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Correlation between edge radius of the cBN
cutting tool and surface quality in hard turning

cBN cutting tools with superior mechanical properties are widely
used in machining various hard materials. The microgeometry of cBN cutting tools,
such as the edge radius, has great influence on the surface quality of components and
tool life. For optimized tool geometry, it is crucial to understand the influence of the
cBN cutting tool microgeometry on the machined surface quality. In this study, the
attempt has been made to investigate the correlation between the cutting tool edge
radius and surface quality in terms of the surface roughness and subsurface deforma-
tion through a FE simulation and experiment. Machining tests under different
machining conditions were also conducted and the surface roughness and subsurface
deformation were measured. Surface roughness and subsurface deformation were
produced by the cutting tools with different edge radii under various cutting
parameters. Both results from the FE simulation and machining tests confirmed that
there was a significant influence on the surface quality in terms of both the surface
roughness and subsurface quality from the edge radius. There is a critical edge radius
of cBN toolsin hard turning in terms of surface quality generated.

Keywords: ¢BN, cutting tool, hard turning, FE simulation, surface
integrity.
INTRODUCTION

Recently cBN cutting tools are widely applied in machining vari-
ous hard materials, for example bearing steels, die steels as well as high speed tool
steels, since they possess superior mechanical properties which include high tem-
perature strength, hardness, and high resistance to chemical reactions. It is common
that the hard machining with cBN tools is related to finishing operations, in which
the performance of the cutting tool is crucial to the final quality of machined parts.
In hard turning, the performance of cBN cutting tools can significantly affect the
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machined quality. The edge geometry of a cutting tool is one of example which
may have a crucial influence on the shape of the deformation zone, distribution of
temperature and stress over the tool face, and this will further affect changesin the
chip flow, surface quality, tool wear, and tool life. As a result, a considerable
attention has been focused on the performance of cBN cutting tools as well as the
tools microgeometry [1]. Chou et a. [2] investigated the performance and wear
behavior of different cBN tools in finish turning. The results show that low cBN
content tools consistently perform better than high ¢cBN content counterparts,
despite low cBN content tools have inferior mechanical properties. Through the FE
simulation and experiment, Zhou et al. [3] found that a correlation between the tool
wear and chamfer angle of a cBN tool and the suggested optimized chamfer angle
for cBN tool used in finishing hard turning. Tugrul, O. et a. [4] studied
experimentally the effect of cutting edge geometry and cutting parameters on the
surface roughness in finish hard turning of AISI H13 steel and demonstrated the
effect of the cutting edge geometry on surface roughness are statistically signifi-
cant. Caruso et al. [5] performed experiments to investigate the effects of the tool
cutting-edge geometry, workpiece hardness, and microstructural changes on the
residual stresses. The results show that the tool geometry significantly affects the
surface residual stress. Hua et a. [6] analyzed the effect of cutting edge radius and
cutting conditions on the residua stress. It is found from the analysis that hone
edge plus chamfer cutting edge and aggressive feed rate help to increase both
compressive residua stress and penetration depth, and medium hone radius (0.02—
0.05 mm) plus chamfer is good for keeping tool temperature and cutting force low.
Ventura et al. [7] investigated the influence of customized cutting edge geometries
on tool wear performance of cBN tools in interrupted hard turning. The results
show that a single chamfered cutting edge is the most appropriate. De Oliveira et
al. [8] studied the performance of two grades of PcBN tools (high cBN and low
cBN contents with an added ceramic phase) in the turning of high-chromium
white cast iron by evaluating of tool life, wear mechanisms at the tool cutting
edges, roughness, and microstructure remaining on the turned surface. The results
showed that the grades with low cBN content and the addition of a ceramic phase,
the tool life was three times longer than that of the grades with high cBN content.
Besides, the surface quality, as an indicator, is also a very key aspect for
evaluating the machined surface and the performance of cutting tools. Therefore,
various studies have also concentrated on this issue. Attanasio et a. [9] studied the
effect on cutting parameters and tool wear on white layers and dark layers
formation in hard turning. The results revealed that cutting parameters and tool
wear affect noticeably white and dark layers formation. Bosheh et al [10] carried
on an investigation of white layer formation for wide range of cutting speeds in
hard turning of 54-56 HRC H13 tool steel. The finding suggested that there may
not be a direct correlation between white layer formation and wear. Tang et al. [11]
carried out experiments to explore the influences of cutting parameters and nose
radius on the surface integrity in finish dry hard turning of the hardened tool steel
AlSI D2. The results revealed that the tiny grooves, severe plastic flow, and
extensive material flows at lower feeds have significant influence on the surface
integrity. Denkena et a. [12] studied the effect of cutting speed, feed and cutting
edge radius on the surface integrity in terms of the surface roughness, residua
stress, and microstructure and hardness by summarizing overview to identify the
optimal parameter value and improve the endurance of roller bearings. Domenico
et a. [13] explored the effects of different cooling conditions on white layer. The
results prove that the white layer is partialy reduced or can be totally eliminated
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under the certain process parameters and cryogenic cooling conditions. Choi [14]
investigated the influence of the rake angle on the surface integrity and fatigue
performance of hard machined surfaces. The results demonstrate that a higher rake
angle induces more compressive residual stresses and a more softened layer, and
the rake angle has a significant influence on the fatigue life and that the effect is
further increased if the loading is reduced.

