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This study is performed to understand the effect of workpiece hardness and cutting parameters on cutting
tool stresses in finish turning of soft (22 HRc) and hardened (52 HRc) H13 steel using low content CBN cutting
tool by finite element analysis. For this aim, a series of precision dry turning tests were conducted with different
cutting parameters (V: 150, 250, 350 m/min; f: 0.05, 0.2, 0.35 mm/rev., a: 0.2, 0.5, 0.8 mm) and then the cutting
forces Fc, Ft, F,, were recorded. Finite element analysis shows that cutting stresses decrease with increasing depth
of cut due to the increase of the tool-chip contact length/area. The low depth of cut and high feed rate lead to
small chip contact region on the rake face and as a result increase the compression stresses. Finite element analysis
of tool stress results gives information for selection of the optimum cutting parameters and shows that the largest
compression stresses focused on the tool-chip contact region may cause the crater wear. The large tensile stress
occurring under nose radius of the main cutting edge can lead to the flank and notch wear modes.
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1. Introduction

The present trend in machining industry is to pro-
duce parts of higher quality in a shorter time and at
a lower cost. This trend is realized via the precision
hard-turning of materials with hardness higher than 45
HRC. Hard turning has recently become a very impor-
tant precision machining procedure in the manufactur-
ing of circular parts with high values of surface hard-
ness such as dies and moulds, bearings, gears, pinions,
shafts, cams, valves and a variety of automotive transmis-
sion parts as well as some other products like helicopter
shafts in aerospace industry [1]. It is known that preci-
sion hard turning has many advantages compared with
grinding, such as short cycle time, process flexibility, rea-
sonable surface finish, higher material removal rate and
lesser environment problems without the use of cutting
fluid [2-4]. On the other hand, Lazoglu et al. [5] have
shown that early tool wear, tool breakage, chipping, tool
stresses, cutting temperatures, residual stresses, white
layer phenomena, machined surface quality and surface
integrity are very important issues in hard machining
industrial applications.

Some literature surveys have reported that hard turn-
ing applications can be performed using PCBN (com-
mon CBN) and mixed ceramics cutting tool materials
which eliminate the costs and difficulties associated with
coolants and have pointed out on their high hardness,
high abrasive wear resistance and chemical stability at
high temperatures [1, 6, 7].

CBN tools are some of the hardest known after di-
amond tools and have a higher hardness than ceramic
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tools at both low and high temperatures. Therefore,
CBN tools were widely used in milling of difficult-to-
machine materials such as hardened steel, die steel and
super alloys [8-10].

The main characteristics of CBN are its grain size, its
percentage of CBN and its binder type. In general, CBN
tools are made of varied CBN contents with some addi-
tives. There are two categories of CBN tools. One has
about 0.9 volume fraction of CBN grains with metallic
binders (e.g., cobalt), referred to as high CBN content
tools. The other has about 0.5 to 0.7 volume fraction
of CBN grains with ceramic binders (e.g., titanium ni-
tride TiN, titanium carbide TiC), referred to as low CBN
content tools [11]. It is known that, when comparing
the low content CBN and high content CBN tools, low
content CBN tools are generally suited in machining of
hard materials [12].

Various studies have been conducted to determine the
performance of CBN tools in machining of hard materials
focusing mostly on the experimental evaluation of such
process parameters as chip morphology, chip formation,
machinability and tool wear [12-15].

Chou, et al. [12] experimentally investigated the per-
formance and wear behaviour of different CBN tools in
finish turning of hardened AISI 52100 steel. They re-
ported that low content CBN tool provides the best
performance in hard turning in terms of tool life and
surface finish.

Qian, et al. [13] compared cutting forces, tempera-
ture, and residual stress in hard turning 52100 with
CBN, TiAlN-coated carbide, and ceramics turning in-
serts. They have concluded that forces increase with in-
creasing feed rate, tool edge radius, negative rake angle,
and workpiece hardness.

Aouici, et al. [14] investigated the effects of cutting
speed, feed rate, workpiece hardness and depth of cut on
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surface roughness and cutting force components in the
hard turning of AIST H11 steel with CBN. They reported
that the best surface roughness was achieved at the lower
feed rate and the highest cutting speed.

