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Abstract

The tool wear found in machining processes represents main obstacle for
machinability due to its detrimental effects on surface roughness, material removal
rate and machining economy. A nonlinear thermomechanical finite element model
was developed to simulate the tool chip interaction. This model predicts not only
the chip morphology and chip flow direction, cutting forces values, stress
distribution, but also can use to predict tool wear. Furthermore, the effect of elastic
deformation (spring back) and the thermal effect have been considered in the model.
Cutting force was predicted and compared with the conducted experimental work.
Dry turning operation was carried out on low carbon steel using carbide tool. The
tool/workpiece interface stress on flank face was calculated and compared with the
FEM. Predicted results show good correlation with the FEM. FE model was
verified experimentally by measuring the cutting force. The friction on the flank
face and spring back concentrates the stress on the flank face.
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1. Introduction

Machining processes are essential shaping processes for obtaining
designed geometries and surface properties by shearing the workpiece material into
a chip. This chip is carried out through large strain, high strain rate and hence high
temperature due to adiabatic heating [1]. The generation the cutting temperature
softens the cutting tool which increases the tool wear and reduces the tool life.
Coating the cutting tools reduces the cutting temperature due to the reduction of
the tool-workpiece friction this variation in the cutting friction required FE tool to
simulate it accurately [2].

Haddag and Nouari [3] studied tool wear and heat transfer analyses in dry
machining based on multi-steps numerical modelling. They obtained cutting forces,
chip morphology and chip flow direction as well as tool—chip interface parameters
in the first step and the second step concerns the tool wear prediction using tool—
chip interface parameters. They found that the predicted tool wear highly localized
at the cutting edge, particularly at the tool corner. A. Malakizadi et al. [4] carried
some steps composed from experimental work, response surface methodology and
FE to determine the Jonson-Cook material parameters for 1080 plain carbon steel,
AA6082-T6 aluminium alloy and Inconel 718. They used DEFORM FE code to
carry 2D model to determine the cutting forces and hence the coefficient of friction.
C. Montenegro et al. [5] investigated the effect of low and high strain rate on the
material microstructure. They used a plane strain machining which is similar to
shaping process for investigated the effect of high strain rate. They got good
agreement between the grain size expected from FE and the experimental results.

Zhu et al. [6] studded tool wear characteristics in machining and concluded
that tool wear is generally considered to be a result of mechanical (thermo-dynamic
wear, mostly abrasion) and chemical (thermo-— chemical wear, diffusion)
interactions between the tool and workpiece. Furthermore, it can be summarized
that in metal cutting, the actual wear rate is the combination of adhesion, abrasion,
diffusion, and oxidation wear rate, depending on the temperature and stress
distributions. Sayit et al. [7] showed that abrasive, adhesion and oxidation wear
mechanisms are predominant in the machining of continuous and interrupted
cutting of ductile iron. EI-Gallab and Sklad [8] Included that the interaction of the
thermal and mechanical tool/chip in the model and found that the crater wear,
pitting, and chipping can be predicted by their model. M. Binder et al. [9] developed
the first FE model for the tool wear in metal cutting for coated complex micro tools.
They proposed technigue by which the cutting zone on a real cutting tool was used
to make the modelled tool to be more similar to the real one. The wear of both flank
and rake faces were calculated.

Mao et al. [10] presented a finite element model for simulating the
temperature field in the wet surface grinding. The model takes into account the
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nonlinear nature of the workpiece material properties with temperature. Their
simulation demonstrates that more convincing results are obtained using the
parabolic than the triangular heat-flux distribution. Wang et al. [11] developed a
finite element model to simulate the cutting process and reflects the effects of high
temperature, large strain, and strain rate to the workpiece material. They deduced
the relationship between cutting force coefficients and chip thickness. To validate
the accuracy of the model, force is predicted and shown to match the real measured
force with satisfactory accuracy. Q. Xia et al. [12] modelled the cutting temperature
for high speed machining using FE method. They developed their model based on
quasi-static conditions due to their assumption that a thermal equilibrium occurs
near the cutting tip in few seconds.

