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Abstract. Al 2024 T351 is an important alloy used in the construction of aircrafts due to its inherent qualities
such as higher strength to weight, durability and machinability. Extensive experimental trials are needed
to understand the material behaviour at dynamic loading conditions which is not feasible given the costs
and time involved. Finite element (FE) analysis is used extensively to validate the material behaviour. In
the present work FE analysis is used to validate the Johnson-Cook (JC) material constitutive for orthogonal
cutting conditions. Turning experiments were conducted on a Lathe at cutting speeds of 66,102 and 157 m/min
and feed rates of 0.102, 0.205, 0.318 mm/rev. The cutting force, chip thickness and temperature were recorded
and compared with the FE simulation results using the flow stress data calculated from four sets of JC model
parameters. The original model developed by Johnson and Cook (1983) provided a better correlation of the
cutting forces at lower feed rates but at medium and higher feed rates the Adibi C Sedeh et al., (2003) JC
model proved a better fit. The JC model parameters formulated by Wierzbicki et al., (2005) replicated the
chip thickness ratio better, but the Fang and Fronk (2007) JC parameters accurately replicated the chip curl.
The JC law under predicted temperature factor, but was capable of predicting the stress, strain and strain rate
effectively for the conditions investigated here.
Keywords: Finite element simulation, orthogonal machining, flow stress models, Al 2024 T351

1

Section heading

Finite element analysis is used extensively in industry today to optimize production systems and reduce
the experimental costs involved in testing and machining materials. Al 2024 T 351 aerospace alloy is widely
used in the aircraft industry and needs to be exhaustively tested for its material behaviour given the criticality of aircraft dynamics. The successful application of numerical simulation towards testing the material
deformation characteristics depends on the robustness of the FE software, accurate input parameters such as
material property data, cutting conditions, flow stress data and friction modelling. Material flow stress and
friction conditions are the two most important input parameters for machining simulations[6, 22] . Traditionally
the Split Hopkinson pressure bar (SHPB) tests are used to measure the flow stress, but such data does not
fit the high strain, strain rate and temperatures normally observed in a machining process [5, 18] . Flow stress
computed from SHPB is used to compute the material parameters in semi-empirical flow stress models such
as the Johnson C Cook, Oxley etc. and the related equations are dependent on several material coefficients
which have to be properly determined to get effective predictions of the flow stress[3] . The parameters thus
computed vary depending on the mathematical techniques applied to optimize them[9, 15] . Further it has been
shown that the numerical simulation results are sensitive to material constitutive models and not one model is
best for a material[16, 20, 21] . Few researchers have employed their own material constitutive models citing deficiencies in existing models and met with reasonable success[4, 17] . Material models have also been assessed
from machining tests and evolutionary computational techniques have been employed to optimize the material model parameters[7, 19] . The challenge for numerical simulation studies lie in seeking to assess various
∗
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material models and their parameters when applied to machining. In recent times studies on Al 2024 T351
material include, the application of the JC material model in quantitative analysis of the chip segmentation
phenomena[11] , the development of a JC model coupled with material damage and fracture criteria to analyze
chip formation[14] and the development of a new ductile fracture criteria based on torsion, uni axial tension,
biaxial compression tests[13] .
In this paper, the Johnson C Cook (JC) flow stress model and the sensitivity of its parameters has been
evaluated for simulating the orthogonal machining of a solid bar of Al 2024 T351 alloy. Four sets JC model
parameter sets obtained by Wierzbicki et al.[23] , Fang and Fronk[10] , Adibi-Sedeh et al.[1] , and Johnson and
Cook[12] have been employed to model the deformation behaviour of Al 2024 T351 alloy under orthogonal
cutting conditions. The flow stress computed from the four sets at various temperatures, strain rates and strain
values are input to a FE model built in Deform 2DT M along with other thermo physical data and friction
conditions. A comparative analysis with experimental trials is used to evaluate the fitness of the JC model and
its parametric sensitivity.