Finaly, Farhat [16] studied wear mechanism of CBN
cutting tool during high-speed machining of mold steel.
He has clarified that a significant improvement in tool
wear resistance of CBN was achieved in comparison to
WC tools during high speed cutting of P20 mold steel.

In recent years, in order to understand the issues of
metal cutting engineering, the numerical models, espe-
cially related to FEM, have been drawing the attention of
the researchers due to development of computer technol-
ogy and complex codes. Eulerian formulation was used
for modelling of the orthogonal metal cutting in a number
of the FEM models in the literature. However, because
of the ability to simulate the formation of the chip from
the incipient stages to steady-state, the Lagrangian for-
mulation has also become widespread in metal cutting.

To improve the accuracy and the efficiency of the FEM
in metal cutting, such techniques as element separation
criterion [17-22| were investigated. There are also a lot
of papers in the literature [23-27] about the variation of
the cutting tool stresses with respect to the variations of
the cutting parameters.

In the literature [21-30], the FEM is most frequently
used to predict the tool stresses, temperatures and char-
acteristics of the metal cutting process and to reduce ex-
perimental costs. For instance, Yan, et al. [28] stated
that because the flow stress models used in computer
simulation of machining processes are functions of the
effective strain, the effective strain rate and the tem-
perature, these models do not describe adequately the
behavior of materials in hard machining. The obtained
results show that optimization of process parameters and
improvement of the design of cutting inserts are helpful.

The phenomenological models for material flow stress
and fracture typically used in the FE simulations of hard
machining do not adequately represent the constitutive
behavior of workpiece at hardness levels ranging from 50
to 62 HRC by Umbrella, et al. [29]. Authors of [29] de-
scribe the development of hardness-based flow stress and
fracture models for AIST H13 machining tool steels. Their
results predicted by FEA have been validated by compar-
ing them with experimental results from literature. The
results were found to be in agreement with each other.

Ozel [30] carried out the FE modelling investigations
on 3D turning with uniform and variable edge PCBN
inserts. According to FEM simulations and experiments
conducted by Ozel, variable micro-geometry insert edge
design reduces significantly the heat generation and stress
concentration along the cutting edge of the tool.

In addition, Karpat and Ozel [31] studied the analyti-
cal and thermal modeling of high-speed machining with
chamfered tools. They reported that combined slip-line
field analysis and analytical thermal modeling approach
can be used in studying the influence of dead metal zone
on the mechanics of high-speed cutting. Their modelling

results show that the dead metal zone primarily affects
the temperature distribution around the tip of the tool
and eases the material flow due to thermal softening with
increased temperatures.

The cutting stress affecting the cutting tool during ma-
chining in metal cutting is one of very important param-
eters for selecting the economical cutting conditions and
for obtaining securely high quality workpieces.

In the present paper, the cutting tool stresses in finish
turning of soft and hardened AISI H13 steel with low con-
tent CBN tool were investigated using FE analysis. To
understand the tool stresses, firstly, the precision turning
tests were conducted, and the cutting forces were mea-
sured during a series of turning tests. Secondly, the finite
element models were actually created to analyze the tool
stresses using the measured cutting forces.

2. Materials and equipment

The initial aim of cutting experiments is to deter-
mine the finish turning characteristic of the soft (aver-
age 22 HRC) and hardened (average 52 HRC) AISI H13
steel with the following chemical composition: 0.42% C;
1.2% Si; 0.5% Mn; 0.025% P; 0.006% S; 5.5% Cr;
1.5% Mo; 1.15% V. This was performed by dry finish
turning of soft and hardened AIST H13 steel with three
different cutting speeds (V: 150, 250, 350 m/min), feed
rates (f: 0.05, 0.2, 0.35 mm/rev) and depths of cut (a:
0.2, 0.5, 0.8 mm) using low content CBN tool. The
best finish turning parameters selected from tool man-
ufacturer catalogs are shown in Table I.

