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ABSTRACT

This article deals with finite element (FE) analysis incorporating deposition stress effects to determine the
optimal cutting speed interval, Vi ervar, and evaluate the effects of cutting speed on the interface
behavior of diamond-coated tools in machining of AA356-T6 aluminum alloy. A model for predicting the
Vinterval limited through the lower, Ve, and upper, Vper cutting speeds is also presented. The results
show that the deposition process causes high residual stress around the round edge on the coating side.
When machining load corresponding to the speed interval is applied, the residual stress on the coating

side is decreased at the Vpper.

Introduction

Chemical vapor deposition (CVD) diamond-coated tools are
widely employed in machining of high-strength materials.
Despite their high strength and low friction properties, the
diamond-coated tools are influenced by inadequate coating-
substrate adhesion, deposition stress, tool geometry, and
machining load. Coating separation is found as the basic
deterioration mechanism of CVD diamond-coated tools [1].
Although the establishment of optimal speed limits is
important for diamond-coated tools, it is not obvious how
the cutting speed influences the performance of diamond-
coated tools. Deshayes [2] presented an approach to establish
the optimal Viygerva for a tool-workpiece pair. In this
approach, the optimal Viyrva Was established by finding its
lower and upper values. Ma et al. [3] conducted a set of experi-
ments to establish the spindle speed in high-speed machining
of curve-shaped parts made of difficult-to-cut materials. These
studies indicate that the cutting speed whose operating interval
requires to be carefully chosen is a crucial parameter to inves-
tigate machining process. The choice of cutting speed also
depends on the cutting forces. Many mechanistic approaches
were suggested to model various process geometries [4],
surface error profiles [5], and cutting forces [6-8]. In whole
situations, these approaches require a serious calibration with
expensive experimental tests for a tool-workpiece pair.
Researchers have been focused on finite element (FE) model-
ing due to such restrictions. Wu and Guo [9] developed a
three-dimensional FE simulation model to study the effect of
tool geometric features and process parameters on cutting
forces. In recent years, the Arbitrary Lagrangian Eulerian
(ALE) FE method has been implemented to analyze a
steady-state cutting process. Arrazola et al. [10] predicted
the characteristics of the tool—chip interface with an FE chip
formation model based on the ALE technique. Kishawy et al.
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[11] considered the influences of various edge radii on cutting
forces by constructing a two-dimensional FE cutting model
including the ALE method.

The FE method is rarely employed to investigate the interfa-
cial deterioration due to the difficultness in modeling the
interface behavior of cutting tools. However, the interface stress
can affect the performance of diamond-coated tools during
machining operations. Therefore, it is necessary to consider
the influence of deposition and machining load on the dia-
mond-coated tools. Davim [12] investigated the effect of cutting
condition on cutting energy, force, and temperature variations
by performing two-dimensional experimental cutting tests with
diamond-coated tools. Almeida et al. [13] considered the effect
of diamond-coated tool geometry upon the cutting forces in
machining hard metal. Qin and Chou [14] proposed a two-
dimensional FE model for diamond-coated tools with residual
stress. This model was implemented to analyze the effect of cut-
ting-edge geometry. In another study, Qin et al. [15] presented a
cohesive interface approach for the determination of coating
deterioration in orthogonal cutting with diamond-coated tools.

The literature on FE cutting analysis with CVD diamond-
coated tools including residual stress effects caused by the
deposition process is very unsatisfactory. In this work,
the two-dimensional FE models are established to determine
the optimal Viptervar in machining of AA356-T6 aluminum
alloy using the CVD diamond-coated tool including residual
stress effects. The model of determining the optimal Vi,erval
is based on the specific machining forces. First, the influence
of the deposition process on the interface behavior around
the tool tip is investigated by constructing the FE model of
the diamond-coated tool with cohesive interface. Then, the
influences of the machining process on the diamond-coated
tool with residual stress are studied at the Vigyer and Vipper
which are determined from the prediction model of the Viyervar-
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Materials and methods

