the
average value.

Fig. 9. Stress-strain curves of sets 5, 6, 12 and 13 at T=873 K and ε ̇ = 10, 000 s0 −1.

Fig. 10. Stress-strain curves of sets 3, 4, 8, 10, 11, 14 and 16 at T=773 K and
ε ̇ = 1, 000 s0 −1.

Fig. 11. Stress-strain curves of sets 3, 4, 8, 10, 11, 14 and 16 at T=773 K and
ε ̇ = 100, 000 s0 −1.

Fig. 12. Stress-strain curves of sets 5, 6, 12 and 13 at T=773 K and ε ̇ = 1, 000 s0 −1.

Fig. 13. Stress-strain curves of sets 5, 6, 12 and 13 at T=773 K and ε ̇ = 100, 000 s0 −1.

Table 2
Cutting conditions and tool geometry [36].

Cutting speed, Vc (m/min) 30
Uncut chip thickness, h (μm) 40, 60, 100
Rake angle, γ (°) 15
Clearance angle, α (°) 2
Cutting edge radius, r (μm) 20

Table 3
Experimental cutting (CF) and feed (FF) forces average RMS values, chip thickness (h′)
average values [36].

h (μm) RMS CF (N/mm) RMS FF (N/mm) h′ (μm)

40 86±2 40±1 59±5
60 113±2 44±1 80±4
100 174±2 50±1 135±6
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5. CEL finite element model

The formulation adopted is the CEL. The Ti6Al4V orthogonal
cutting model has been introduced and experimentally validated in
[1]. As suggested by its name, the Lagrangian (for the tool) and
Eulerian (for the workpiece) formulations are both employed, which
allows to avoid severe mesh distortion in the workpiece due to the large
strains. Its main drawback is the need for a larger number of elements
in the mesh of the workpiece as it includes the area where the chip will
form (the space initially filled with void above the workpiece).

Due to the restriction concerning the availability of element types in
Abaqus/Explicit v6.14–2 [37] for the CEL formalism, 3D elements
compose the model, with only one element in the direction perpendi-
cular to the cutting plane in order to limit the number of degrees of
freedom. The length of the workpiece, 0.5 mm, has been chosen to
reach the steady-state of the cutting forces and a chip sufficiently long

to be measured, while keeping the number of nodes as low as possible.
The dimensions of the workpiece and the boundary conditions of the
model are schematically presented on Fig. 14.

Fig. 14. Schematic initial geometry and boundary conditions of the model (r: cutting
edge radius, h: uncut chip thickness, Hv: height of the area initially filled with void).

Fig. 15. Initial mesh of the model when h=60 µm.

Table 4
Materials properties of the numerical models [29,38–42].

Young's modulus, E (GPa) Ti6Al4V 113.8
Carbide 800

Density, ρ (kg/m3) Ti6Al4V 4,430
Carbide 15,000

Conductivity, k (W/mK) Ti6Al4V 7.3
Carbide 46

Expansion, α (K−1) Ti6Al4V 8.6 e−6

Carbide 4.7 e−6

Specific heat, cp (J/KgK) Ti6Al4V 580
Carbide 203

Friction coefficient 0.2
Friction energy to heat (%) 100
Inelastic heat fraction 0.9
Heat partition to part (%) 50

Fig. 16. Cutting forces of the twenty sets for h=60 µm after 600 μs of cutting.

Fig. 17. Feed forces of the twenty sets for h=60 µm after 600 μs of cutting.

Table 5
RMS cutting forces and chip thickness summary for h=60 µm, Δx: difference with the
experimental values.

Case CF ΔCF FF ΔFF h′ Δh′

(N/mm) (%) (N/mm) (%) (μm) (%)

Exp. 113± 2 – 44±1 – 80±4 –
Set 1 92 18 18 60 114±1 −43
Set 2 156 −47 42 14 105±1 −31
Set 3 130 −11 48 −9 92±1 −15
Set 4 131 −14 43 3 95±1 −19
Set 5 111 1 33 25 104±1 −30
Set 6 89 22 30 42 97±0 −21
Set 7 192 −89 24 67 >115 >44
Set 8 133 −11 42 8 99±0 −24
Set 9 103 7 50 −14 76± 1 5
Set 10 130 −17 42 4 97±1 −21
Set 11 116 −2 27 40 109±2 −36
Set 12 92 18 34 36 92±0 −15
Set 13 98 17 40 10 85± 1 –6
Set 14 113 0 31 32 104±1 −30
Set 15 159 −41 38 20 111±2 −39
Set 16 114 0 34 26 99±0 −24
Set 17 144 −27 31 38 112±3 −40
Set 18 188 −52 29 48 115±6 −44
Set 19 148 −19 32 43 112±3 −40
Set 20 123 −7 37 23 100±0 −25
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The workpiece is meshed with 5 µm×5 µm square (in the cutting
plane) 8-node brick elements leading to a model of 8,800 elements and
17,978 nodes for the uncut chip thickness of 60 µm (Hv, the height of
the area initially filled with void is 300 µm). The elements of the tool do
not have a square shape in the cutting plane. Their length is 5 µm for
the elements composing the edge radius and it increases with the
distance to the radius. The mesh of the tool has 188 nodes and 75
elements. The initial mesh of the model when h = 60 µm is provided in
Fig. 15.