2

Johnson cook flow stress model

Flow stress is the instantaneous stress at which plastic deformation takes place. Flow stress is input to the
FE code through empirical flow stress models. The JC model, given in Eq. (1) is popular amongst researchers
for modelling the deformation behaviour of materials under high strain rate conditions[2] .
σ = [A + Bεn][1 + Cln(ε0 /ε0o )][1 − (T CTroom )/(Tmelt − Troom )m ]

(1)

Where σ is the flow stress, ε0 is the equivalent plastic strain rate, ε0o is the reference plastic strain rate,
Troom is the room temperature and T melt is the melting temperature of the work material. A is the yield
strength of the material, B is the hardening modulus, C is the strain sensitivity coefficient, n is the strain
hardening coefficient and m is the thermal softening coefficient. Four JC model material parameter sets were
selected from literature such as M1: Wierzbicki et al.[23] , M2: Fang and Fronk[10] , M3: Adibi-Sedeh et al.[1]
and M4: Johnson and Cook[12] . M1 model parameters were derived from projectile impact tests; M2 model
parameters from torsion tests and static tensile ballistic tests at high strain rates, M3 and M4 model parameters
were derived using torsion tests and static tensile SHPB tests. The difference in the parameter values between
the four model sets is due to the nature of tests conducted to measure the flow stress and the mathematical
techniques used to compute the five parameters, A, B, C, n and m. It is the focus of this work to identify
those set of JC model parameters which map the machining deformation of Al 2024 T351 alloy closely. Tab.
1 gives the four sets of JC model parameters used in this work.
Table 1: JC model material parameters
Parameters
A
B
C
n
m

3

M1
352
440
0.0083
0.42
1

M2
420
200
0.015
0.025
1

M3
325
414
0.015
0.2
1

M4
265
426
0.015
0.34
1

Orthogonal machining experiments

The orthogonal turning was performed on a solid rod of Al 2024 T351 (250mm × 65mm) on a Lathe
machine tool using an advanced cutting insert: tungsten carbide-cobalt base coated with titanium aluminium
nitride (TiAlN), CNMG 120408, KC 5010 supplied by Kennametal. The solid bar was turned under dry conditions at varying cutting speeds C 66, 102 and 157 m/min and feeds − 0.102 , 0.205 , 0.318 mm/rev at 1 mm
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depth of cut. The cutting forces were recorded using a Kistler dynamometer (Type 9257 B) (which was cal3. Orthogonal machining experiments
ibrated as per standard procedures before use) through data acquisition software and a multi channel charge
amplifier.
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of the
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solid serrated
rod of Al 2024
(250ductile
mm x 65aluminium
mm) on a Lathe
machine
tool using scanning
an advanced
cutting microscope
insert: tungsten(SEM)
carbide-cobalt
coated with of
titanium
high resolution
electron
with a base
magnification
10,000× providing a resolution
aluminium nitride (TiAlN), CNMG 120408, KC 5010 supplied by Kennametal. The solid bar was turned
of
4nm
(30kV
LV
mode).
The
chip
thickness
was
measured
using
SEM,
digital
vernier caliper and optical prounder dry conditions at varying cutting speeds – 66, 102 and 157 m/min and feeds - 0.102 , 0.205 , 0.318
file projector
to enable
comparative
however
thea Kistler
SEM values
were(Type
taken
for reference with FE results.
mm/rev
at 1 mm depth
of cut. aThe
cutting forcesstudy;
were recorded
using
dynamometer
9257
B)The
(which
as per standard
procedures
use) through
acquisition
software
a
toolwas
C calibrated
chip interface
temperature
wasbefore
measured
usingdata
a noncontact
type and
Infrared
(IR) sensor, where the
multi channel charge amplifier. The continuous, curled and serrated chips of the ductile aluminium alloy
temperatures
were
measured
at
five
intervals
and
the
average
values
were
considered
for
the analysis. Tab. 2
were analyzed under a high resolution scanning electron microscope (SEM) with a magnification of
10,000x
a resolutionof
of Al
4nm2024
(30kVT351
LV mode).
chip1 thickness
wasactual
measured
using SEM,of the solid bar in a Lathe.
showsproviding
the composition
alloy.The
Fig.
shows the
machining
digital vernier caliper and optical profile projector to enable a comparative study; however the SEM
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in
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Component
Al
Cu
Mg Mn Fe
Si
Cr
Ni
Ti
Table 2: Composition of Al 2024 T351

