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A NEW ASPECTS OF HARD MACHINING USING CBN
TOOLSWITH VARIABLE TOOL CORNER RADIUS
AND TOOL WEAR EFFECT

Wit Grzesik, Krzysztof Zak

Summary

In this paper some important mechanical cutting characteristics such as cutting forces, specific cutting
energy and cutting power were determined when finish turning of hardened 41Cr4 alloy steel and AlSI
52100 and JIS-SUJ2 bearing steels using CBN tools with variable tool corner radius based on the
experimental study and literature data. The tool corner radius was varied from 400 to 2400 pm and, in
addition, flank wear effect was taken into account. Moreover, surface roughness produced by CBN tools
with different tool corner radius was compared and surface finish obtained was characterized in terms of
potential functional performance. As a result, the changes of Ra and Rz roughness parameters and relevant
material distribution curves and bearing parameters in the form of Symmetrical Curve of Geometrical
Contact (SCGQ) are presented.

Keywords: hardened steel, tool corner radius, cutting force, specific cutting energy, cutting power,
surface roughness

Nowe aspekty skrawania na twardo narzedziami z CBN ze zmiennym promieniem naroza
i efektem zuzycia ostrza

Streszczenie

W pracy okre$lono niektére charakterystyki procesu skrawania m.in. sktadowe sity, energie wtasciwa
i moc skrawania w wykanczajacym toczeniu utwardzonej stali stopowej 41Cr4 oraz stali tozyskowej AlSI
52100 i JIS-SUJ2 narzedziami z CBN o zmiennym promieniu naroza. W analizie wynikéw uwzgledniono
dane doswiadczalne i literaturowe. Stosowano promien naroza w zakresie od 400 do 2400 pm. Ustalono
rowniez wpltyw zuzycia ostrza na powierzchni przytozenia. Dodatkowo, poréwnano chropowato$c¢
powierzchni generowana ostrzami z CBN o zmiennym promieniu naroza oraz potencjalne wtasciwosci
eksploatacyjne powierzchni. Uzyskano zmiane zalezno$ci parametréow chropowatosci powierzchni Ra
i Rz oraz parametréw udziatu materiatowego w postaci symetrycznych krzywych kontaktu geome-
trycznego (SCGC) powierzchni — krzywych Kaczmarka.

Stowa kluczowe: stal utwardzona, promien naroza ostrza, sktadowe sity skrawania, energia wtasciwa
skrawania, moc skrawania, chropowato$¢ powierzchni, udziat materiatowy
powierzchni
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1. Introduction

Hard machining is a leading machining technology#oious highly-loaded
machine components made of hardened steels, sysdaesd shafts, bearing and
hydraulic components, with special requirementsamgigg surface finish and
functional performance [1-3]. In general, hard maily process differs from
conventional machining process in terms of cuttimechanics, chip formation,
tool wear, surface integrity and part accuracy2]1)n particular, manufacturing
challenges concern unsatisfactory surface finigshpant form accuracy resulting
from the specific action of the cutting edge withhigh negative rake angle,
aggressive thermal influences, rapid tool wear langer energy consumption
[1, 4] This is due to the fact that the energy comgtion increases distinctly due
to extreme high hardness of the material machimeldhéggh negative rake angle
of the CBN cutting tool used. In addition, the tearkpiece interaction is
characterized by severe friction and excessiveghimg action of the cutting edge
causing the spring back effect. It is also charatte that hard machining is
performed with dominating passive force in comparigo conventional turning
for which the radial force is distinctly lower thdhe cutting force (typically
Fp=(0.3-0.5F). As a result, the radial force influences theaiyic behaviour of
the machining system and total energy consumpfibis. specific effect becomes
more important when machining with CBN cutting insevith large nose radius
of 800 and 120@m or even 2400 (360@m [5-7]. As a result, for cutting tools
with a corner radius equal to or higher than 1.2umeut chip thickness decreases
which intensifies ploughing forces [3, 8]. On thther hand, the roughness height
should theoretically decrease when the tool coradius increases. However,
surface finish produced in hard machining detetegraapidly when tool wear
elevates during several minutes (tool life is ey short)), especially for the
cutting speed higher than 120 m/min [9]. Moreoweo] wear influences thermal
behaviour of the machining process and, as a rekaltetained austenite content
and the depth of white layer increase [10, 11prher to improve surface finish
of machined hard parts the tool corner of cerammicCBN cutting inserts is
modified including large one-radius [1], multi-radqiWiper geometry) [12] or
straight-line fragment parallel to the feed dirext[2].