TABLE I
Cutting parameters used in the experiments.

V [m/min] a [mm)] f [mm/rev]
150 0.2 0.2
350 0.2 0.2
150 0.5 0.35
350 0.5 0.35
150 0.8 0.05
350 0.8 0.05
250 0.2 0.35
250 0.5 0.05
250 0.8 0.2

Values of cutting parameter were determined using
Taguchi method. Afterwards, hard turning test was per-
formed during the straight turning of the round bar with
100 mm diameter and 220 mm length using a CNC lathe
of type ALEX ANL-75 with 15 kW spindle power.

During turning tests, the cutting forces (the primary
cutting force Fi, the feed force F; and the passive/radial
force F},) were recorded. The Kistler 9257 B force dy-
namometer was used to measure the cutting forces. The
dynamometer was connected to Kistler charge amplifier
5070A11100.

The PVD TiN coated low content CBN 7015 tool
from Sandvik Company was used in the tests. The ISO
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designation of low content (50%) CBN 7015 insert is
CNGA120408501018A 7015. This cutting tool has wiper
edge with honing radius of 0.05 mm, with face land
length of 0.1 mm, face land angle of 18°, and nose ra-
dius of 0.8 mm. The ISO designation of the tool holder
is DCLNL2525M12.

Combination of the insert and the tool holder resulted
in negative rake angle v = —6°, clearance angle & = —6°,
and cutting edge angle y = 95°.

For the FEA, ANSYS program package was used to
analyze the cutting tool stresses after some preparations.
These preparations include: the three-dimensional solid
modelling of the cutting tools, determining the material
properties of the cutting tool and the tool holder, de-
termining the type and the size of the finite elements,
meshing of the models, identifying the boundary condi-
tions and load cases and selection of the solution method.

The cutting tool and tool holder were then di-
mensioned using measurement device according to
CNGA120408501018A7015 and DCLNL2525M12 ISO
standards.

The geometric features of the cutting tools such as
rake angle, inclination angle, clearance angles, nose ra-
dius, honing radius, chamfer angle, etc. were modeled
with the SolidWorks design program and then the cre-
ated model was imported from SolidWorks to ANSYS
program. During the modelling of cutting tools, the tool-
chip contact region was also taken into account according
to Zorev’s [32] stress distributions on rake face in the lit-
erature [25, 26, 33]. The tool-chip contact length was
expressed as the sum of the lengths of sticking and slid-
ing regions (h; and hg, respectively), which is calculated
as follows [34]:

cos
& = arct _— 1
arctan | £ M)
Lc
Zc _9 2
< 2, )
L.=hy+ hy =2)a. (3)

In Egs. [1-3], L¢, a, A, ¢ and v are the length of
tool-chip contact, the depth of cut (the undeformed chip
thickness), the chip built factor (A = a1/a), where a; is
the chip thickness and a is depth of cut, the shear angle
and the rake angle, respectively. Toropov and Ko [34]
have shown that slip-line model (Eq. (3)) is correct, at
least in the chip body, for all used materials and cutting
conditions.

According to Eq. (3), tool-chip contact regions with
L. = 0.3368, 0.8421 and 1.3474 mm have occurred on
the rake face of cutting tool for depths of cut a = 0.2,
0.5, 0.8 mm, respectively. Solid models for the cutting
tool and the tool holder are shown in Fig. 1. Material
properties such as modulus of elasticity F, Poisson’s ra-
tio v and density p for the models of cutting tool and
tool holder are given in Table II. The values of these pa-
rameters for the cutting tool (CBN insert) and the tool
holder were taken from [31, 35-37], respectively.
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(a) (b)

Fig. 1. Mesh of finite elements for the cutting tool (a).
The tool-chip contact region and variable loading (b).
TABLE II

Material models for the DCLNL 2525M 12-2 tool holder
and CNGA120408S01018A7015CBN insert.

E [GPa] v p [kg/mm?|
Tool holder 210.7 0.28 0.0000078
Insert 587 0.13 0.00000428

SOLID187 element type was used to describe the cut-
ting tools in the model by taking into account the lit-
erature [26, 37]. The interaction in the contact regions
is achieved by the quadratic triangle elements Contal74
and Targel70.