The machined material, Ti6Al4V, is described by the Johnson-Cook
constitutive model and the tool material, tungsten carbide, by a linear
elastic model. 90% of the deformation energy is converted into heat.

Rech et al. [38] experimentally determined the value of the Coulomb
coefficient at the tool – chip interface as 0.2. All of the friction energy is
converted into heat and is equally allocated to the workpiece and the
tool. Their faces are all adiabatic. The model characteristics are
provided in Table 2 and the materials properties in Table 4.

6. Results

6.1. Forces

The cutting forces evolutions are plotted in Fig. 16. Similarly to the
global view of the flow stresses, only 3 curves have a distinct evolution:
the upper and lower boundaries of the envelope. Both are the same sets
as for the stresses plot (Fig. 1). After an initial increase, whose shape
can slightly vary depending on the small group of sets, the cutting
forces are close to a constant (only the cutting force of set 7 is not
constant). This confirms that the 600 μs modelled are sufficient to reach
the steady-state of the forces. This cutting force evolution is linked to
the type of chip produced: a continuous one. The comparison with the
RMS experimental value shows that it is roughly in the middle of the
range Fig. 17.

Concerning the feed force, all the sets give again similar evolutions.
This time, the lower boundary of the envelope is clearly seen; it is the
same set as for the cutting force and the flow stress plot. The upper
boundary, although easily identified, is not constituted of the same sets
as previously. After an initial increase followed by a decrease of
variable magnitude depending on the set considered, the force is nearly
constant. The RMS experimental value is close to the upper boundary.
Nearly all the sets lead to a feed force lower than the experiments.

The RMS values of the forces are given in Table 5 with the
experimental reference.

Figs. 18 and 19 are introduced to help the analysis with the
experimental reference. For the cutting force, the numerical values
are rather well distributed around the experimental reference. Two sets
give values lying in the mean experimental value± standard deviation
interval: sets 14 and 16; bot are equal to the mean experimental value.
Set 11 is just above, while set 5 is just below. Sets 6 and 1 lead to the
smaller RMS cutting forces and sets 7 and 18 to the larger ones. A link
can therefore clearly be made between the level of the stresses and the
cutting forces RMS values. The two sets with the lower stresses produce
the lower cutting forces values and the two higher RMS values are given
by the two sets with the higher stresses. Stresses of sets 14 and 16 were
in the middle of the range.

Concerning the feed forces, as expected from Fig. 19, the numerical
values are globally much less accurately evaluated, which is common
when modelling the cutting process. The two sets closer to the
experiments are set 4 and set 8; not the same sets as for the cutting
forces. The lowest value is provided by set 1 which already gave a low
cutting force value. Surprisingly, the feed forces for sets 7 and 18 are
rather low (their cutting forces values were the highest). It is conse-

Fig. 18. Numerical and experimental RMS cutting forces for h=60 µm after 600 μs of
cutting (the experimental reference is shown with its standard deviation interval).

Fig. 19. Numerical and experimental RMS feed forces for h=60 µm after 600 μs of
cutting (the experimental reference is shown with its standard deviation interval).

Fig. 20. Temperature contours (in K) of the numerical chips of sets 7 and 18 for h=60 µm after 600 μs of cutting.
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quently rather hard to make a link between the flow stress and the RMS
value of the feed force.

6.2. Chip morphology

Similarly to the analysis of the stress-strain evolutions, the chips
morphologies are analysed in small groups (which are the same as

previously). All the numerical chips are continuous, as the experimental
reference and expected from the previous evolutions. Differences are
however noted. The chip thickness values of the twenty models are
summarized in Table 5. Chips of sets 7 and 18 (Fig. 20) are the thickest
ones. The thickness of chip 7 could not be measured because it has not
reached its steady-state yet (this had already been noted in Fig. 16),
highlighting that it would be thicker than chip 18. When looking at the

Fig. 21. Temperature contours (in K) of the numerical chips of sets 2, 15, 17 and 19 for h=60 µm after 600 μs of cutting.