In this study, cutting forces, cutting power congtion, specific cutting
energy and surface finish were investigated urtterariable tool nose radius in
turning of 41Cr5 (AISI 5140) hardened steel. Iniddd, the experimental data
were compared with relevant literature data avéelab[5-7] obtained in similar
hard turning operations with AlSI 52100 and JIS-8Udaring steels.
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2. Experimental details

2.1. Workpiece materials

In this investigation hard turning tests were peried using hardened EN
41Cr4 alloy steel with 55+1 HRC hardness. The drpamtally obtained data
were compared to relevant literature data for bdiBl 52100 and JIS-SUJ2
(Japanese equivalent to AISI 52100) bearing stemlgufresh and worn CBN
cutting tools available in [5,6]. Chemical compmsis and mechanical properties
of the three steels considered are specified iteSaband 2 respectively.

Table 1. Chemical compositions of the workpiece neteused in comparative study
[http:/imww.lucefin.com/en/siderurgia/acciai-spee@ial-carbonid

Sted Element content, % mas.
grade c S Mn P S cr | Mo | Al Cu
EN 41Cr4 0.38- max 0.60- max max 0.90- max max max

-0.45 | 0.40 | -0.90 | 0.025| 0.035| -1.20 | 0.10 | 0.050 | 0.30
0.93- | 0.15- | 0.25- max max 1.35-

AISI52100 405 | -0.35 | -0.45 | 0.025 | 0.015 | -1.60 | - _
0.95- | 0.15- 1.30-
J1s-8Ud2| | Jiar | <050 (<0.025/<0.025 e | - - _

Table 2. Mechanical properties of the workpieceamals used in comparative study
[http://www.lucefin.com/en/siderurgia/acciai-spee@ial-carbonip

M echanical properties
Sted grade
HRC UTS, N/mm? Rpo.2, N/mm? YS, GPa
EN 41Cr4 55 2080 1590 210
AlSI 52100/J1S-SUJ2 60 2470 2190 190-210

2.2. Machining conditions

In the experimental study, CBN cutting tools eqegpvith TNGA inserts
with the corner radius @ = 400, 800 and 1200 pum of CB 7015 grade by Sandvik
Coromant were used in hard turning tests with DIXC# hardened alloy steel.
The chamfer configuration with the rake angleyef = —30° and the average
cutting edge radius af, = 10 um was selected. Cutting parameters for tait p
of investigations are specified in Table 3. Madhinirials were performed on
a three-axis CNC turning center, Okuma Genos mib2@0E-M. Technological
cutting parameters and values of tool corner racimsidered in the comparative
study extended for AISI 52100 and JIS-SUJ2 beasitegls are specified in
Table 3. In particular, also larger corner radiusgsl600, 2400um were
considered.
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Table 3. Specification of machining conditions eoyeld in comparative study

Steel grade Cutt_lng spged, Feed rate, Dept_h of cut, Tool cor_ner radius,
Vcin m/min fin mm/rev apinmm rein gm
EN 41Cr4 210 0.1 0.2 400, 800, 1200
AISI 52100 120-180 0.05-0.6 0.2 800, 1600, 2400
JIS-SUJ2 120 0.1 0.2 400, 800, 1200

2.3. Measurements of componential cutting forces and surface roughness

Three components of the resultant cutting fétgd-andF, were measured
using a three-component Kistler dynamometer (m@&&9A) and consumed
energy recording system installed on the CNC lafthe. measured signals were
processed with a sampling ratefef 1 kHz and a low-pass filter with a cut-off
frequency of. = 300 Hz. Surface roughness produced by finish hardng was
measured by means of the stylus method using @TE3D0 contact profilometer
with a diamond stylus tip of 2+0,5 um radius. A 8E2D roughness parameters
was determined and surface profiles were visualiasshg a Digital Surf,
MountaingIMap package.