The mesh density was selected to be dense in the
tool-chip contact regions on rake face of the insert and
sparse in other parts of the cutting tool (Fig. 1la). The
total of 38880 nodes and 24131 elements were used
in the analysis.

The behavior of contact between the contact surfaces
is bonded symmetrically in all directions. Therefore, in
order to clamp the insert to the tool holder, no additional
clamping force is necessary.

According to Zorev’s theory [32] of stress distribution
on the rake face of the cutting tool, the cutting forces Fr,
Iy and F}, acting on the cutting tool are applied to the
tool-chip contact region according to the following pro-
cedure. The cutting forces F} and F}, are directly applied
to the related tool-chip contact region in the direction
of the feed and the radial motions of the cutting tool,
respectively. However, the cutting force F. was applied
to tool-chip contact region as triangular variable loading
(pressure). In this case loading value was 0 at the end
of the tool-chip contact region (the origin of coordinate
system is shown in Fig. 1b, the location assumed that
the chip is curled and moved away from the rake face),
whereas loading was highest at the location of first con-
tact between the chip and the cutting tool. These loads
were applied to the tool-chip contact region and then
were actually transferred to SURF154, used to define the
loading region and the corresponding nodes.

As boundary condition for constraint, the number of
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degrees of freedom of the nodes in the area mounted into
the tool holder was set to zero in all directions. The Fol-
lowing assumptions were made to reduce the calculation
time in the analysis: the inserts are new, the weights of
the cutting tools, the vibrations and the temperatures
were neglected. The method of static analysis was used.
It was also assumed that the displacements caused by
the cutting forces are very small with respect to the solid
model geometry and are proportional to the applied load
and that the cutting tool returns to the original position
when the applied load is removed.

After these preparations, the program solved the finite
element problem as non-linear due to the contact pairs
between the surfaces of the tool holder and the cutting
tool. In solving, large deflection was not used and the
convergence criterion can be continuously controlled via
the relation between forces and displacements in each
iterative solution step. Eventually, the total deforma-
tion A, maximum principal stress (tension) oj, mini-
mum principal stress (compression) o3 and equivalent
stress oy were investigated for various cutting parame-
ters, in terms of the possible wear areas on the rake face
of cutting tool.

3. Results and discussion

During finish turning of soft and hardened AIST H13
steel, the Ft, F},, and Fy forces were measured for dif-
ferent cutting parameters. The measured cutting forces
are presented in Fig. 2. Figure 2 shows the effect of the
hardness of workpiece material and of cutting parameters
on cutting forces. The general result is that a decreasing
trend is observed in F, forces for both soft and hard fin-
ish turning tests with increasing the cutting speed, with
decreasing the feed rate and the depth of cut.

22 HRc 52 HRe
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Fig. 2. Changes of the cutting forces Fc, F},, Fr with
the variation cutting parameters.

Aouici et al. [14] experimentally determined that in
hard machining, the cutting forces decrease with increas-
ing cutting velocity and decreasing feed rate. In addition,
F. forces increase with increasing hardness of the work-
piece. Bouacha et al. [38] reported that cutting forces in-
creased with increasing workpiece hardness. It is known
that a passive force has the strongest effect on the surface
roughness in precision turning.

For instance, in finish turning with cutting speed of
250 m/min, feed rate of 0.35 mm/rev and depth of cut
of 0.8 mm, the F}, force increases by 21.3% with in-
creasing the AISI H13 steel hardness from 22 HRc to
52 HRc. The main result is that the feed rate has the
most effect on the passive forces and a stronger increas-
ing trend was observed with increasing the feed rate and
the workpiece hardness. A similar trend was reported
in literature [39, 40].

Finally, the feed forces are also presented in Fig. 2. It
can be seen that when comparing the cutting forces, the
values of the feed force were found to be the smallest in
finishing operations. When comparing the effect of work-
piece hardness on cutting forces, the highest increasing
trend of 39.7% was observed in feed forces. In addition,
a notable decreasing trend in feed forces was observed at
increasing the cutting speed and decreasing the depth of
cut and the feed rate.

