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1. Introduction

The usage of aluminum alloys like A2024-T351 as
structural parts in aeronautic and avionic industry is very
common these days due to its good strength to weight ratio
properties. These types of materials undergo numerous dry
cutting machining processes before taking final shape [1-2].
These materials experience severe cutting forces during the
machining processes in the manufacturing industry that may
affect the chip formation and work piece distortions [3]. In
industry, different machining processes are used based on
machinist models and empirical studies. High costs of ex-
periments in terms of time, price and availability of expen-
sive materials demand an alternative strategy in the form of
finite element analysis to estimate them. Hence optimization
of different machining parameters (like cutting speed, feed
rate, tool geometry etc) with the help of finite element anal-
ysis attains a value of prime importance [4-5].

The cutting process in metals may be described as
a crack like entity between the two surfaces i.e. chip and
work piece. Two established theories, damage mechanics
and fracture mechanics, may be employed to study the crack
growth behavior in materials. Fracture mechanics theory es-
tablished on the basis that a crack like entity already exists
in material and it deals with the propagation of crack [6]. On
the other hand damage mechanics theory not only predicts
the propagation of crack but also simulate the process of
crack initiation [7]. In the present work, Johson-Cook plas-
ticity material model coupled with damage evolution law is
adopted to simulate the crack growth behaviour between the
two surfaces [8]. Johnson-Cook model provides description
of metal material behavior by considering large strains, high
strain-rates and temperature dependent viscoplasticity.

In the present study 2D finite element analysis of
turning process of aluminum alloy A2024-T351 is per-
formed to study the process of chip formation and different
parameters affecting the aforementioned process using com-
mercially available FE software, Abaqus/Explicit [9]. This
particular finite element simulation study will help to under-
stand the turning process of aluminum alloy and to optimize
the machining parameters required for the turning process.
The authenticity of finite element analysis is verified by
comparing the simulation results with the available experi-
mental data [10].

This article is organized as follows: in section 2,
mathematical details of employed material model of John-
son-Cook are discussed. Section 3 contains the details of FE

model and simulation results. Then a comprehensive para-
metric study is presented and discussed in section 4. Finally
some concluding remarks are given in section 5.

2. Material model

The Johnson-Cook material model is adopted in
the present study for the cutting simulation and chip for-
mation phenomenon. If o is the equivalent plastic flow
stress then following expression can be written [8]:
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where A, B and n are material constants for strain hardening;
C is the material constant for strain hardening rate, m is ma-
terial constant for thermal softening effect, Troom iS the ref-
erence ambient temperature and Tmer: iS the melting temper-

ature of the material. Similarly in the above equation, ¢ is

the equivalent plastic strain, ¢ isthe plastic strain rate, ¢o

is the reference strain rate. If zo: is the plastic strain at dam-
age initiation then it can be expressed by following criteria
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constants that can be found from experiments and P is the
pressure stress [8]. During the analysis, the damage is initi-
ated when a scalar damage parameter o exceeds 1 and this
parameter can be expressed as [11]:
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Based on Hillerborg’s fracture energy proposal, the
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energy Gs required to open a unit area of crack may be writ-
ten as [12]:

G, =EO: LO'yd(g:.[Onydu . 4)

In the above equation L is the characteristic length
of element and u ¢ is the equivalent plastic displacement at
failure and can be computed by the following equation [13]:
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If E is the modulus of elasticity of material and v is
the Poisson ratio then fracture energy G: for mode | and
mode Il crack growth can identified from experiments by
the following relation [10]:
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In the above equation K¢ and K;,c are material con-
stants for mode I and mode 11 crack growth respectively and
termed as fracture toughness of the material. For A2024-
T351, the  fracture  toughness  values  are:

K, =26 (MPa«/m) and K, =37 (MPa </m) [14]. Allin-
ear or exponential damage evolution law can be considered
for degradation of material under applied force. If D is dam-
age variable, following two equations represent the linear

and exponential type of damage evolution law respectively
[14]:
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3. Finite element analysis

2D finite element analysis of turning process is
performed using Abaqus/Explicit [9]. Johnson-Cook mate-
rial model along with damage evolution law is available in
Abaqus/Explicit. Four node quadrilateral continuum ele-
ments with plane strain assumption (CPE4RT) are used for
coupled temperature-displacement analysis [15].