Li [13] found that tool wear in cutting process is produced by the contact
and relative sliding between the cutting tool and the workpiece, and between the
cutting tool and the chip under the extreme conditions of cutting area. Yen et al.
[14] estimated tool wear in orthogonal cutting using the finite element analysis.
They discussed the numerical implementation of the integration of tool wear
models with FEM calculations to predict the evolution of wear over long cutting
periods. Both researchers [13], [14] found that the simulations using a cutting tool
with constantly updated rake face and flank face geometries have shown that it is
possible to predict the evolution of tool wear at any given cutting time from FEM
simulations by using the methodology proposed in their study.

Attanasio et al. [15] mentioned that previous performed researches showed
some problems in the correct identification of crater depth and position when using
analytical tool wear models based only on abrasive or diffusive tool wear
mechanisms. They added that they implemented a new analytical tool wear model,
taking into account the influence of both abrasive and diffusive tool wear
mechanisms for overcoming these limits. D. Yang et al. [16] suggested a sequence
composed of FE (Abaqus/Explicit simulation) and statistical analysis to optimize
the residual stress during milling process. They simplified the milling process
similar to shaping process with variable undeformed chip thickness as Sin function
of the undeformed chip thickness and the end mill rotation angle. They verified
both FE and regression model using experimental machining on @ and 8 phase
titanium alloy TIO5AI-4V.

Thepsonthi and Ozel [17] employed FE simulations to investigate chip
formation process in terms of cutting force generation, tool temperature and contact
pressure, sliding velocity and hence tool wear rate. They mentioned that the
simulation results were further utilized for estimating tool life using a sliding wear
rate model. Vadiraj et al. [18] studied the Effect of sliding speed on wear behaviour.
They found that under dry condition, wear loss increases and friction coefficient
decreases with sliding speeds.
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Grzesik and Nieslony [19] studded the tool-chip contact behaviour using
FEM-based modelling. They found that their simulation approach can be seen in
elaborating more accurate models with updated thermal properties. Particularly, it
contributes to predicting some fundamental relationships between all physical
phenomena involved into the overall tool-chip contact behaviour.

Lorentzon and Jarvstrat [20] concluded that the proposed friction
description with a lower coefficient in the area around the tool tip together with
Usui’s [21] empirical wear equation shows excellent experimental agreement
where coulomb friction model commonly employed.

Arcona and Dow [22] mentioned that During the metal cutting processes,
the cutting force applied on the cutting tool is related to the elastic deflection, or
spring back of the workpiece. Moreover, thrust force is deduced due to the
frictional forces on the tool rake face and the normal force associated with spring
back.

Fang et al. [23] stated that after the work material has passed the lowest
cutting edge point, the elastic portion springs back and that the elastic portion
springs back. Workpiece hardness, shear angle or chip-tool friction coefficient,
elastic deformation force of the workpiece are needed for calculating the total tool
force [16]. Ozturk et al. [24] measured the elastic energy of the material at various
temperatures under tensile loading condition. Their results reveal that the spring
back is substantially reduced with increasing temperature. Jiang and Chen [25]
studied the spring back behaviour of the Microtube and found that the experimental
springback result was higher than that of the prediction made by the simulation for
the occurrence of grain subdivision, induced by strain hardening, reduced the
spring back amount.

The cutting tool conditions are significant factors in machining process so,
many researchers directed to build FE models to study these conditions. F. Ducobu
et al. [26] built a 3D finite element (FE) model to close the FE model to the real
experiments. They verified their model by machining a Ti6AL4V alloy using
WC/Co tool coated with TiV PVD. The tool was modelled by the Lagrangian
formalism and the workpiece was modelled by Eulerian. Their model expressed the
cutting force accurately. S. Kumar et al. [27] investigated the effect of textured
cutting tool on the cutting force and chip-tool contact length using 3D FE using
AdvantEdge 3D software which used lagrangian dynamic explicit. They
investigated different shapes of textures as circular, rectangular, triangular and
elliptical. The model was built to simulate turning of Ti6AI4V titanium alloy. They
found that the textured area affected significantly on the cutting force while the
shape of texture effect came the second.
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The objective of this study is to predict the chip morphology and chip flow
direction, cutting force values, stress distribution, and predict tool wear evolution
taking into consideration the spring back action using FEM simulations.