The tool stresses in metal cutting generally depend on
cutting parameters. In order to estimate stresses on low
content CBN during the precision turning of soft and
hard H13 steel the FAE was carried out, considering the
measured cutting forces and tool-chip contact length the-
ory of Toropov and Zorev [32, 34].

Tensile o1 and compression stresses o3 and von-Mises
stresses oyn together with total deformation were ob-
tained for finish turning of soft and hard H13 steel.

Figure 3a shows the effect of workpiece hardness and
finish turning parameters on total deformation. The
highest tool total deformation of 0.0061765 mm occurred
in soft material finishing with V' = 350 m/min, a =
0.2 mm and f = 0.35 mm/rev. In hard finish turning
with the same cutting parameters, the total deformation
of the tool was found to be 0.0055734 mm. When com-
paring the highest tool total deformations for soft and
hard material finish turning, the total deformation in
turning of soft H13 steel is 10.8% higher than that of hard
H13 turning. The smallest total deformation in turning
of soft and hard workpiece materials was 0.0010695 mm
and 0.0018405 mm, respectively, at V' = 350 m/min,
a = 0.5 mm and f = 0.05 mm/rev.

While the total tool deformation in soft and hard ma-
terial finishing was 0.0040917 mm and 0.0045669 mm,
respectively, at V' = 150 m/min, ¢« = 0.8 mm and f =
0.35 mm/rev, lower total deformations in soft and hard
material finishing of 0.0036771 mm and 0.0034850 mm,
respectively, were obtained at V' = 250 m/min, a =
0.8 mm and f = 0.35 mm/rev.

The important result is that, the total deformation in
finish turning of hard H13 steel with high cutting ve-
locity (250 m/min and 350 m/min) is lower than that
of finish turning of soft H13 steel with cutting velocity
of 150 m/min. The decreasing trend in tool total de-
formation during turning the hard workpiece materials
was found to be 11.6% according to tool total deforma-
tion of soft material finishing with increasing the cut-
ting speed from 150 m/min to 250 m/min when using
a = 0.8 mm and f = 0.35 mm/rev. Hence, the higher
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Fig. 3. Variation of the total deformation (a), and o1

stress (b) for tested cutting parameters.
is cutting speed for the same depth of cut (especially
a = 0.8 mm) and feed rate (f = 0.35 mm/rev), the
smaller is tool deformation.

The total tool deformation in hard finishing is lower
than that of soft finishing at V' = 350 m/min, a = 0.2 mm
and f = 0.35 mm/rev. The lowest tool total deformation
was obtained at finish turning with cutting velocity of
350 m/min, depth of cut of 0.5 mm and the feed rate
of 0.05 mm/rev. The general result concerning the total
deformation of the tool is that total deformation increases
with increasing feed rate and depth of cut (Fig. 3a).

The tensile stress oy for various cutting parameters
and workpiece hardness is given in Fig. 3b. The highest
tensile stress in both soft and hard finish turning was,
respectively, 7362.5 MPa and 6612.5 MPa at the cutting
speed of 350 m/min, depth of cut of 0.2 mm and feed
rate of 0.35 mm/rev. Tensile stress in hard turning is
11.3% lower than that of soft finish turning at the cutting
speed of 350 m/min, depth of cut of 0.2 mm and feed
rate of 0.35 mm/rev.

The small depth of cut and the high feed rate lead
to increase in tensile stress in the cutting tool at
V' =350 m/min while turning the soft workpiece mate-
rial. However, decreasing the feed rate from f = 0.35 mm
to 0.05 mm/rev and decreasing the depth of cut from
0.2 mm to 0.05 mm decreases the tensile stresses at cut-
ting velocity of 350 m/min.