Composition

Component

Al

Composition 93.07

93.07

4.08

1.67

0.67

0.24

Cu

Mg

Mn

Fe

Si

Cr

4.08

1.67

0.67

0.24

0.11

0.01 0.019

0.11

0.01

Ti

Sn

Zn

Pb

0.058

0.020

0.044

0.020

Ni

0.019

0.058

Sn
0.02

Zn
0.044

Pb
0.02

Kistler dynamometer
(9257 B)

WC – Co tool insert
with coating of TiAlN
Al 2024 T351 alloy
work piece
Fig. 1: Machining
piece
Fig. of
1:work
Machining

of work piece

4. Finite element simulation
Finite element simulation was performed using Deform 2DTM software, which uses an updated Lagrangian
formulation for modelling deformation and heat transfer problems. An inbuilt automatic re-meshing
algorithm
ensures
continuity
of the chip formation process during machining. The simulation was
4 Finite
element
simulation
performed with a plain strain assumption and cutting conditions were similar to that used in experiments.
The work piece (6 x 2 rectangular cross- section) was treated as plastic, meshed with 4500 isoparametric
quadrilateral
elements
at ansimulation
aspect ratio ofwas
1 andperformed
an elementalusing
length of
0.057 mm.
The cutting
tool was
Finite
element
Deform
2DTM
software,
which uses an updated Laconsidered rigid and meshed with 1000 elements. The friction was modelled as a shear with a friction
grangian
formulation
for
modelling
deformation
and
heat
transfer
problems.
An
inbuilt
automatic re-meshing
coefficient of 0.43 calculated empirically. Figure 2 shows the FE model and Table 3 shows the work
algorithm
ensures
continuity of the chip formation process during machining. The simulation was performed
material
properties
.

with a plain strain assumption and cutting conditions were similar to that used in experiments. The work piece
(6 × 2 rectangular cross- section) was treated as plastic, meshed with 4500 is oparametric quadrilateral elements at an aspect ratio of 1 and an elemental length of 0.057 mm. The cutting tool was considered rigid and
meshed with 1000 elements. The friction was modelled as a shear with a friction coefficient of 0.43 calculated
empirically. Fig. 2 shows the FE model and 3 shows the work material properties.

Fig.2:
2:FE
FE model
Fig.
model
Table 3: Material properties of Al 2024 T 351 [16]
Physical Parameter
Density, ρ (Kg/m3)
WJMS email for contribution: submit@wjms.org.uk
Elastic modulus, E (GPa)
Poisson’s ratio, ν
Specific heat, Cp (J/kg/°C)
Thermal conductivity, λ

Value
2700
73
0.33
Cp=0.557T+877.6
25<T<300: λ = 0.247T + 114.4 ; 300<T<
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Table 3: Material properties of Al 2024 T 351 [16]
Physical Parameter
Density, ρ(Kg/m3 )
Elastic modulus, E(GP a)
Poissons ratio, ν
Specific heat,Cp (J/kg/◦ C)
Thermal conductivity, λ
(W/m/◦ C)
Thermal Expansion
αd (µm.m/◦ C)
Tmelt (K)

5

Value
2700
73
0.33
Cp = 0.557T + 877.6
25 < T < 300 : λ = 0.247T + 114.4; 300 < T < Tmelt : λ = 0.125T + 226.0
αd = 8.9x10−3 T + 22.2
793