Apparently, numerous researches have been carried out. But handful
researchers have been attracted by the effect of edge radius on subsurface
deformation. In this paper, an attempt has been made to explore the effect of edge
radius on the surface roughness and subsurface deformation in hard turning of
hardened bearing steel AISI52100. A numerical model was also used to analyze the
effect of edge radius in mental cutting. Meanwhile, the experiments were
conducted at three groups of edge radii of 20, 30, 40 um. Through combining the
simulation and experiments, the correlation between edge radius of the cBN cutting
tool and surface quality was investigated.

EFFECT OF CUTTING TOOL EDGE RADIUS

Edge radius is commonly prepared for the cBN cutting tool to enhance the
strength of the cutting edge and increase the tool life for its brittleness in the
property, particularly in the case of intermittent cut of hard turning, where the high
impact cutting force can deteriorate the sharp cutting edge very rapidly. The edge
radius in the cutting tool can also change the mechanism of the cutting process,
since the edge radius will affect the position of stagnation in the metal removal
process and the different stagnation positions may affect the cutting forces and
surface quality. The understanding of the edge radius effect on the surface quality
is obvioudly essentia in hard turning process for optimization of the cutting tool
and process parameters. The schematic relationship between the cutting edge
radius and stagnation is shown in Fig. 1. Asit can be seen, the stagnation point P is
the location, at which the shear stress on the cutting tool is close to zero, and the
materia flow separation occurs at this point. Upper part of a workpiece material is
forming the chip and the other part under the cutting tool is becoming the
machined surface. The point Sis the position where the cutting tool departs from
the machined surface. The height of the stagnation point, s, is defined as the
distance from the P point to the Spoint in the axial direction.

Cutting tool

Uncut chip thickness

T
Ploughed depth l

Fig. 1. Schematic view of the shear forces acting on the cutting tool at the stagnation zone.

A thermally coupled FE-analysis of a cutting process was performed with an
updated-Lagrangian formulation and an implicit time integration scheme. The
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elements used for this analysis were a 3-node plane strain thermally coupled
triangle, linear displacement, and temperature (CPE3T in Abagus). The physical
properties of both the workpiece material and the tool material are shown in Fig. 2.
The flow stress of the workpiece material was modelled with Johnson-Cook,
developed by Johnson [15]. The interaction was modeled with a combined
Coulomb and stick friction model according to

Ty =Min(US,, Trak) » (1)

where 1; is the frictional shear stress, u is the friction coefficient, o, is the normal
stress, and T iS the shear strength of the workpiece material, defined as

(¢)
=—Y  Thefriction coefficient at the contact interface is set to 0.35, which is

