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Abstract

This study presents an experimental investigation on turning hardened DF-3 tool steel (~58HRC) with PVD-TiN coated mixed ce-
ramic. We focused on the effect of chamfer and honed edge geometry on tool wear, tool life, cutting forces and surface finish of the ma-
chined workpiece. The effects of the process parameters on performance characteristics were investigated using ANOVA. It was found
that longer tool life was recorded with chamfered edge geometry at various cutting conditions. The typical damage observed as flank and
crater wear for ceramic tools and abrasive wear was found as the main mechanism.The optimal cutting speed was 155 m/min, with which
a tolerable tool life and volume of material removal was obtained for both edges geometry. Finer machined surface was left by chamfered
tool with feeds and speeds in the range of 0.125-0.05 mm/rev and 155-210 m/min, respectively; also, cutting forces decrease with in-
creased cutting speed. The obtained consequence of cutting forces shows that tool wear has a considerable effect on cutting forces and

greater forces values recorded with honed tools.

Keywords: Ceramic tools; Cutting force; Edge geometry; Hard turning; Tool life; Tool wear; Surface roughness

1. Introduction

The machining of parts with hardness in excess of 45 HRC
is generally called hard machining. Hard turning has gained
considerable interest in many industries for its superior advan-
tages over grinding such as reduced processing cost, elimina-
tion of coolant, improved material properties, reduced power
consumption and higher productivity. This has resulted in an
increased demand for cutting tool materials with improved
toughness, elevated temperature strength and chemical inert-
ness. These characteristics are critical when selecting the
proper tools for hard machining [1, 2]. Sintered carbides, ce-
ramics, PCBN, and CBN are the most common tool materials
used for hard machining. Ceramic tools are mainly based on
alumina (Al,O;) or silicon nitride (Si;Ny4), which are consid-
ered as hard and refractory materials, with resistibility more
than 1500°C without chemical decomposition. These excellent
characteristics make ceramics the material of choice for the
machining of various types of steels and hard metals at high
cutting speeds mostly in dry conditions [3].

Advanced ceramics with an extremely fine grain have
greater impact resistance and improved wear properties. Tool

wear investigation on different ceramic tools has revealed that
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oxide and mixed ceramic (aluminum oxide plus TiC or TiCN)
are highly tailored for machining hardened steel than other
ceramics due to it withstanding greater flank wear [4].

Tool wear and tool life investigations with alumina-based
ceramic cutting tools in turning hardened martensitic stainless
steel showed that flank and crater wears occurred due to abra-
sion of hard particle on tool faces. The progression of tool
wear not only affected tool life but also influenced tool frac-
ture or excessive chipping and surface roughness [5]. Another
study on the wear mechanism of mixed ceramic inserts with
wiper and conventional edge geometry performed on alloy
steel AISI 5140 illustrated flank wear patterns consisting of
visible grooves caused via the abrasive mechanism and
slightly due to adhesion of the workpiece material [6]. In an-
other study [7], five values of chamfer angle on wear of
PCBN cutting tool for bearing steel were studied, and it was
found that tool life increased with chamfer angle with the
highest value occurring at angle of 15°. However, increasing
chamfer angle resulted in higher cutting force. Thiele and
Melkote [8] focused on CBN tools with up sharp, honed and
chamfer edge geometry for AISI 52100 steel. They observed
that cutting edge geometry and feed rate significantly affected
the surface finish as well as the axial and radial cutting forces.
Another study which used the same tool and workpiece mate-
rial investigated the effect of process parameters such as cut-
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Table 1. Chemical composition of ASSAB DF-3.

Elements Percentage %
C 0.38
Si 0.9
Mn 0.5
Cr 13.6
\% 0.3

ting speed, feed rate and depth of cut on the performance
characteristics of tool life, surface roughness and cutting
forces [9].

A study on the effect of tool nose radius using Al,Os/TiC
cutting tools alternatively on the same workpiece material
found that surface roughness decreases with increasing nose
radius [10]. They also found that growing tool wear degrades
surface finish. Other authors have developed the effect of
CBN chamfered and honed edge geometry by utilizing practi-
cal finite element (FE) simulations [11]. The results of these
simulation studies showed lower cutting force with honed
insert and lower temperatures on chamfered rake face tools.
Another study on conventional and wiper mixed ceramic cut-
ting tools in turning AISI 5140 reported better surface finish
with wiper edge, and showed that with increasing tool wear,
the surface roughness noticeably rises in wiper tools [6].