For instance, in hard and soft turning, the tensile
stresses were found to be 592.26 MPa and 368.41 MPa,
respectively, at V' = 350 m/min, ¢ = 0.5 mm and
f = 0.05 mm/rev. This can be interpreted as follows,
increase of the depth of cut from 0.2 mm to 0.5-0.8 mm
provides larger tool-chip contact length /region. The de-
crease of the feed rate from 0.35 mm/rev to 0.05 mm/rev
makes the chip flow on the tool tip easier, thus a smaller
tensile stress occurs due to the larger tool-chip con-
tact length in soft and hard finish turning at cutting
velocity of 350 m/min.

In finishing of soft workpiece material, increase of the
feed rate leads to increase in tensile stress, focusing on the
tool cutting edge. The highest tensile stress occurs due to
the decrease of the tool chip contact length at the lowest
depth of cut of 0.2 mm in hard finish turning with the
same cutting parameters. Therefore, it is an important

result that in order to decrease the tensile stress firstly
the feed rate must be decreased and secondly the depth of
cut can be increased up to nose radius, and finally cutting
velocity can also be increased to the allowable value.

According to Fig. 3b, tensile stresses decrease with the
increasing depth of cut, because increasing the depth of
cut from 0.2 mm to 0.8 mm provides the large tool-
chip contact length. It is know that tool stress de-
creases with increasing contact area, depending on depth
of cut and feed rate. For example, while the tensile
stresses in tool during finish turning of soft and hard
H13 steel were respectively 1842.4 MPa and 2683.3 MPa
at V = 150 m/min, ¢ = 0.2 mm and f = 0.05 mm/rev,
the tensile stresses were respectively 1783.8 MPa and
2784.2 MPa at V = 250 m/min, ¢ = 0.2 mm and
f =10.05 mm/rev.

Thence, in the same cutting conditions, the tensile
stress at hard turning was found to be increased by
45% with changing the workpiece hardness from 22 HRC
to 52 HRc at V = 150 m/min, ¢« = 0.2 mm and
f = 0.05 mm/rev. In soft material finishing, a de-
creasing trend of 3.3% in tensile stress was observed
with increasing the cutting speed from 150 m/min to
250 m/min. On the other hand, a 3.7% increase in
o1 was obtained with increasing the cutting speed from
150 m/min to 250 m/min in hard turning. A 98% de-
crease in o7 was also observed with increasing the depth
of cut from 0.5 mm to 0.8 mm at V = 250 m/min and
f = 0.2 mm/rev in hard turning. With the increase of
allowable values of the depth of cut, the tensile stresses
decreased. It can be seen in Fig. 3b that while the
lowest tensile stress in soft turning was 309.36 MPa at
V =350 m/min, f = 0.2 mm/rev and a = 0.8 mm, the
lowest tensile stress was 390.13 MPa in hard finish turn-
ing at V' = 350 m/min, f = 0.2 mm/rev and a = 0.8 mm.

When evaluating Fig. 3b, the tensile stress in soft
turning is higher than that of hard turning at V =
350 m/min, f = 0.35 mm/rev and @ = 0.8 mm. It means
that tensile stresses occurring near the nose radius and
under the cutting edge (Fig. 4) in soft finish turning are
higher than those of hard finish turning. Therefore, in
order to decrease the tensile stresses in finishing the soft
H13 steel, the cutting speed must be increased to easy
the chip flow on tool tip. In addition, the cutting speed
together with allowable depth of cut must be increased
and the allowable minimum feed rate must be selected to
decrease the tool tensile stress and to increase the prod-
uct surface quality while finish turning of hard materials.

The behaviour of compression stress present on the
tool rake face is similar to that of tensile stress present
near the nose radius and under the cutting edge. It can
be seen in Fig. ba that the compression stresses o3 de-
crease with the increase in depth of cut, providing a large
tool-chip contact length /area. The highest effect of work-
piece hardness on o3 was observed at low cutting speed
of 150 m/min, depth of cut of 0.2 mm and feed rate of
0.05 mm/rev.
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(b)

Fig. 4. Distribution of the largest value of A, o1, o3, ovim for workpiece with hardness of 22 HRc (a) and 52 HRe(b).