The geometry of the model and different boundary
conditions are shown in Fig. 1. To optimize the contact con-
ditions between the work piece and tool, the work piece
component is divided into three partitions. Different parti-
tions of work piece are: 1) chip 2) tool-tip passage zone and
3) work piece support. To facilitate the chip formation, the
thickness of the tool-tip passage zone should be of the order
of tool edge radius [16].These three partitions of work piece
are joined together using the tie constraint option available
in Abaqus/Explicit. During the cutting operation tool comes
in contact with the work piece and chip, furthermore chip
also makes self contact during the machining process. A
coulomb friction model is employed for tool-chip-work
piece interaction [17-18]. The finite element simulation re-
quires the identification of different damage parameters [19-
21], The identified Johnson-Cook material parameters used
for damage initiation and damage evolution for A2024-
T351 are given in Table 1 [14]. The different material prop-
erties of A2024-T351 are given in Table 2 [14].

In order to authenticate the simulation process, fi-
nite element analysis results will be compared with availa-
ble experimental data on turning machining of A2024-T351.
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Fig. 1 Geometric model of work piece and tool
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In order to authenticate the simulation process, fi-
nite element analysis results will be compared with availa- 1200 1

ble experimental data on turning machining of A2024-T351. =
The experimental results of cutting forces against different ' g0g | W
cutting feeds and velocities are given in Table 3 [10]. S
In this section 2D finite element analysis of cutting 'f_: )

process of A2024-T351 is performed for a feed rate = 600 1 —=— Reaction Force
f= 0.4 mm and friction coefficient x = 0.15 against velocity g )

_ . . : & = = Avergae Experimental
Vc =800 m/min. Fig. 2 represents the reaction force (Fc) 300 - Force [14]
obtained from numerical analysis for cutting speed of
800 m/min. The average cutting force obtained from numer-
ical results is 943.4 N and is in good agreement with exper- 0 - -

) 0,0E+00 1,5E-04 3,0E-04 4,5E-04

imental results. Since the deviation of numerical results
from experimental results is of the order of 3.4% which Time (Sec)
shows the authenticity of simulation work. Fig. 3 shows the

resultant \Von misses stress profile during the chip formation ~ Fig. 2 Evolution of Reaction Force vs Time for cutting
process. speed of 800 m/min

4. Parameters affecting the cutting process

In the previous section finite element analysis has
been performed on turning simulation for A2024-T351 alu-
minium alloy and results are successfully compared with ex-
perimental results. After verifying the simulation results a
comprehensive parametric sensitivity analysis considering
different cutting parameters is performed in this section.

Fig. 3 Von misses stress profile at 800 m/min cutting speed

Table 1
Johnson-Cook material parameters for A2024-T351 [14]
A, MPa B, MPa n C m D1 D2 D3 D4 D5
352 440 0.42 0.0083 1 0.13 0.13 -15 0.011 0
Table 2
Work piece and tool properties [14]
Physical parameter Work piece (A2024-T351) Tool (Tungsten Carbide)
Density p, Kg/m3 2700 11900
Elastic modulus E, Gpa 73 534
Poisson ratio v 0.33 0.22
Specific heat Cp, JKg'°C? Co,=0.557T +877.6 400
L Al 25<T<300:1=0247T +114.4
Thermal conductivity 4, WmC 300 <T < Twer: 4 = -0.125T + 226.0 50
Expansion a, pmm™°C*? a+89x10°T+222 X
Tmelt, OC 520 X
Troom, °C 25 25
Table 3
Experimental results [10]
Cutting force Fc, N
Cutting Speed V¢, m/min
Feed f, mm
200 400 800
0.3 778 N 769 N 769 N
0.4 988 N 978 N 976 N




4.1. Effect of cutting speed

The effect of different cutting speeds on the reac-
tion force is studied in the present section. The values of
feed rate f=0.4 mm and friction coefficient x = 0.15 are
employed to study the effect of different values of cutting
speed. Fig. 4 presents the variation of cutting force with cut-
ting speed. Although from Fig. 4 a slight increasing trend is
observed but there is not an appreciable difference in values
of cutting force as the cutting speed increases from
200 m/min to 800 mm/min. Similarly temperature profile at
different velocities is shown in Fig. 5. From Fig. 5, one can
note that by increasing the cutting speed, maximum temper-
ature at the tool-chip interface also increases. In the present
case, maximum temperature increases approximately from
231°C for Vc = 200 m/min to 336°C for V¢ =800 m/min.
Hence selection of cutting speed can be attributed to total
time required to complete a job, machine capability & accu-
racy, required surface finish and maximum affordable tem-
perature of the work piece.