2. Finite Element Model

A finite element model was developed for simulating the cut and uncut
chip thicknesses during machining processes. This was carried out using
ABAQUS/CAE software using the elements of isoparametric quadrilateral. Sliding
friction between the deformed chip and cutting tool face have been studied. The
process simulation was carried out as movement of the cutting tool against the
workpiece which is prevented to move from the left and bottom sides like the
shaping process. These steps allow obtaining stable cutting forces and accurate chip
morphology [3]. The slideline was used to perform the separation of rake face and
uncut chip nodes. This slidelines movement is constrained to prevent the nodes
form interfering and give chance to simulate the friction between the contact
surfaces.

Carbide cutting tool material with a 27.5° rake angle was used during the
machining process and the undeformed chip thickness was 0.25 mm. The cutting
speed was 200 m/min and the workpiece materials conditions were 0.2% carbon,
with modulus of elasticity E = 2.1 x 105 N/mm2, and 0.3 Poisson ratio. The
calculated values of the effective stress and strain hardening coefficient so that the
effective stress of 836 N/mm2 and the strain hardening coefficient of 0.036 were
applied in the FE model [28]-[30].

3. Spring back Action

The investigation of material spring back demonstrated an empirical model
to describe this phenomenon. These parasitic forces were attributed to elastic spring
back of the workpiece as it is compressed and moved under the cutting edge without
being removed [31]. The spring back can be represented shown in equation (1) [31],
[32]:

s=Kirf/, (1)

Where S is the deflection of the machined surface or spring back, K1 is a
scaling constant for the best fit for Eg. (1), r is the cutting tool nose radius, H is the
workpiece hardness and E is the modulus of elasticity where H/E = 0.04 [33].
Spring back action was calculated from Eq.(1) and applied in the FE model.

The thrust force which is deduced form the cutting tool sliding over the
workpiece was used to calculated the contact stress of the elastic spring back by
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dividing the thrust force values by the estimated area due to spring back [22]. The
contact stress can be expressed as a function of hardness divided by elastic modulus.
An experimental relationship for this tool/workpiece interface stress on flank face
[31], [32] is given by:

6=K2HV )

Where k2 is a scaling constant. The measured shear angle was used to
compute a coefficient of rake friction at the tool/chip interface is from the following
equation [22].

sin @
cos @ 73

S o 3
: Ci)/53Q)+sin(D ®)

4. Experimental Work

Some experiments were carried out using a centre lathe for machining low
carbon steel using carbide cutting tool in without coolant machining. The cutting
speed was 200 m/min and the uncut chip thickness was 0.25 mm. A homemade
dynamometer for two component force was used for measuring cutting forces. The
dynamometer specifications were: maximum force was 3000 N, with a sensitivity
of +1 N and natural frequency of 2 kHz. The dynamometer was calibrated using
a proving ring which is characterized with maximum load of 2920 N with an elastic
constant of 1460 N/mm.

5. Results and Discussion

In this model, the chip formation process was simulated with steps
performed by Abaqus program. The effect of elastic deformation of the workpiece
(spring back) has been considered and the thermal effect was included in the model.

Figure 1 demonstrates the start of separation of chip from workpiece and
tool showing the formation of chip. It reveals that the chip is leaving the tool rake
face due to chip curl as a result of the friction between chip and tool. It also shows
an early predicted flank wear as proved by the stress concentration at the flank face
of the tool. The stress concentration at the flank face occurred as a result of the
friction between the tool flank face and the machined surface added to the spring
back effect as was included in the model. Flank wear zone is predicted and the tool
wear is highly localized at the nose of the cutting edge as verified by the tool wear
experimental result shown in Figure 2. Finally, the predicted tool wear is highly
localized at the cutting edge as found by Haddag and Nouari [3].
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In Figure 3, the start of predicted crater wear is very clear as an indication
of the flow of chip directed towards the tool face with the friction force acting
between the chip and tool face. The crater wear is well identified on the tool face
by the stress concentration at about 0.2 mm from the tool tip due to abrasive and
diffusive wear mechanisms. Also, the deformation at the free end of shear plane
gives an indication of micro-fissure formation at the chip at that end.

5, Misaes
{Avg: 7596)
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+2.787a+02
+2.090e+02
+1,393e+02
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+0.000e+00

Figure 1. Developed Von-Mises stress by the start of chip removal (Travel =
0.059 mm.)

Figure 2.  Carbide cutting edge with flank wear.
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Figure 3.  The start of predicted crater wear (Travel = 0.315 mm.)