2.4. Computations of specific cutting energy

Specific cutting energg is calculated as the ratio of the measured value o
the cutting force Fand the cross-sectional area of cut which is tatled as the
product of the equivalent cutting edge of the lahgand the mean uncut thickness
hm shown in Fig. 1. The equation is as follows:

&=F/A (1)

I—

I workpiece N

Fig. 1. Typical cross-section of the uncut chipelafor finish hard turning [13]
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2.5. Computations of theor etical roughness parameters

The theoretical values of roughness heigittand average roughneBst
were determined using the classical circle modgl @) and the corresponding
model (Eq. 2b) respectively [2].

f2
Rzt =— (2a)
ar,
.I: 2
Rat = (2b)
31.2,

3. Experimental results and discussion

3.1. Cutting forces and their relationships

As mentioned above three compondrisk: andF, of the resultant cutting
force were recorded during hard turning passesguSiBN cutting tool inserts
with selected tool corner radiusasd the set of constant machining conditions
using a piezoelectric dynamometer. Simultaneoubly, cutting powelP. was
recorded along with other power components usingpecial measurement
system [4]. The changes of three force componestsiting from variations of
the tool corner radius are presented in Fig. 2s@wn in Fig. 2 the minimum
values of the cutting and passive forces were tedetor the minimum and
maximum tool corner radii of 400 and 1206 respectively. On the other hand,
the minimum values of the feed force were recorfdedhe medium tool corner
radius of 80Qum (Fig. 2). It should be noted in Fig. 2 that ttedues of passive
force recorded in the turning of DIN 41Cr4 and $S8J2 hardened steel are
distinctly higher than the corresponding valuesudting forceF..

As shown in Fig. 3 the ratio &f,/F. varies from 1.10 for lower tool corner
radius ofr, = 400um to 1.45-1.55 for higher values f Its highest value was
determined for, = 800um and the cutting speed of 210 m/min. This specific
force resolution in hard machining causes the ezlevchanges in power
consumption due to an intensive ploughing effebh¢amal value of the passive
force Fp) and the generation mechanism of surface roughimessnctly higher
values of the ratio ofF,/F. ranging from 1.35 to 1.7 were determined at lower
depth of cut of 0.1 mm for JIS-SUJ2 bearing steeladdition, the values of
Fo/F: ratio exceed the relevant values of t#F. ratio. This means that the
increase of the workpiece material hardness fromH®EL to 60 HRC also
influences the relations between componential force
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Fig. 2. Influence of tool corner radius on the comgnts of resultant cutting force

for (@) 41Cr4 alloy steel with 55+1 HRC hardness, Jt§-SUJ2 bearing steel

with 60 HRC hardness (experimental data adopted fédnMachining conditions:

cutting speedsr = 210 m/min (a) and 120 m/min (b), feed rate 0.1 mm/rev
and depth of cutp = 0.2 mm

2 20
~-Fp/Fc Fp/Fc o
o35
——Fp/Fc Fp/Ff JIS-SUJ2 bearing steel [
18 P P 3 5 | 16
Fp/Ff =& -Fp/Ff 2
1.6 12
uw’ 41Cr4 alloy steel u
~> & ~
L T .
1.4 ;: 8
8
JIS—SUJZbﬁring steel "o*
N
1.2 )t g 4
S $rmmommee 7
: 41Cr4 alloy steel
1 0
200 400 600 800 1000 1200 1400

Corner radius r,, pUm

Fig. 3. Influence of tool corner radius and deptltwt on the force ratiép/Fc and Fy/Ft
for 41Cr4 alloy steel with 55+1 HRC hardness and JI82bearing steel with 60 HRC
hardness (experimental data adopted from [6]
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3.2. Changes of specific cutting energy

The changes of the specific cutting enezgfpr fresh and worn CBN cutting
tools are illustrated in Figs. 4 and 5 respectivElgure 4 shows that values&f
depend on the tool corner radius rather for lowedfrates and vary in a similar
way to the changes of relevant cutting forces.