4.2. Effect of feed rate

The effect of feed rate (f) on cutting force is con-
sidered in this section. Fig. 6 shows the results of cutting
force vs cutting speed for two different feed rate values i.e.
f=0.3&0.4 and x =0.15. The reaction forces obtained
from numerical results are also in good agreement with ex-
perimental results, see Table 3 for comparison.

From Fig. 6, itis clear that reaction force decreases
considerably as the feed rate (f) decreases. Similarly, tem-
perature profile at different feed rate (f) is shown in Fig. 7.
From Fig. 7, one can note that maximum nodal temperature
increases with the increase in feed rate. Moreover the differ-
ence in rise in temperature at higher velocities is much
higher in comparison of lower velocities. At
Vc =200 m/min, the maximum temperature varies from
231°C to 237°C for f = 0.3 and 0.4 respectively. But on the
other hand as the cutting speed increases from 200 to
800 m/min, the maximum temperature varies from 301°C to
336 °C for f = 0.3 and 0.4 respectively. Now selection of fi-
nal cutting feed depends upon the total time to finish the
work piece since small feed values will take more time to
achieve final dimensions of finished parts. Moreover small
feed values also carry the advantage of less cutting force and
temperature values.
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Fig. 4 Variation of cutting force vs cutting speed
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Fig. 5 Temperature profile at different cutting speeds
4.3. Effect of friction coefficient

The friction coefficient between tool-chip interface
also plays its role on the resultant cutting force values. The
effect of friction coefficient p on the reaction force is de-
picted in Fig. 8. In this figure, results for two feed rates,
f=0.3 & 0.4, are shown. The results show that the effect of
friction coefficient on cutting reaction force is not that great
as its value increased from 0.1 to 0.15 for both f = 0.3 & 0.4.
On the other hand the friction coefficient value affects the
temperature profile appreciably. From Fig. 9, one can ob-
serve that the maximum temperature increases from 258°C
to 289°C for friction coefficient x4 values of 0.1 and 0.15
respectively at cutting speed of 400 m/min. similarly this in-
Crease in temperature is from 293°C to 336°C for friction
coefficient 4 values of 0.1 and 0.15 respectively at cutting
speed of 800 m/min. Moreover the friction coefficient value
depends on the two cutting surfaces quality i.e. tool and
work piece surfaces and direct control on this cutting param-
eter it is difficult to attain.
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Fig. 7 Temperature profile at different feed f values
values
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5. Conclusions

In this article a comprehensive study is conducted
on different parameters that influence the turning process of
aluminium alloy using the finite element analysis. The au-
thenticity of finite element work is verified by comparing
the results with available experimental data. The effect of

four different parameters like cutting speed, feed rate, fric-
tion coefficient and rake angle on resultant reaction force is
studied. The effect of cutting speed and friction coefficient
on the reaction force is not much significant but they appre-
ciably affect the maximum temperature at the tool-chip in-
terface. On the other hand both feed rate and rake angle have
strong influence not only on cutting reaction force but also
on maximum tool-chip interface temperature. From the con-
ducted study one can say that these parameters may influ-
ence the total time required to complete the job and the net
resultant force experienced by the tool and work piece.
Hence the selection of good parameters for a particular turn-
ing process of aluminium alloy may depend on the required
total time to finish the job and net resultant forces that work
piece and tool can withstand during turning operation. Fi-
nally one can also conclude that finite element analysis may
replace the critical experimental work and help to save pre-
cious time and money. In the present work, a 2D finite ele-
ment analysis is performed and good numerical results that
are comparable with the experimental results are obtained.
But the same effort will be made in future on 3D finite ele-
ment analysis for better and real time analysis of turning
process in metals.
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Summary

The understanding of physical parameters of ma-
chining processes of aerospace grade aluminium alloy is al-
ways of prime importance. The main concern is always to
understand the chip formation process and the resultant cut-
ting force experienced by the tool due to different parame-
ters like cutting speeds, feed rate, friction coefficient and
tool rake angle etc. The finite element analysis has replaced
many expensive and time consuming physical machining
processes. In the present work, an extensive study of differ-
ent parameters affecting the turning process of aluminium
alloy (A2024-T351) is performed using 2D finite element
analysis. The Johnson-Cook ductile material model based
on coupled plasticity and damage evolution is employed to
simulate the cutting process. The authenticity of the per-
formed simulation work is verified by comparing the simu-
lation results with available experimental data on machining
of aluminium alloy (A2024-T351).

Keywords: Finite element analysis, Johnson-Cook material
model, Damage evolution, A2024-T351 al alloy.
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