In Figures 4-5, as cutting proceeds, fissures at the free end of shear plane
are continuously possibly occurs. Chip curl is clearly initiated due to the presence
of friction between chip and tool face. As cutting proceeds, flank wear and crater
wear is actually a cumulative process increasing till tool blunt. It is clear also, the
stress affected zone in the workpiece before shear plane which seems to be constant
as cutting proceeds.

Figures 6-8 shows that as cutting proceeds, stresses on tool face are
variable with the chip curl. The chip curl could be clearly extracted from the
behaviour of chip along cutting. These figures do not show constant crater and flank
wear. This may be due to the effect of chip curl which in turn the stress
concentration varied with the increase of curvature in chip formation. The crater
wear and flank wear could be clearly predicted from the results of the stress
distribution along the tool rake face and the flank face respectively.

Finally, as cutting proceeds, chip curl increases, shear angle decreases,
variation of tool wear as it is commutative, fissures at the shear plane free end, and
stresses distribution on tool face are variable with the chip curl.

To verify the model, the experimental results show cutting force of 523 N
while the FEM results in cutting force of 494 N at the same conditions of the
experiments. The difference in cutting force value could be due to the effect of tool
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wear. Also, the tool/workpiece interface on flank face stress o calculated by Eq. 2
is 820 MPa while the FEM gives ¢ reached between 766 and 836 MPa.

Figure 9 shows the energy relation between the external work, internal
energy (plastic dissipation) and the frictional dissipation. It reveals that the exerted
external work input to the model equals to the internal energy which is the plastic
dissipation in addition to the frictional dissipation in the rake and flank faces.
Figure 10 gives the relation between the frictional dissipation and the travel of tool.
This relation is very important in predicting the tool wear.

S, Mises
(Awg: 75%)

+8.360e+02
+7.663e+02
+6.967e+02
+6.270e+02
+5.573e+02
+4.877e+02
+4.180e+02
+3.4832e+02
+2.787e+02
+2.090e+02
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+0.000e+00

Figure 4.  Predicted stresses at the free end of shear plane (Travel = 0.44

mm.)

S, Mises
(Avg: 75%)

+8.3602+02
+7.663e+02
+6.967e+02
+6.270e+02
+5.573e+02
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Figure 5. Initiation of chip curl (Travel = 0.62 mm.)
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Figure 6.  Cutting proceeds (Travel = 1.0 mm.)
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Figure 7. Cutting proceeds (Travel = 1.5 mm.)
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Figure 8.  Cutting proceeds (Travel = 1.9 mm.)
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6. Conclusions

A finite element analysis simulating chip formation in metal cutting was
modelled. The model accounts for chip separation from the workpiece. For more
accurate results in this work, the effect of spring back has been considered and the
thermal effect was included in the model. The following conclusions can be drawn
from the analysis:

The stress concentration at the flank face occurred as a result of the friction
between the tool flank face and the machined surface added to the spring back
effect was included in the model. Flank wear is well predicted as the tool wear is
highly localized at the rounded part of the cutting edge (intersection between rake
and flank faces) as verified by the tool wear experimental result at the same
conditions. Flank wear and crater wear is actually a cumulative process increasing
till tool blunt. The chip leaves the tool rake face due to chip curl as a result of the
friction between chip and tool.

The FEM was verified using the experimental results of the cutting force
at the same conditions of experiments. Also, the tool/workpiece interface stress on
flank face is calculated and compared with the FE results where good correlation
was found.

The energy relation between the external work, internal energy (plastic
dissipation) and the frictional dissipation was plotted showing that the exerted
external work input to the model equals to the internal energy which is the plastic
dissipation added to the frictional dissipation in the rake and flank faces. The
relation between the frictional dissipation and the travel of tool is very important
in predicting the evolution of tool wear at any given cutting time from FEM
simulations. Therefore, the presented model could be used to reduce tool wear, and
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hence improve the surface roughness of the workpiece and reduce the tool change
down-time through optimization of the tool geometry. The model could also be
used to achieve the cutting parameters that would lead to the least tool wear.

As cutting proceeds, chip curl increases, shear angle decreases, variation

of tool wear as it is commutative, fissures at the shear plane free end are
continuously possibly occurs, while the stress distribution on tool face is variable
with the chip curl.
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