For example, the increase in o3 was found to be 44.2%
at V = 150 m/min, ¢ = 0.2 mm and f = 0.05 mm/rev
when increasing the hardness from 22 HRc to 52 HRc.
However, while increase of o3 for hard finishing was
3.8%, the decrease in o3 for finish turning of soft ma-
terial was 6.1% with the increase of the cutting speed
from 150 m/min to 250 m/min for the same finish
turning parameters.

In Fig. 5a, the compression stress on tool rake face
in hard turning is lower than that of finish turning of

the soft material at V' = 350 m/min, ¢ = 0.2 mm
and f = 0.35 mm/rev. In addition, the compression
stresses decreased with the increasing tool-chip contact
length, depending on depth of cut in all cutting con-
ditions. Namely, the tool-chip contact length increases
with increasing the depth of cut and the largest tool-chip
contact length decreased the compression stresses.

Figure bb shows that low tool compression stresses
were obtained with increasing the depth of cut from
0.2 mm to 0.5-0.8 mm. When evaluating the compression
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Fig. 5. o3 stress (a), and ovwu stress (b) corresponding

to various cutting parameters.
stresses, the optimum allowable depth of cut of 0.5 mm
and feed rate of 0.05 mm /rev were found considering the
minimum compression stress. Figure 5b shows a similar
trend for oyy. The largest oy in soft and hard finish
turning were, respectively, 18523 MPa and 16762 MPa
at V = 350 m/min, ¢ = 0.2 mm, f = 0.35 mm/rev.
The lowest oy in soft and hard finish turning were, re-
spectively, 1510.9 and 1957.9 MPa at V = 350 m/min,
a=0.5 mm, f =0.05 mm/rev.

Figure 4 shows the largest values of A, o1, o3, oy for
workpiece hardness of 22 HRc and 52 HRc. When com-
paring Fig. 5a and b the total deformation area in hard
turning is larger than that in soft material finish turn-
ing. It means that even if the total deformation values
in hard turning are similar to values in finish turning of
soft H13 steel, hard finish turning leads to higher defor-
mation area. The increase in total deformation area is
an advantage in metal cutting.

The stress concentration areas of the o1, o3 and oyum
are shown in Fig. 4a and b. While o7 was 1842.4 MPa
and 2784.2 MPa for soft and hard turning under nose
radius and cutting edge, compression o3 of —5051.2 MPa
and —7565.1 MPa occurred on the tool rake face. Thus,
the stress concentration areas give information about tool
failure (wear, fracture etc.).

While the largest compression stresses on tool-chip
contact region (rake face) may lead to the crater wear,
the maximum tensile stress, occurring under the nose
radius and the main cutting edge, can cause the flank
and notch wear.

Experimental results [38] support this result by show-
ing that during turning of hard bearing steel with CBN
tool, mainly flank wear occurred under the main cutting
edge and the crater wear has formed on tool rake face.
Huang and Dawson [41] have also investigated crater
wear depth in CBN hard turning. In their study, a sig-
nificant crater wear occurred on rake face at high cutting
temperatures and high normal stresses in finish turning.
Then in order to model the crater wear one needs high
cutting temperatures high normal stresses and high chip
velocity on rake face.

In addition, Poulachon et al. [42] experimentally in-
vestigated the wear behavior of CBN tools while turning
various hardened steels. They have shown that the crater

wear length is a linear function of the tool-chip contact
length. In this study the compression stress leading to
crater wear on the rake face decreases with increasing
tool-chip contact length.

Figure 6 shows a comparison of the o1, o3 and oy
for workpiece with hardness of 22 HRc and 52 HRc at
V =350 m/min, a = 0.2 mm, f = 0.35 mm/rev. It is an
important finding that higher A, o1, o3 and oy values
were obtained while finish turning of soft workpiece ma-
terial than for hard material. While the maximum total
deformation of 0.0061765 mm occurred on rake face and
cutting edge in finishing of soft material, the maximum
total deformation of 0.0055734 mm was obtained in hard
turning. Thence, the low tool-chip contact length occur-
ring with 0.2 mm depth of cut leads to stronger total
deformation in turning of soft H13 with respect to that
of hard H13 steel.