Specific cutting energy ec, GJ/m3
sy

-0-0.05 mm/rev (1)
0.15 mm/rev (1)
0.3 mm/rev (1)

0.1 mm/rev (2)

500 1000 1500 2000 2500 3000
Corner radius, pm

Fig. 4. Influence of tool corner radius and feetk ran the specific cutting energy
for fresh tools. Legend: (3} = 120 m/minap = 0.2 mm AISI 52100 (experimental
data adopted from [5]), (2} ¥ 210 m/minf = 0.1 mm/revap = 0.2 mm 41Cr4

18
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12
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Specific cutting energy e, GJ/m3

-0-VB=0 (1)
VB=0.1 mm (1)
VB=0.2 mm (1)

-8-VB=0 (2)

-/'>"/

500 1000 1500 2000 2500 3000
Corner radius, pm

Fig. 5. Influence of tool corner radius and toolawen the specific cutting energy

for AISI 52100 bearing steel with 60-62 HRC hardnésgend: (1= 180 m/min,

f = 0.05 mm/rev, 0.2 mm for AISI 52100 stedlexperimental data adopted
from [5], (2)ve= 210 m/minf = 0.1 mm/revgy = 0.2 mm for 41Cr4 steel
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Fig. 6. Changes of UCUstool corner radius for different feed rates (ad apecific

cutting energy vs. uncut chip thickness in log-4ogle for fresh and worn tools for

EN 41Cr4 and AISI 52100 steels with alloy steela asference workpiece material

(b). Legend: (1¥c =120 m/minf = 0.05 mm/revf = 0.15 mm/revf = 0.3 mm/rev,

ap = 0.2 mm for AISI 52100 steel, (2) = 210 m/minf = 0.1 mm/reva, = 0.2 mm
for 41Cr4 steel

The minimum values o = 4.6-5.9 GJ/rhwere recorded for the tool corner
radius of 400 and 8Q@m. The specific cutting energy increases slighaghhiigher
feed rates and more intensively (on average by I6f4pwer feed rates applied.
As a result, the specific energy determined fastreutting tools does not exceeds
7 GJ/ni when tool corner radius increases from g@®to 2400um.
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As shown in Fig. 5 the progress of tool wear fréfeg = 0.1 mm to
VBg = 0.2 mm causes that the values of the specifteguenergy (SCE) increase
distinctly about two or three times respectivelydomparison to fresh tools
denoted by flank wear indicat®Bg = 0. In contrast to fresh tools the highest
increase of SCE is observed for worn tools withftiek wear ofVBg = 0.2 mm.

In general, as presented in Fig. 6a, the uncut ttinginess (UCT) depends
on the feed rate applied and geometrically (Figori}he tool corner radius. As
a result, machining with lower feed rates and higieener radiuses cause that the
UCT decreases substantially down to several migftorsbout 1Qum forf = 0.05
mm/rev and . = 2400pum). As shown in Fig. 6b the specific cutting enefgy
a lower tool corner radius is in the range charéstte for grinding with the uncut
chip thickness (UCT) of about iBn (Fig. 6a) and for higher tool corner radius
IS in the range characteristic for conventionatitug of alloy steels with the UCT
higher than 2@m [2,13]. However, the specific cutting energy gwses visibly
when flank wear increases up\tBs = 0.2 mm. In case of worn cutting tools the
specific cutting energy ranges from 8-16 GJbepending on the tool corner
radius and flank wear progress. As a result, tmeiggion of white layer is also
intensified [5,10].

3.3. Changes of cutting power

The changes of the cutting power determined aprtbeuct ofPc = Fcxve
recorded for different tool corner radiuses arenshim Figs. 7, 8 and 9. The trends
are similar to those observed for the cutting fdfoe(Fig. 2) when keeping
constant cutting speed. As shown in Fig. 7a, tfferénce between the calculated
and measured values of the cutting power is ndtdrighan 10%. Moreover,

a)
H Pc calculation

0.45 o Pc experimental

0.40

0.35
0.30
0.25
0.20
0.15

Cutting power Pc, kW

0.10
0.05

0.00

400 800 1200
Corner radius, pm

Ei

g. 7. Changes of cutting power for variable toose radius
and cutting speed (a)
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b)