It is clear from the literature that CBN and PCBN have been
frequently used in the machining of hardened steel. Neverthe-
less, ceramics have almost the same cutting performance as
CBN and PCBN, and cost less. Despite the large volume of
research, there is still a significant gap in understanding the
effects of the cutting edge geometry of ceramic tools. Conse-
quently, this paper presents the results of a detailed investiga-
tion of the effects of cutting edge geometry of ceramic tools
on the tool life, surface finish and cutting forces in the finish
hard turning of ASSAB DF-3 tool steel in different machining
conditions. The main contribution in this study is the proper
selection of edge preparation of ceramic cutting tools under
various cutting conditions.

2. Experimental approaches

Machining was performed on an ASSAB DF-3 tool steel
bar of hardness 54-58 HRC with 92 mm diameter and 220
mm length, with compressive strength of 2200 Mpa, compres-
sive yield strength of 1800 Mpa and 185 Mpa modulus of
elasticity. Due to its good machinability and dimensional sta-
bility during hardening, DF-3 has been proposed as a suitable
material for the manufacture of tools which provide reason-
able tool life and economical production. Its chemical compo-
sition is presented in Table 1. Extremely fine grain ceramic
cutting tools were used with the composition of PVD-TiN
coated mixed ceramic and a matrix of ALO; (70%): TiC
(30%) +TiN, with KY4400 grade and 2200Hv hardness.

The edge preparation provided on the insert contains cham-
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Fig. 1. (a) Tool geometry parameters; (b) schematic of the insert lo-
cated on the holder used in tests.
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fered edge geometry (T-land) 0.2 mm width and 20 degree
chamfer angle and honed edges both with rhomboid shape, 1.2
mm nose radius applied in the experiments with ISO designa-
tion CNGA120412T01020 and CNGA120412E05 (Kenna-
metal, Grade KY4400) respectively, as illustrated in Fig. 1(a).
Inserts were mounted on a Kennametal tool holder codified as
MCLNLI1616H12 in order to obtain -5° back and side rake
angles and 5° end and side relief angles as shown in Fig. 1(b).
It is also noticeable that for hard machining, a negative rake
angle with a reinforced cutting edge is highly recommended
[6].

The experiments were performed on a Maho GR 200E,
CNC lathe with maximum spindle speed of 6000 rpm and 8.3
kW motor drive power. Three directions of cutting forces
tangential (Fc), radial (Fr), and feed (Ff) were measured using
a dynamometer (Kistler, type 9265 B 3 axis), a multi-channel
charge amplifier (Kistler, type 5019A) and a data acquisition
system used at different stages of the tool lifetime. Fig. 2 is a
schematic view of the experimental setup. Tool wear propaga-
tion was investigated after machining for a definite length.
The machine was stopped and tool holder with insert was
removed to reduce uncertainties on account of resumption of
the experiments. An optical micrograph was obtained and the
maximum width of flank wear was measured using a Zeiss
optical microscope equipped with image analyzer software.
Crater wear was also observed in the test but it was not meas-
ured. Moreover, at the end of the tool life, the SEM was used
to analyze the pre-cleaned, worn inserts. Cutting with an insert
was carried on until the maximum tool flank wear reached 0.2
mm (VBmax), which was a reference for stopping the ex-
periment. Other researchers also reported similar wear patterns
in finish turning various grades of hardened steels [2, 12].

The surface roughness was measured with a portable sur-
face roughness tester profilometer (Taylor Hobson Surtronic)
immediately after cutting. This was done without disassem-
bling the workpiece from the chuck. A cut of length 0.8 mm
was used to determine the surface roughness. After each cut,
three different positions on the circumference of the machined
surface were measured and the average was recorded as the
surface roughness value (Ra). Experiments were carried out



A. Davoudinejad and M. Y. Noordin / Journal of Mechanical Science and Technology 28 (11) (2014) 4727~4736 4729

Table 2. Variables in 3% central composite design.