In this study, the two-dimensional FE simulations of the depo-
sition and cutting processes of the diamond-coated tools with
cohesive interface are investigated. The FE method is similar
to the approach described in Ref. [15]. The FE model of
CVD cutting tool consisting of a substrate and a coating is first
prepared for the deposition simulation. Then, this model is
converted into an Abaqus input file and cohesive elements
are defined to construct the cohesive interface. The CVD
diamond-coated tools have 50 and 80 um edge radii, 0° rake
angle, 11° clearance angle, and 15 um coating thickness on
tungsten carbide substrate. The substrate is described as an
elastic-plastic material. The coating has the temperature-
independent linear-elastic material properties. The cohesive
interface utilizes the transaction-separation principle with
the normal stiffness of 5 x 10° MPa and the shear stiffness
of 5 x 10° MPa. Other cohesive interface properties are also
defined as: normal strength 0, = 500 MPa, shear strength
Tmax = 1 X 10° MPa, fracture energy Gr= 100 J/m?. Four-node
elements (CPE4RT) are employed to discretize the substrate
and coating. The cohesive interface is modeled with the
four-node cohesive elements (COH2D4). The deposition tem-
perature is initially adjusted to 600°C. This temperature is
decreased to 20°C at the end of the deposition process.

After the deposition analysis, a thermo-mechanical FE
model of the cutting process is constructed to determine the
optimal Vjyerval in machining of AA356-T6 aluminum alloy
using the diamond-coated tools with residual stress. The feed
rate and depth of cut are 0.3 and 1 mm, respectively. The cut-
ting speed is changed from 1 to 6 m/s by an incremental speed
of 0.5 m/s.

Figure 1 illustrates the workpiece and diamond-coated tool
with cohesive elements set up in Abaqus/Explicit v6.13. The
workpiece is modeled using four-node elements (CPE4RT)
to take into account the deformations generated in high-speed
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Figure 1. The FE cutting model including cohesive elements.

cutting. The bottom edge of the workpiece is arrested in y
direction. The right and top edges of the tool are also con-
strained in x and y directions, respectively. During machining,
the material moves to the right of the workpiece at cutting
speed. An approach is adapted to conduct a steady-state
cutting process, which is carried out via adaptive meshing.
The inflow, chip flow, and outflow ends are the Eulerian
boundaries. All other edges are modeled as the Lagrangian
boundaries. The workpiece initial temperature is 20°C.
Moreover, the initial state is described for the coating, cohesive
elements, and substrate imported from the deposition process.
Table 1 lists the thermo-mechanical properties of the
substrate, coating, and workpiece materials.

The behavior of the workpiece material is described using
the Johnson-Cook (JC) model [17]:

1000
[1 . (5;‘7230)] 0

where the model constants are taken from Ref. [18]. € is the
plastic equivalent strain and the strain rate, &, is normalized
with a reference strain rate, &.

Based on Ref. [14], the friction characteristics for the
cutting simulations are defined as limited shear stress
Timit = 143 MPa and friction coefficient u = 0.6.

Finally, a model is considered for determining the optimal
Vinterval- The presented model is based on Ref. [2] and uses the
specific tangential, K,, and radial, K,, force components
expressed as follows:

7 = [4778%14] [1 +0.0067 In (Lﬂ

2)

where F, and F, are the tangential and radial force compo-
nents, respectively. A, is the chip cross-section area, a is the
depth of cut, and f; is the feed rate.

As expressed in Ref. [2], the K values are relatively constant
along an interval of cutting speeds. The Vi,y., also corre-
sponds to the minimum K, value. Considering these explana-
tions, the Ve, is described as the speed that corresponds to
the minimum value of the K,. The determination of the Vppe;
is much more problematic. In this study, the K, is used to
establish the Ve, value. The Vyper is taken as the speed
value where the K, starts to vary after a stable region.

Table 1. The thermo-mechanical properties of the substrate, coating, and work-
piece materials [14, 16].