Fig. 22. Temperature contours (in K) of the numerical chips of sets 3, 4, 8 and 10 for h=60 µm after 600 μs of cutting.
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RMS forces values, they were the largest for the cutting forces and in
the lower range for the feed forces. As expected, the secondary shear
zone is the area where the temperature is maximal. The temperatures
for these two sets are the highest which is explained by the higher level
of stresses (and of cutting forces) their parameters lead to.

The temperature level of sets 2, 15, 17 and 19 (Fig. 21) is directly

linked to the level of the RMS cutting forces. The thicknesses of these
four chips are just below the maximal value. Chip 2 is slightly thinner
and its RMS feed force value is higher.

Chips 3, 4, 8 and 10 (Fig. 22) are in the lower range of thicknesses
but their feed forces are nearly the largest. The chip thickness seems
therefore inversely linked to the RMS feed force. The temperatures in

Fig. 23. Temperature contours (in K) of the numerical chips of sets 11, 14, 16 for h=60 µm after 600 μs of cutting.

Fig. 24. Temperature contours (in K) of the numerical chips of sets 5, 6, 12 and 13 for h=60 µm after 600 μs of cutting.
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the secondary shear zone carry on their decrease with the cutting force.
The secondary shear zone is still however the area where the
temperature is the highest.

The inverse link between the chip thickness and the feed force RMS
value is again clearly observed for chips 11, 14 and 16 (Fig. 23), as well

as the decrease of the maximal temperature in the secondary shear zone
with the cutting force RMS value. The temperature in the secondary
shear zone of chips 5, 6, 12 and 13 (Fig. 24) are low, and particularly
for chip 6, which is due to its low cutting force RMS value.

The characteristics of chip 20 (Fig. 25) are medium, as well as its
forces and flow stress. Chip 1 (Fig. 25) is very thick and its feed force is
consequently very low (similarly to its low flow stress level). The
temperatures in the secondary shear zone are low as well, in direct link
with its cutting force and flow stress. The thickness of chip 9 (Fig. 25) is
the smallest, while its RMS feed force is the largest. This confirms what
has been observed with the other sets. The temperatures in the
secondary shear zone are rather low like its cutting force and flow
stress levels. The n value of chip 9 is the lowest which leads to a flow
stress nearly independent of the strain when it is above 0.5. This flow
stress shape produces a thin chip. Most of the other chips with a
thickness in the lower range do not have a large n value. On the
contrary, the thick chips such as 7, 17, 18 or 19 have a large n value.
There is therefore a direct link between the n value and the chip
thickness.

The comparison with the experimental value (Fig. 26) shows that all
the numerical chips, except chip 9, have a thickness larger than the
reference. Only chips 9 and 13 are close to the experimental reference.

Fig. 25. Temperature contours (in K) of the numerical chips of sets 1, 9 and 20 for h=60 µm after 600 μs of cutting.

Fig. 26. Numerical and experimental chip thicknesses for h=60 µm after 600 μs of
cutting (the experimental reference is shown with its standard deviation interval).

Table 6
RMS cutting forces and chip thickness summary for h=40 µm, Δx: difference with the
experimental values.

Case CF ΔCF FF ΔFF h′ Δh′

(N/mm) (%) (N/mm) (%) (μm) (%)

Exp. 86± 2 – 40±1 – 59±5 –
Set 9 77 11 48 −20 52±1 12
Set 15 116 −35 43 −7 73±1 −24
Set 16 84 2 36 9 67±1 −14

Table 7
RMS cutting forces and chip thickness summary for h=100 µm, Δx: difference with the
experimental values.

Case CF ΔCF FF ΔFF h′ Δh′

(N/mm) (%) (N/mm) (%) (μm) (%)

Exp. 174±2 – 50±1 – 135±6 –
Set 9 155 11 47 5 124±2 8
Set 15 244 −40 32 36 ≈184 ≈ − 36
Set 16 171 2 31 38 165±1 −22
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6.3. Conclusions

To conclude the comparison between the twenty Johnson-Cook sets
of parameters and the experimental reference, it can be said that there
is not a unique set that allows to correctly predict the cutting force, the
feed force and the chip thickness. This was already mentionned in the
literature review [16,17]. The cutting force is the most used output of a

numerical model because it is industrially important and it turned out
to be the best modelled. The experimental cutting force value is close to
the average value of all the sets. The feed force and the chip thickness
are on the contrary less well modelled. The feed force is nearly always
underestimated, while the chip thickness is overestimated. The set of
Johnson-Cook parameters to recommend in order to obtain good finite
element results is set 16. Its cutting force RMS value is as accurately

Fig. 27. Temperature contours (in K) of the numerical chips of sets 1, 9 and 20 for h=40 µm after 600 μs of cutting.