Results and discussion

The flow stress was computed from JC models M1, M2, M3 and M4 at strains up to 0.4, strain rates up
to 105 s−1 with reference strain rate of 1, and temperatures up to 773 K. The flow stress data is input to the
FE code along with thermo physical material properties, friction conditions and orthogonal turning data. The
simulations were executed for various cutting conditions and the friction iteratively changed till the cutting
forces correlated the experiments. Along with the iterative convergence procedure, the grid independence test
was carried out to ensure that the FE results were independent of the mesh size. All FE values were identified
at near steady state conditions to ensure correlation to experiment procedures.
5.1

Cutting force

Fig. 3 depicts the cutting force predictions of FE model against the experimental results for the feed of
0.318 mm/rev. The average experimental cutting force decreased as the cutting speed increased with models
M1 and M3 showing a similar pattern. Model M4, whose parameters were obtained by SHPB tests at high
strain rates, matches the experimental results, except at higher cutting speed, with errors less than 8% which
proves its effectiveness in the lower and medium cutting speed range. Model M3 matches well with the expertests at high strain rates , matches the experimental results, except at higher cutting speed, with errors less
than 8% which proves its effectiveness in the lower and medium cutting speed range.

Fig.Fig.
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cutting
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FE with
with experimental
forces
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flowretained
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strain ratesofwere
and the
modified
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(PSZ)
where correction
the primary
Also
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(Parameter
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with to
theM3
experimental
M4. Overall JC model set M3 proves to be a better fit across all cutting speeds, especially at higher feed
results. The poor predictions of M2 could be due to the lower hardening modulus (Parameter B: 200 MPa)
rates (more than 0.3 mm/rev).

when compared to M3 and M4. Overall JC model set M3 proves to be a better fit across all cutting speeds,
especially at higher feed rates (more than 0.3 mm/rev).
5.2 Chip Morphology
WJMS email for subscription: info@wjms.org.uk
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cutting and can be used as a prime parameter in optimizing the metal cutting process since it reflects the
true measure of plastic deformation and provides an estimate of the energy spent in the process [15, 22].
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5.2

Chip morphology

Chip morphology is a significant parameter in understanding the material deformation behaviour in metal
cutting and can be used as a prime parameter in optimizing the metal cutting process since it reflects the true
measure of plastic deformation and provides an estimate of the energy spent in the process[2, 11] . Fig. 4 shows
the comparison of FE and experimental chip thickness results and Figure 5 shows the SEM photographs of the
machined chip clearly describing the serrations and segmentations characteristics typical of Al 2024 T351 aluminium alloy. The serrations are due to the instability that arises due to interactions between strain hardening
and thermal softening that produces irregular oscillations at low speeds and usually disappears at high speeds
leading to asymptotic periodic oscillations[8] . Fig. 6 (a) to (d) show the numerical chip formation obtained
from the four JC model sets at nearly steady state during the simulation process. The average chip thickness
predicted by the four JC model sets at various cutting conditions were compared with the corresponding SEM
micrographs. M1 and M4, simulated chip curls with larger radius, whereas models M2 and M3 simulated chip
curls with smaller radius which is similar to the experimental chip. Some segmentation was observed in chip
of model M2. The other three models showed no segmentation or serration reported in the experimental chip
suggesting that the JC law was unable to predict the external chip shape. However the average chip thickness predictions agree with the SEM measurements except for model M4 which showed a large deviation at
a lower cutting speed. M1 is suitable for chip thickness predictions of Al 2024 T351 alloy material which
can be attributed to the higher hardening modulus and strain hardening exponent values in its JC parametric
equation.