Parameter AA356-T6 alloy WC-Co Diamond
Expansion (m/m°C) 214 x107° @t 20°C) 55x10°° 25x10°°
2.32 x 1072 (at 100°C)

Density (g/cm?) 2.67 15.8 35
Young's modulus, (N/m?) 72.4 x 10° 620 x 10° 1200 x 10°
Poisson’s ratio 0.33 0.24 0.07
Specific heat (J/kg/°C) 963 2000 509
Conductivity (W/m°C) 151 84.02 900




Results and discussion

Diamond-coated tools having 50 and 80 pm edge radii,
15 um coating thickness are prepared to perform the depo-
sition stress analysis. Figure 2 illustrates the residual stress
contours of the cutting tools. The coordinate system is con-
verted into the cylindrical coordinate system to investigate
the residual stress around the round edge. The coordinates
0 and 1 correspond to the start and end points of the round
edge, respectively. It can be observed that compressive stress
is occurred in the coating, but the substrate has tensile stress
around the round edge.

Figure 3 also illustrates the radial, o,, and tangential, o,
residual stress distributions on the coating and substrate sides
for two different edge radii. It can be seen that the o, and oy
distributions are mostly compressive on the coating side, but
the predicted stress variations are found to be completely ten-
sile on the substrate side. The maximum o, value of the coat-
ing side is 2.14 GPa for the tool with 50 um edge radius. This
value is very close to the maximum o, value, 2.24 GPa, of the
coating side predicted for the tool with 80 um edge radius. The
maximum op values for 50 and 80 um edge radii are also
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predicted as 2.22 and 2.48 GPa on the coating side, respect-
ively. These results show that the maximum or and og values
are in a close range for two different edge radii, but the stress
patterns are affected by the edge radii. A similar behavior is
also observed at the interface on the substrate side, but the
maximum stress values of the substrate side are lesser than
the maximum stress values of the coating side. The maximum
o values of the substrate side for 50 and 80 um edge radii are
about 0.5 GPa. The maximum o, value corresponding to the
substrate side is also found as 0.44 GPa for the tool with
50 um edge radius and 0.49 GPa for the tool with 80 pm edge
radius.

After the deposition analyses, the FE simulations of cutting
process are carried out and the prediction model of the speed
interval is implemented to establish the Vj,ierva limited

through the Vigyer and Vppe,. Figure 4 illustrates the K; and

K, values as a function of the cutting speed. It is observed
that the lowest K values for two different radii are obtained
at 2m/s cutting speed and nearly constant between 2 and
2.5m/s. The K, values increase at the higher cutting speeds.
Thus, the Vigyer is 2 m/s.
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Interface stress profiles around the round edge after the deposition simulation: a) og; b) o, on the substrate side; ¢) og; d) o, on the coating side.
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Figure 4. The established cutting speed interval.
The K values are investigated to predict the Vy,pe. As seen

in Fig. 4, the K, values found for the tool with 50 um edge
radius are nearly constant between 2 and 4 m/s and decrease
at cutting speeds above 4 m/s. The K, values calculated for
the tool with 80 um edge radius also begin to remain stable
at 4 m/s. Thus, this intersection that corresponds to 4 m/s is
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determined as the Ve, Further, it can be inferred from
the K; and K, values that the tool with 50 um edge radius exhi-
bits a more robust behavior.

As explained earlier, the diamond-coated tool with 50 pm
edge radius has more specific machining forces. Therefore,
stress analysis with the deposition and machining load is per-
formed on this tool. Figure 5 illustrates the von Mises stress
contours obtained at the Vyppe. It can be observed that the
highest stress value on the chip is significantly lower than
the highest tool stress. The stress values in the primary defor-
mation zone are approximately between 300 and 460 MPa.
The tool has a localized stress larger than 5 GPa. It can be
deduced that the deposition stress is still effective and varied
by the cutting load.