Cutting power
Lubricant
system 3 % _

Hydraulic system
45 %

Control and auxiliary
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27 %

Fig. 7. Changes of cutting power for variable too$@ radius and cutting speed (a)
and pie diagram of power distribution for a thre&saNC turning center, Okuma
Genos model L200E-Nbr vc = 210 m/minf = 0.1 mm/revap = 0.2 mm)[4] (b)

power consumption resulting from employing CBN toalith the tool corner
radius ofr, = 800 and 120Qum differs only by about 2-5%. The pie diagram
presented in Fig. 7b indicates that in hard maaolirthe power consumption
strictly for cutting performance is about 14% ofthotal power recorded
independently of the tool corner selected in thisyparative studies.
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Fig. 8. Influence of tool corner radius and feet r@n the cutting power for fresh
tools. Legend: (1yc = 120 m/minap = 0.2 mm for AISI 52100 (experimental data
adopted from [5], (2yc = 210 m/minf = 0.1 mm/revap = 0.2 mm for DIN 41Cr4
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Influence of tool corner radius on the cutting pofee fresh and worn cutting
tools is presented in Figs. 8 and 9 respectivehg Main observations are that the
cutting power for worn tools is more sensitive¢banges of the tool corner radius
and the cutting power increases of about 30% wheéncieases from 400 to
2400um (see Fig. 9). On the other hand, the appropecizaages oP.: determined
for fresh tools are rather small and do not ex&®édIt should be noted based on
the dependence of the cutting power on the tooleroradius (Fig. &s Fig. 9)
that lower values oP; were determined for worn tools. This specific effean
be explain in terms of the crater wear of chamf&8d tools which causes that
the effective rake angle decreases and, as thé, rési corresponding cutting
force and resulting cutting power decreases [14].

0.50
0.45
0.40 /\l
=
x\ 0.35
T 030
g
g 025
[oX
%D 0.20
£ o015
3 VB=0 (1)
0.10 VB=0.1 mm (1)
0.05 VB=0.2 mm (1)
/-VB=0 (2)
0.00
0 500 1000 1500 2000 2500 3000

Corner radius, pm

Fig. 9. Influence of tool corner radius on cuttpawer for worn tools. Legend: (1)
Ve = 180 m/min,f = 0.05 mm/reva, = 0.2 mm AISI 52100 (experimental data
adopted from [5], (2yc = 210 m/minf = 0.1 mm/reva, = 0.2 mm 41Cr4

4. Surfaceroughness

4.1. Changes of surface profile

Representative surface profiles generated by CBM twith different tool
nose radius are shown in Fig. 10. It can be obsdeirvd-ig. 10 that the surface
profile is smoothed when using cutting tools witigher tool corner radius.
Another specific effect resulting from employing BBools with a large tool
corner is a visible reduction of the RMS sldl&y from 4.37 for r.= 400pum up
to 1.67 for r,= 1200um (Fig. 10).
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Surface profiles presented in Fig. 10a-c contagulae feed marks but the
most regular (determined) surface profile is predueahen using CBN tool with
the minimumr, = 400um. When the tool corner radius increases feed nmaeks
slightly distorted probably by small side flows ebged on the left sides of all
individual peaks (see Fig. 10c). They appear dubddateral plastic flow which
occurs when the cutting edge removes a very thjiarlaf thermally softened
material [10].

a) b)
re=400um, Ra = 0.92um, Rz = 3.63um, re = 80Qum, Ra = 0.3um, Rz= 1.78m,
RAq=4.37 RAgq=1.83
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Fig. 10. Comparison of surface profiles generate@BiX tools with deferent tool corner radius
for ve = 210 m/minf = 0.1 mm/rev andp = 0.2 mm

4.2. Changes of surface roughness parameters
and functional indexes

As shown in Fig. 11a the maximum roughness heRphtecreases from
3.6 um for r, = 400 um, through 1.8 for, = 800um to 1.5um for the highest
r«=1200um. It can also be noted that the relevant valuéisefiverage roughness
Ra decrease down to 0.9, 0.4 andih8Brespectively. In addition, the real values
of both Ra and Rz roughness parameters can be predicted with a rrebkso
accuracy using Egns. 2a and 2b but better predicéisults concern the average
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roughnes®a. This is due to fact that the predicted valueRoparameter should
be additionally corrected by appropriate elasticovery €pringback) of the
machined surface [15].