Fig. 28. Temperature contours (in K) of the numerical chips of sets 1, 9 and 20 for h=100 µm after 600 μs of cutting.
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estimated as set 14 but set 16 models better the feed force and the chip
thickness. The feed force and chip thickness were however not
particularly well modelled by set 16 but their values are in the middle
of the ranges.

7. Other uncut chip thicknesses

Two other cutting conditions are now considered to check if the
trends previously highlighted are still valid. The cutting conditions are
an uncut chip thickness of 40 µm and 100 µm with all the other
parameters unchanged, in order to adopt the same conditions as in
the experiments. Three different sets of Johnson-Cook parameters are
used. The first one is set 16 because it turned out to be the
recommended set at h=60 µm. It provided the best estimation of the
cutting force and the feed force and chip thickness values were in the
middle of the numerical ranges of values. The two other sets give more
extreme outputs values. They were chosen on purpose to highlight the
influence of the parameters on the numerical results. The second set is 9
because it formed the thinnest chip and resulted in the highest feed
force. Set 15 is the third one. After sets 7 and 18, which have a
distinctive flow stress, set 15 provided the highest cutting force value
and one of the thickest chips.

The results for the cutting force show the same trend at h=40 µm
(Table 6) and h=100 µm (Table 7) than at h=60 µm (Table 5). Set 16
provides a value equal to the experimental reference (including the
experimental standard deviation). Set 9 slightly underestimates the
cutting force, while set 15 considerably overestimates it. For the feed
force, the observations are different for h=40 µm and h=100 µm.
When h=100 µm, set 9 provides the best feed force value, followed by
set 15 and then set 16 as at h=60 µm. For h=40 µm, set 9 largely
overestimates the feed force as when h=60 µm. Set 15 overestimates it
as well but its value is close to the reference one. Set 16 underestimates
the feed force but the difference with the reference is smaller than at the
other uncut chip thicknesses. This ends in a feed force value roughly
estimated by set 9 although it provided the best values at h=40 µm and
h=60 µm. The trend on the values is however maintained as the highest
feed force is from set 9 and the lowest from set 16.

The chips morphologies are shown in Figs. 27 and 28. The trend is
the same for both uncut chip thicknesses at 60 µm. The chip of set 9 is
the thinnest (Tables 6 and). Both sets 15 and 16 provide a thicker chip
(Tables 6, 7) and chip 16 is closer to the reference than chip 15. At
h=40 µm, the chips thicknesses of set 9 and set 16 are both quite close
to the reference. At h=100 µm, the differences for the three chips are
close to what was observed at h=60 µm. It must be noted in Table 7
that the chip thickness value should only be considered as an estimation
for set 15: its chip has not reached the steady-state yet (Fig. 28). This is
however enough to extract trends. Surprisingly, the feed forces values
are not the highest for the largest uncut chip thickness, which is not
realistic. When looking close to the feed forces and the chips morphol-
ogies, it turns out that this is due to the shape of the chips, as a thicker
chip will lead to a lower RMS feed force value. The more the chip
thickness is overestimated, the more the feed force is underestimated,
ending in feed forces values that can be smaller for a larger uncut chip
thickness. The highest temperature is still in the secondary shear zone.
The trends observed at h=60 µm are therefore maintained when
h=40 µm and 100 µm.

In conclusion of this analysis for the three selected sets of Johnson-
Cook parameters, the trends are the same at the three uncut chip
thicknesses and the cutting force is the best estimated output.

8. Conclusions

The influence of the choice of a set of parameters for the Johnson-
Cook constitutive model on the results of an orthogonal cutting model
has been studied extensively with twenty different sets of parameters
for Ti6Al4V. It results of this study that:

• Significant differences in the values of the parameters of the sets of
the Johnson-Cook constitutive model for Ti6Al4V are observed in the
sets available in the literature. This ends in very different stresses
values although the same material is considered.

• The information provided in the literature when the Johnson-Cook
parameters are identified are often not complete. This concerns the
experimental conditions of the tests, as well as the thermal treat-
ments history of the alloy.

• The cutting force is the best modelled output. The feed force is
usually underestimated and the chip thickness is overestimated.

• A direct link can be made between the level of the flow stress, the
RMS value of the cutting force and the temperature in the secondary
shear zone, as well as between the value of n and the chip thickness.
The chip thickness and the RMS value of the feed force are inversely
linked.

• The highlighted trends have been confirmed for two other uncut chip
thicknesses with a selection of three sets of Johnson-Cook para-
meters.

• The set of Johnson-Cook parameters from Seo et al. [33] gives
accurate results for the cutting force and estimates averagely the feed
force and the chip thickness. This set is therefore recommended for
finite element modelling of Ti6Al4V orthogonal cutting.
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