Fig. 4: Comparison of FE with experimental chip thickness
Fig. 4: Comparison of FE with experimental chip thickness

Fig. 4: Comparison of FE with experimental chip thickness

Fig. 5: SEM Photographs of Experimental Chip
5: SEM Photographs of Experimental Chip
Fig. 5: SEM Fig.
Photographs
of Experimental Chip

5.3

Stress distribution

The stress in machining is maximum in the primary shear zone (PSZ), slightly lower in the secondary
(a) M1 shear zone (TSZ) and the M2
M2
(b)of the work piece. The principal
shear zone (SSZ) and lowest in (a)
theM1tertiary
rest(b)
cutting area being the PSZ, it is natural for the stress to be higher here. The JC model predicts this pattern
of stress distribution accurately. The four model sets however simulate different stress intensities across the
three shear zones due to the variation in the yield strength parameter (A) and hardening modulus (B). Also
WJMS email for contribution: submit@wjms.org.uk
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(d) M4

273

World Journal of Modelling and Simulation, Vol. 13
(2017) No. 4, pp. 268-277
Fig. 5: SEM Photographs of Experimental Chip

(a) M1

M2 (b)

5.3 Stress Distribution
(c) M3
(d) M4
Fig. 6: Chip
predicted
FE Models
Fig. 6:Morphology
Chip Morphology predicted
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The stress in machining is maximum in the primary shear zone (PSZ), slightly lower in the secondary
shear zone (SSZ) and lowest in the tertiary shear zone (TSZ) and the rest of the work piece. The principal
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it is natural
for cutting
the stress
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of stress distribution accurately. The four model sets however simulate different stress intensities across
Fig. 7(a) to (d) shows the stress predictions of the four JC models. Model M1 predicts the highest stress
the three shear zones due to the variation in the yield strength parameter (A) and hardening modulus (B).
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modelfit.M2 has lowest hardening modulus than the other models. Model
M2 shows a stress concentration zone just above the primary shear zone due to the chip segmentation
which was not observed with the other models making it a better fit.

(a) M1

(b) M2

(c) M3

(d) M4

Fig.
Fig.7:
7:Effective
Effective stress
stress distributions
distributions

5.4 Strain Distribution
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bulk deformation processes such as forging, rolling etc. The plastic strain deformation is prominent in the
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5.4

Strain distribution

Machining is basically a plastic deformation process with high strain and strain rates compared to other
bulk deformation processes such as forging, rolling etc. The plastic strain deformation is prominent in the
SSZ, where the tool C chip contact contributes to the curling, segmentation and breaking of the chips during
machining of Al 2024 T351 alloy making it a comparatively easily machinable alloy group in the Al, Mg,
Cu series. The plastic strain is marginally lower in the PSZ and the free end of the chip, but insignificant
in the machined surface and elsewhere. The JC law successfully maps this strain pattern in the simulated
chip. Fig. Al,
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SEM
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theissegmented
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plastic
Mg, Cuthe
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The
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and higher
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Fig. and
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to 9(d) show
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the simulated chip. Figure 8 shows the SEM images of the segmented chip depicting the higher (severe
non-uniform
strain is predicted along the length of the chip with M2 and M3. M1 and M4 predict uniform
plastic deformation) and lower strain regions on the chip. Figures 9(a) to 9(d) show the strain distributions
strain distribution.
M2,AM3
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loweralong
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M2
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the chip curl
of the fourModels
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thefield,
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of the
chip
with
M2 and M3.
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uniform
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than other
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Severe plastic
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Fig. 8: Segmented chips showing high and low strain areas and severe plastic deformation

Fig. 8: Segmented chips showing high and low strain areas and severe plastic deformation