Figure 6 illustrates the interfacial stress distributions along
the round edge for the Vigyer and Vypper established earlier. It
is seen that cutting speed affects the o, and og, which are criti-
cal in coating separation. The o, on the substrate side is
relieved toward the end of the round edge close to the flank
face at the Vypper. This case can be attributed to the thermal
influence arising with increasing cutting speed. The op also
indicates a phenomenon similar to the o,. It is clear that the
Vipper tends to decrease the o, and og on the substrate side.
As seen from Fig. 6b, the stress components on the coating

side are varied toward tensile after the simulation at the Ve,

S, Mises (b)

A

Figure 5. Von Mises stress contours obtained at the Vyyper: @) tool, workpiece, and chip; b) workpiece and chip; ¢) tool.
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Figure 7. Cutting tool temperatures: a) Viower; b) Vipper-

Furthermore, the o, and og are obtained to be the low com-
pressive stress at the end of the round edge close to the flank
face since the stress relief exceeds the mechanical contact stress
caused by the chip. It can be deduced that the V., also has a
tendency to relieve the o, and op on the coating side.

As seen in Fig. 6b, the og distribution on the coating side
is obtained as completely compressive after the cutting simu-
lation at the Vioyer. The o, variation is mostly compressive
without a significant variation. Accordingly, the high com-
pressive stress values on the coating side are still effective at
the ‘/lower'

Figure 7 illustrates the predicted tool temperatures at the
Viower and Vypper. The tool temperatures are typically low
and the cutting speed governs temperature rise. When cutting
speed is changed from the Vigyer to the Vipper, the maximum
tool temperature is found as 372°C for the Ve, and 307°C
for the Vigwer It can be observed from Fig. 7a that the
maximum temperature region at the V., is extended from

-0 0.2 04 0.6 0.8 1
Normalized distance

(®)

Interface stress profiles along the round edge after the cutting simulation: a) substrate side; b) coating side.
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the round edge to the rake face. This is probably due to the
bulk material compressed beneath the tool and the chip flow-
ing toward the rake face. As illustrated in Fig. 7b, the region of
the high temperature concentrates at the Ve, occurs at some
distance from the tool tip on the rake face due to increased
temperature of the chip.

Conclusions

In this study, the two-dimensional FE models are
constructed to evaluate the optimal Vigyer and Vipper in
machining of AA356-T6 aluminum alloy using the CVD
diamond-coated tool, including residual stress effects. The
model of predicting optimal Vigyer and Vypper is based
on the specific machining forces. The deposition stress
around the round edge is first analyzed by modeling the dia-
mond-coated tools with different edge radii. The cutting
simulations are then conducted to determine the optimal
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Viower and Vippe, for the tool—workpiece pair. The following

tindings can be concluded from this investigation:

1. At the end of the deposition analysis, the o, and og are
obtained as tensile on the substrate side, but these stress
components are generally compressive on the coating
side. The maximum or and og on the substrate side are
about 0.5 GPa for two different edge radii. The maximum
residual stress components of the coating side are as
high as about 2 GPa for two different edge radii. It can
be concluded that when the edge radius is varied from
50 to 80 um, it has a slight influence on the maximum
o, and op.

2. From the prediction model of the speed interval, the opti-
mal Vigyer and Vppe, are found to be 2 and 4 m/s, respect-
ively. The diamond-coated tool with 50 um edge radius has
a more robust effect on K; and K.

3. According to the von Mises stress results, the highest tool
stress is considerably greater than the highest stress value
on the chip.

4. When the machining load is applied on the tool with 50 um
edge radius at the Viowe, the high compressive stress is
still effective on the coating side. After the simulation at

the Vippers the o, and og on the coating side are varied

toward tensile and relieved due to the thermal influence
caused by the increase in cutting speed. Consequently, the

Vipper has a tendency to decrease the residual stress on
the coating side.

5. When cutting speed is increased from the Vjoyer to the
Vipper» the maximum temperature rise in the cutting tool
is approximately 20% and the maximum temperature
region is achieved at some distance from the cutting tool
tip on the rake face. Accordingly, the tool temperatures

are sensitive to the established Vigyer and Vypper.
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