This can be attributed to the fact that low depth of
cut and high feed rate cause a small chip contact re-
gion on rake face. This phenomena together with high
compression stress in soft material finishing can com-
plicate the chip flow on rake face. Therefore, a high
tool cutting stresses together with high tool total de-
formations occurred in finish turning of soft material at
V =350 m/min, ¢ = 0.2 mm, f = 0.35 mm/rev.

Similar trends of o1, o3 and ovyy, compared to total
deformation, were observed in soft material finishing at
V =350 m/min, @ = 0.2 mm, f = 0.35 mm/rev. For
instances, 01 = 7362.5 MPa in soft material finishing,
which is higher than o1 = 6612.5 MPa for hard turning.

Similarly, o3 = —19927 MPa in soft material finishing,
which is higher than o5 = —17944 MPa for hard turning.
Finally, oyy = 18523 MPa in soft material finishing and
oym = 16762 MPa for hard turning.

Low workpiece hardness obstructs the chip flow due
to low tool-chip contact length/area and smallest total
deformation area. Thus, the negative effect of work-
piece hardness on total deformation and high tool stresses
was obviously observed in this study in finish turning
of soft material with V' = 350 m/min, ¢ = 0.2 mm,
f =0.35 mm/rev.

4. Conclusions

In order to understand the effect of hardness of work-
piece material and of cutting parameters on the cutting
stresses, the finish turning tests were conducted on the
soft (22 HRc) and hard (52 HRc) AISI H13 steel using
a low content CBN insert. The following results were
obtained:

e The cutting stresses on low content CBN tool
decreased with increasing the tool-chip contact
length/area due to increase in the depth of cut.

e Stresses increase with increasing the feed rate. In
terms of tool cost, the allowable depth of cut
(0.8 mm) is close to tool radius and the lowest
feed rate (0.05 mm/rev) must be selected together
with high cutting velocity (350 m/min) to obtain
low tool stresses.
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(a)

(b)

e The total deformation increases with increasing the
workpiece hardness. Total deformation area in hard
turning is larger than that of soft material at fin-
ish turning. The total deformation values in finish
turning of soft H13 steel are higher than those of
hard turning with depth of cut of 0.2 mm, feed rate
of 0.35 mm/rev and cutting velocity of 350 m/min.

e The low depth of cut and the high feed rate lead
to an increase in tensile stress in CBN tool at V =

Distribution of A, o1, 03, ovm for V =350 m/min, ¢ = 0.2 mm, f = 0.35 mm/rev.

350 m/min while turning a soft workpiece material.
Generally, the increase of the depth of cut from
0.2 mm to 0.5-0.8 mm provides a larger tool-chip
contact length/region. Decrease of the feed rate
from 0.35 mm/rev to 0.05 mm/rev makes the chip
flow on the tool tip easier. The tensile stresses o1
decrease by 11.3% at increasing the hardness from
22 HRc to 52 HRc in finish turning with depth of
cut of 0.2 mm, feed rate of 0.35 mm/rev and cutting

velocity of 350 m/min.
e The compression stresses o3 decreases with the in-
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crease in depth of cut, providing the large tool-chip
contact length/area. The low depth of cut and high
feed rate cause a small chip contact region on rake
face. For instance, the highest o3 was observed at
low cutting speed of 350 m/min, low depth of cut
0.2 mm and feed rate of 0.35 mm/rev in turning
of soft (22 HRc) H13 steel. Under same turning
condition, o3 decreases by 11% with increasing the

hardness from 22 HRc to 52 HRc.
Finally, FEM analyses of tool stresses in CBN tool

during sensitive turning shows the possible tool
wear mechanisms. The largest compression stresses
are focused on tool-chip contact region and may
lead the crater wear. The maximum tensile stress
occurring under the nose radius and the main cut-
ting edge can cause the flank and notch wear modes
when finish turning soft and hard AIST H13 steel.
Actually, the CBN insert worn by flank wear com-
bined with the notch wear is in a catastrophic wear
mode of the main cutting edge. The craters form
on tool rake face in machining tests [38].
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