Tmax \/§

adopted by [16].
U, Magnitude Material parameters

: gzg:_gg Physical properties  AISI52100 steel CBN200
: :m; Density (Kg/m3) 7827 3420
1.120e-02 Specificheat()/kg®C) 458, 25<T<204 750
9.799¢-03 640, 204<T<426
8.399¢-03 745, 426<T<537
6.999-03 798, 15537
5.600e-03 Thermal 466 100
4.200e-03 conductivity (W/mK)
Emg Coefficient of 115, 25<T<204 4.9
0.0000+00 thermal expansion 12,6, 204<T<398

(/°,x10-6) 13.7, 398<T<704

14.9, 704<T<B04
15.3, T>804

Young's modulus 210 680

(GPa)

Poisson’ ratio 0,277 0.22

Johnsen-Cook

constants

A{MPa) 688.17

B(MPa) 150.82

n 0.3362

[« 0.04279

m 2.7786

Fig. 2. The material flow of workpiece at three different edges radii.

The cutting tool had a clearance angle, a of 6°, arake angle, y of 0°, and three
different edge radii rg of 20, 30, 40 pm. The cutting speed was set to 120 m/min.
Three simulations were performed with an uncut chip thickness, hl equal to 0.2 for
each edge radius.

After the FEM simulation, the material flow of the workpiece material of the
three different edge radii is presented in Fig. 2, where the field illustrates the node
displacements in the workpiece. It can be noted that the stagnation zone seems to
develop closer to the rake face for a smaller edge radius. The axia shear force
component acting on the tool is shown in Fig. 3, the change in the direction of the
axial shear force indicates the location of the stagnation point, ys. From Fig. 3 it
also can be found that the stagnation zone is closer to the rake face when the
cutting tool iswith smaller edge radius.

MACHINING TEST

The workpiece material used in this study was AlSI 52100 alloy stedl in the bar
shape of diameter 50 mm and 150 mm in length. The hardness of the workpiece is
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in the 53-58 HRC range. The composition of the workpiece materia is shown in
Table1[17, 18].
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Fig. 3. Axial frictional force component acting on three different edge radii: rg = 20 (1), 30 (2),
40 (3) um.

Table 1. Chemical composition of workpiece material AISI 52100

c | si | Mi | P | s | e | a | cu| Fe
095-1.05 0.15-0.35 0.25-045 0025 0015 1.40-165 005 030 969

The cBN cutting tools were used in the test. The tool material contains 85 %
cBN with the average grain size of 2 um. The cutting tool uses a round insert of
diameter 9.5 mm and the tool holder is CRSNL 3225 which gives the tool geometry
of —6° in rake angle and 6° in clearance angle. Before machining experiment, a pre-
cut was conducted for each workpiece to remove the rough outer layer remaining
from previous process and ensure the surface consistency. Additionadly, the
workpiece was grooved of width 10 mm to avoid the interaction of different proc-
ng parameters. The experiment was performed on the three axial turning lathes.
The process parameters are listed in Table. 2.

Table. 2. Experimental conditions

Factors | Description
Edge radiusrg, pm 20, 30, 40
Cutting speed v, m/min 120, 160, 200
Feed rate f, mm/rev 0.08
Depth of cut a,, mm 0.1
Coolant Dry

EFFECT OF EDGE RADIUS ON SURFACE QUALITY
Surface roughness

The surface roughness generated by hard turning process has the characters of
anisotropic and periodical in the geometrical structure, as shown in Fig. 4. The
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anisotropic features include lays and grooves induced by edge chipping and built-
up-edge and periodic features include feed marks created by the nose of the cutting
tools. This means that the conventional 2D surface roughness, which is computed
by functions with one variable (y = f(x)) does not enough represent the surface
character and 3D surface roughness, which is described by functions with two
variables (z = f(x,y)) can provide better criteria for the surface roughness. The 3D
surface roughness was used to characterize the machined surface. Specifically, the
amplitude parameters of S, and S are selected in this study.