a)
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=
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Fig. 11. Changes oRa and Rz roughness parameters (a) aRpk,
Rk and Rvk bearing parameters (b) for variable tool cornedius
(Vve= 210 m/minf = 0.1 mm/revap= 0.2 mm)

The effect of tool nose radius on the surface [@afn also be pronounced
when considering the bearing parameters Rpk, RiRakgdas shown in Fig. 11b.
In general, this influence concerns the reduced peght Rpk and the reduced
core height Rvk. In both cases presented in Fig.atitl b some surface roughness
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parameters decreases when the tool corner raditesases from 400 to 8QON.
The visualization of the influence of tool noseiwadn the bearing properties of
the surface profile is also presented in the fofi8@GC diagrams in Fig. 12b.

Figure 12a confirms that CBN hard turning produsadace profiles with
unsatisfactory bearing properties but the incredigbe tool corner ratio causes
that the profiles of material ratio curve (MRC) nbas from fully degressive for
the minimum corner radius of = 400 um to progressive-degressive for higher
tool corner radii of .= 800 and 120Qm. The most important is that the increase
of tool corner radii does not influence the mateatio at the cut above 70%.

a) b)
100 — 4
—— =400 um — r,=400 um
—r,=800 um —r,=800 um
80 — — r,=1200 um £ — r,;=1200 um
69 37 X
R 68.77] e T
-~ - [=3
g %0 3 2
3 S 3
N— <
o D Rpk=
— (3] | 0.42pum
S 40 T
[0
I 1 —
20
0 — ‘ ‘ ‘
0 \ \ ! 0 20 40 60 80 100
0 20 40 60 80 100 Sample length SL, %
Rmr (c), %

Fig. 12. Changes of the shapes of material rativesufa) and SCGC diagrams (b) for variable
tool corner radiusw = 210 m/minf = 0.1 mm/revap = 0.2 mm)

This is in accordance with relevant changesRpk, Rk and Rvk bearing
parameters shown in Fig. 11b. In particular, tlieioed peak heigiRpk decreases
markedly from 1.75.m to about 0.3uim whereas at the same time the reduced
valley heightRvk increases from about 04 to about 0.um. In particular, the
reduction of peak height down to Qué observed for surface profiles generated
by CBN tools with higher corner radii of 12@@n implies shorter running-time
period during the surface’s service. The influen€dool corner radius on the
resistance of the produced surfaces to abrasive iz@#&sualized using relevant
SCGC diagrams shown in Fig. 12b. On the other htdradreduced core height
remains relatively high of aboutuin.
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5. Conclusions

» Tool corner radius is a decisive factor influemcirsuch cutting
characteristics as components of the resultinginguttorce, specific cutting
energy and cutting power consumption and contgllsurface roughness
produced. This complex effect should be considaredrms of tool wear due to
relatively low tool life.

* In hard turning the passive fordg) overestimates markedly both cutting
(F¢) and feed Ky) forces. For the tool corner radius ranging fro@0 4im to
2400pum the ratio ofFp/F¢ increase from 1.10 to about 1.5. It is also inflced
by the hardness of machined material.

» The tool corner radius influences the specifidiogtenergy (SCE). For
fresh cutting tools SCE does not exceeds 7 &ddinfor worn cutting tools the
specific cutting energy ranges from 8-@3/n? depending on the tool corner
radius and flank wear progress.

» The cutting power consumption depends on thenguttiol configuration
and its flank wear. The cutting power for worn i@ more sensitive for changes
of the tool corner radius and it increases of al3@3 when the radius increases
from 400 to 240Qm.

« Distinctly lower values oRa andRz roughness parameters were measured
on hard surfaces machined using CBN chamferednguttiols with higher tool
corner radius of 80@m and 120Qum. The surface profiles are generated with
regular feed marks and visible flashes due to iplasitle flow effect. As
a result, the values of reBk andRa roughness parameters can be predicted with
a reasonable accuracy, especially Rar parameter, using simple theoretical
formulae.
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