5.5

Temperature distribution

Machining process is a combination of plastic deformation and heat transfer at the Tool, chip and work
piece interface. The heat released in plastic deformation is converted to work. Friction at the tool-work interface increases the heat and a cutting fluid is used to cool and lubricate the hot surfaces. But it hinders the
temperature observation and hence dry cutting is used for this study. The temperature at the tool-chip interface
(a) M1
(b) M2
(SSZ) will be higher since
the friction will be higher in this zone, followed
by the PSZ and least in the TSZ.
The better thermal conductivity of the Aluminium alloy ensures an effective heat transfer rate which enables
quick dissipation of heat to the surroundings. This factor reduces the wear on the tool surface, enhances the
tool life and improves the machinability of aluminium alloys. Figures 10(a) to (d) show the temperature distribution predicted by the FE models. The four models describe the temperature phenomena during machining
accurately showing higher temperature at the SSZ and least in the PSZ. The work material is modelled as
plastic to enable a thorough study of the plastic deformation process while the tool was modelled as rigid.
The JC models quantitatively describe the heat transfer behaviour inaccurately suggesting a weakness in the
JC law. In the four models used here, the thermal softening factor m is 1 and it is necessary to optimize this
factor to ensure better modelling
of the temperature factor or use a JC law
whose parameters are found from
(c) M3
(d) M4
machining process directly. The poor FE predictions could also be attributed to the non attainment of steady
state conditions during the machining simulation
runs
which
are over in a few seconds. Amongst the four
Fig. 9: Effective
strain
distributions
models, M3 predicts the temperature factor marginally better than the other models.

6

Conclusions

It is necessary to evaluate the material property input to numerical simulations to ensure proper interpretation of the results which are vital for material deformation studies. In this context, the flow stress is the most
WJMS email for contribution: submit@wjms.org.uk
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5.5 Temperature Distribution

(a) M1

(b) M2

Machining process is a combination of plastic deformation and heat transfer at the Tool, chip and work
piece interface. The heat released in plastic deformation is converted to work. Friction at the tool-work
interface increases the heat and a cutting fluid is used to cool and lubricate the hot surfaces. But it hinders
the temperature observation and hence dry cutting is used for this study. The temperature at the tool-chip
interface (SSZ) will be higher since the friction will be higher in this zone, followed by the PSZ and least
in the TSZ. The better thermal conductivity of the Aluminium alloy ensures an effective heat transfer rate
which enables quick dissipation of heat to the surroundings. This factor reduces the wear on the tool
surface, enhances the tool life and improves the machinability of aluminium alloys. Figures 10(a) to (d)
show the temperature distribution predicted by the FE models. The four models describe the temperature
phenomena during machining accurately showing higher temperature at the SSZ and least in the PSZ. The
work material is modelled as plastic to enable a thorough study of the plastic deformation process while
the tool was modelled as rigid. The JC models quantitatively describe the heat transfer behaviour
inaccurately suggesting a weakness in the JC law. In the four models used here, the thermal softening
factor ‘m’ is(c)
1 and
modelling
M3 it is necessary to optimize this factor to ensure better (d)
M4 of the temperature
factor or use a JC law whose parameters are found from machining process directly. The poor FE
predictions could also be attributed to the non attainment of steady state conditions during the machining
Fig.a few
9:9:Effective
strain
EffectiveAmongst
strain distributions
distributions
simulation runs which are over inFig.
seconds.
the four models, M3 predicts the temperature
factor marginally better than the other models.

(a) M1

(b) M2

(c) M3

(d) M4
Fig.10: Temperature distribution

Fig. 10: Temperature distribution
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important FE input data which is input through material constitutive models. The Johnson Cook model being
a popular material behaviour model is employed in this work for studying the plastic deformation characteristics of Al 2024 T351 aerospace alloy in machining. Four sets of JC model parameters have been analyzed.
The JC model qualitatively predicts the cutting forces, stress, strain and temperature phenomena effectively,
but fails to simulate the chip morphology where segmentation pattern is evident in the experimental chip and
under predicts the temperature factor. The JC model set M3 predicts the cutting force and chip thickness better
than the other model sets. The JC model set M2 simulates the chip curl, marginal chip segmentation, stress
and strain factors better than the other models. It is evident that no particular JC model parameter sets is
fully capable of simulating machining behaviour and extensive changes in measurement of flow stress during
machining or optimizing the parameters are needed to fully characterize the deformation characteristics in
machining.
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