Fig. 4. Typica surface topography measured by Alicona microscope; cutting parameters. Y =
20 um, v = 160 m/min, f = 0.08 mm/rev, a, = 0.1 mm.

The influence of the edge radius on the roughness of the machined surfacein S,
and S can be seen in the Figs. 5, a, b, respectively. It is noticeable that there is an
obvious difference respecting S, and S based on different average calculations, but
the effect tendency of the edge radius on the surface roughness is basically same.
Among three test edge radii, the lowest roughness value of the machined surface
was obtained with the edge radius of 30 um. The stability of the cutting process
could be the major reason for this. The roughness on machined surface produced
by the edge radii of 20 and 40 um are higher than the one produced by the edge
radius of 30 um in al the tests. The microscope study observed the microgrooves
and chip flows on the machined surface, which could attribute to the high
roughness value of the surfaces. The cutting speed, however, demonstrated
different trends of the influence on the surface roughness. The surface roughness
increases with increasing cutting speed except for the edge radius of 40 um at the
speed of 200 m/min, in which small vibration was observed during the test.

S, um
0.7
0.6
0.5 ; : i
03
0.2
0.1

0
15 20 25 30 35 40 45

Edge radius, pm
a
Fig. 5. Effect of edge radius on the surface roughness: 120 (1), 160 (2), 200 (3) m/min.
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Fig. 5. (Contd.)

More satistical features of surface quality can be made with the Abbott-
Firestone curves. Figure 6 presents the surface roughness with Abbott-Firestone
curves for the surface generated at different cutting parameters. The curves
includes three parts, which the peak, core, and valley zone were defined to cover
2-25, 2575, and 75-98 %, respectively. In this study, among the assessing
parameters Sy, S, and Sy, was shown in Fig. 6. The curves basically possess a
regular Sshape, and the material ratio of valey zone is approximately 90 % for all
curves owing to the surface texture with grooves. In addition, regarding the
evaluating parameters of Sy, Sc and Sy, the value when processed by the edge of
40 um radius is higher than other experiments, especially much higher than the
edge of 30 um radius. The reason for this is that ploughed depth is greater for a
larger edge radius based on the simulation results. Regarding cutting speed, it has
same effect on evaluating parameters on this account cutting temperature increases
and tool wear increases with increasing cutting speed.

2 Factor  20pm 30 pm 40 um

Sk 1.320 0.874 1.403
Spk 0.520 0.410 0.383
Svk 0.290 2.791

0 10 20 30 40 50 60 70 80 90 100
Bearing area, %

Fig. 6. Abbott-Frestone curves at different turning parameters: 20 (1), 30 (2), 40 (3) um and
160 m/min.

Subsurface defor mation

The formation of sub-surface deformation consists mainly of the mechanism of
plastic flow, the mechanism of quick heating and quenching and the mechanism of
surface reaction, and al these mechanisms may be affected by plastic strain.
Therefore, in order to explore the effect of the edge radius on sub-surface
deformation, the simulation about the equivalent plastic strain in the sub-surface
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for different edge radius was carried out, and the results are illustrated in Fig. 7. It
can be seen that the width of the deformation layer in the machined surface is
affected by change in ys due to the different edge radiuses. For verifying the results,
the sub-surface deformation was measured by Scanning Electron Microscope
(SEM) at a magnification of 8000. The surface structures at different cutting
parameters are shown in Fig. 8. The machined surface produced with the tools in
different edge radii are al formed with white layer and severe deformed layer
underneath. The thicknesses of white layer and deformation layer were affected by
both edge radius and cutting parameters. It was observed from the SEM study that
both white layer and deformation layer increase when the edge radius increases and
this may attribute to fact that the cutting tool with the large edge radius generated
the deeper ploughed depth, which results in the increasing of plastic strain. The
results were found to be consistent with the result from FE simulation.
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Fig. 7. Equivalent plastic strains in the subsurface for different edge radii: rg = 20 (1), 30 (2), 40
(3) um.

White layer - \
Deformation layer *

30 pm — 160 m/min

40 um — 160 m/min

Fig. 8. SEM surface structure at cutting parameters. v, = 160 m/min, f = 0.08 mm/ref, a, =
0.1 mm; dry cut; workpiece material — AlSI 52100; cutting tool — cBN200.
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Figure 9 reveals the influence of the edge radius and cutting speed on the sub-
surface deformation. Pronounced increase on both thickness of white layer and
deformation layer in the machining tests. The thickness of white layer received
little influences when tools with edge radius of 20 and 30 um were used. The
influence on thickness of the white layer became substantial when the tool with
edge radius of 40 um was used in the machining and this may primarily related to
the increased friction force between cutting edge and machined surface as a result
of the large edge radius, see Fig. 9, a. The also displayed that cutting speed has
same influence on subsurface deformation, see Fig. 9, b. The predominant reason
for the larger deformation depth at higher cutting speed is attributed to the tool
wear and increased temperature at the interface of flank face and machined surface.
The higher cutting speed intensified the tool wear and generated higher
temperature; thus the bigger subsurface deformation occurred in the machined
surface.

9
8 w20 um m30 um =40 um l20 um ®30 um “40 pm
ER
g6 1 1.2
25 S 1.0
S4 = 5 0.8
£3 0.6
% P § O 4
Q1
0 120 m/min 160 m/min 200 m/min 120 m/min 160 m/min 200 m/min
a

Fig. 9. Effect of the edge radius on the deformation (a) and whlte (b) layers.

CONCLUSIONS

The FEM simulation and machining experiment were used to assess the effect
of the edge radii of cBN tools on the surface quality and subsurface deformation in
hard turning of bearing steel. The cutting edge radius has a significant effect on the
surface roughness and subsurface deformation in hard turning of the A1SI52100
steel. Among the three groups of tools, the edge radius of 30 um exhibits better
performance in terms of the surface roughness. The higher surface roughness
values were observed in the parts generated by the cutting tool with a larger edge
radius. The effect of the edge radius on the subsurface deformation from the FE
simulation is confirmed by the machining tests conducted in this study. Both
thickness of white layer and deformation layer produced by the cutting tools with
three groups of edge radius increase with increase of the edge radius, but
substantial increase in the both roughness level, subsurface deformation and white
layer was found at the edge radius of 40 um, which suggests that a cBN tool with
the edge radius smaller than 30 um would be feasible for combination of the edge
strength and performance in hard turning.
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Pizanoni incmpymenmu iz KHB, wo maioms eunamxosi mexaniuni enac-
MUBOCMI, WUPOKO BUKOPUCTOBYIOMb NPU 00podYi pisHUX HaOmeepoux mamepianis. Mikpozeo-
Mempis pizanvHozo incmpymenmy i3 KHE, nanpukiad padiyc okpyenens pizaibHoi Kpatiku, mae
6eNUKULL 6NIUE HA AKICMb 00POONIeHOI no8epxHi, a maKodc cmilKicmy iHcmpymenmy. /s onmu-
Mmizayii eeomempii iHCmpymMeHmy 8Kpail 8aANCIUBO 3POZYMIMU GNIUE MIKPO2COMEMPIi pi3anbH020
incmpymenmy 3 KHB na sxicms nosepxmi. ¥ oanomy oocniosicenni 6yno 3pobaeno cnpoby 0oci-
oumu 83a€mMO036’ A30K Mixc paodiycom 3aKpyeieHHs KpauKu pi3anrbHo20 IHCMpPYMeHmY i AKIiCmio
nogepxHi, sIKi OYIHIOIOMbCS WOPCMKICMIO NOGEPXHi | deghopmayielo nionogepxnegozo wiapy,
Memooamu CKiHueHO-eneMeHmHO20 MOO0en08anHts i ekcnepumenmanvho. byno 30ilicneno nusky
excnepumenmia npu pisHux ymoeax oopooKu 3 00HOUACHUM BUMIPIOBAHHAM WOPCMKOCMI nosep-
XHi [ deqpopmayii nionosepxuesux wapig. Takooc 3acmocogysanu pizanvHi IHCMPYMEHMU 3 Pi3-
HUMU padiycamu pi3aibHOi KpaiKy npu pisHUX pexcumax pizanws. Pezymsmamu modenioganms i
6UNPOOYBANL NIOMEEPOUNU ZHAYHUL 6NIUE pAOIyCa 3aKPYeNeHHs KPauKu Ha AKICMb | wopcm-
KiCmb NOBEPXHI, a MAKOJC AKICMb NION08EPXHEe6020 wapy. Buseieno onmumanvuuil padiyc
oKkpyenenus kpatiku incmpymenmy 3 KHE, axuii mpeba 3acmocosysamu npu o6pobyi Haomeep-
oux mamepianie 01 OMPUMAHHA HAUKPAWOI AKOCMT NOBEPXHI.

Knruoei cnosa: KHF, pizanvruii incmpymenm, moyiHHs 3a2apmoeanoi cma-
ai, MCE-mo0ento8anHs, AKiCmb NOGEpXHI

Peorcywue uncmpymenmor uz CBN, obradarowue npesocxoonvimu mexanuue-
CKUMU CBOUCMEAMU, UUPOKO UCNONLIYIOMCS 8 00PAbOMKe PA3IUYHbIX CEEPXMBEPObIX MAMepud-
106. Mukpozeomempus pedxcyweeo uncmpymenma uz CBN, nanpumep paouyc cxpyenenus pe-
arcyujeli KpomKu, oxasvieaem O60bUOe GIUAHUE HA KAYecmeo 00pabomaHHOU NOBEPXHOCU
Odemadneti, a makHce Ha CMOUKOCMb uHCmpymenma. /s onmumuzayuu 2eoMempu UHCmpymeH-
ma Kpatime 8adCHO NOHAMb BNUAHUE MUKpO2eomempuu pesxcyweco uncmpymenma usz CBN ua
Kayecmeo 006pabomanuoll nosepxHocmu. B oannom ucciredosamuu Ovinia coenana nonvimka
UBYUUMb B3AUMOCEA3b MENCOY PAOUYCOM CKPY2IeHUs KPOMKU PediCyueco UHCIMpPYMeHma u Kave-
CMBOM NOBEPXHOCIU, OYCHUBAEMOU UWEPOXOBAMOCMbIO NOBEPXHOCMU U deghopmayueti noono-
6EPXHOCHHOR0 CIOS, MEMOOUMU KOHEUHO-DNEMEHMHO20 MOOETUPOBAHUS U IKCNEPUMEHNATLHO.
Bovinu nposedensvl ucnvimanus npu pasnuiHex yCio8usx 06pabomru ¢ 00HOBpeMeHHbIM usmepe-
HUeM wepoxoeamocmu nogepxHocmu u deopmayuu noonosepxHocmuozo cnos. Ilpumenanuce
pedxcywue UHCMPYMEHMbL ¢ PASTUYHBIMU PAOUYCAMU PeXCYuyell KPOMKU NPU PASTULHBIX DeHCU-
Mmax pesanus. Pesyrbmamor modenuposanus u ucnbimanuii ROOMEepOULU 3HaAUUmMenbHoe SIusHue
paouyca cKkpyeneHus KPOMKU HA WepoXo8amocni NOBEPXHOCU, d MAK*Ce HA KA4ecmeo noono-
8epxHOCmMHO20 cos. [Ipu mouenuu 3axanenHoll cmanu uncmpymernmom uz ¢BN umeemes onmu-
ManbHblil paouyc pesicyujeli KpOMKU UHCMPYMeHma, KOMmopulii ciedyem npumeHsams npu oopa-
bomke ceepxmeepObIX Mamepuanos 0 NOIYYeHUs. HAULY4ule2o Kauecmea no8epxXHOCuU.

Knrouesvie cnosa. KHB, pedxcywuii uncmpymenm, moueHue 3aKaIeHHOU
cmanu, MKD-modenuposanue, kauecmeo nosepxHocmu.
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