Levels used

Low (-1) | Middle (0) | High (1)
Independent variable, factor
Feed rate (mm/rev) 0.05 0.125 0.2
Cutting speed (m/min) 100 150 210

Dependent variable, response

Cutting tool length (m)

Multichannel charge amplifier

‘Workpiece

Cutting
insert

Chuck

!

Tailstock

Computer with data
acquisition board and software

Fig. 2. Schematic view of experimental setup.

without using any lubrication with a constant depth of cut of
0.2 mm in all tests.

2.1 Experimental plan procedure

Two level factorial design (Zk) has commonly been used in
the various experimental investigations on hard turning for
studying the effect of cutting parameters on different re-
sponses. However, in the present study, two factors, three
level (3° plus two center points) face centered, central com-
posite design was used and response surface methodology was
applied. The results for each insert were analyzed separately.
The independent factors, their levels and the analyzed depend-
ent responses are shown in Table 2.

3. Result and discussion

3.1 Tool life and wear mechanism

The geometry of the cutting edge and its preparation play a
significant role on the insert performance, directly affecting
tool life, surface finish and cutting forces. The chamfered and
honed tools are recommended to prevent chipping of the cut-
ting edge and to impart strength to the cutting edge [13]. The
results of cutting tool length and failure modes are shown in
Table 3. In all tests, tool life was reached at the stated wear
criteria (VBmax 0.2 mm), except for one experiment which
stopped due to chipping failure with chamfer edge geometry
at highest cutting speed and feed rate. It is also evident that the
tool life decreases with increases in any of the cutting parame-
ters.

Fig. 3 compares tool life performance of chamfer and honed
edge geometry in different cutting speeds and feed rates. The
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Fig. 3. Histogram of tool length versus cutting speeds for chamfered
and honed edge geometry.
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Fig. 4. Estimated response surface of tool length versus cutting speed
and feed rate: (a) T-land tool; (b) Honed tool.

effect of tool edge geometry, T-land edge gives an improve-
ment of machining tool length at various feed rates and cutting
speeds. The percentage of each condition is shown in Table 3.
Furthermore, the results were analyzed in design expert soft-
ware. The results of the T-land tool experiment in the form of
analyze of variance (ANOVA) are presented the same proce-
dure was performed for Honed tool and the final result pre-
sented. Table 4 shows that the quadratic T-land tool model is
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Table 3. Cutting conditions, failure mode and machining length.
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Machinin; Machining Machining Improvement of
con ditiong Speed Feed Chamfered length Honed length 5 doe effect
(T-land) (Honed) g
\% F Mode of Mode of o
(m/min) (mm/rev) failure (m) Failure (m) )
VBmax VBmax
! 100 0.05 exceeded Lol exceeded 0.92 89
2 100 0.125 VBmax 1.83 VBmax 1.77 3.2
exceeded exceeded
VBmax VBmax
3 100 0.2 exceeded 2.15 exceeded 1.98 7.9
4 155 0.05 VBmax 1.07 VBmax 091 149
exceeded exceeded
VBmax VBmax
5 155 0.125 exceeded 1.76 exceeded 1.68 4.5
VBmax VBmax
6 155 0.125 exceeded 1.85 exceeded 1.73 6.4
7 155 0.125 VBmax 1.85 VBmax 171 75
exceeded exceeded
VBmax VBmax
8 155 0.2 exceeded 2.31 exceeded 1.1 52.3
9 210 0.05 VBmax 0.9 VBmax 0.77 14.4
exceeded exceeded
10 210 0.125 Tool tip 1.6 VBmax 112 30
fracture exceeded
. VBmax
11 210 0.2 Chipping 1.37 exceeded 0.98 284
Table 4. ANOVA for tool length (T-land tool).
Source Sum of squares d.f. Mean square F-value Prob >F Remark
Model 0.93541 5 0.187082 17.60038 0.00343 Significant
A: Cutting speed 0.082042 1 0.082042 7.718423 0.0390 Significant
B: Feed rate 0.627369 1 0.627369 59.02195 0.000596 Significant
AB 0.028337 1 0.028337 2.665939 0.163
A? 0.038913 1 0.038913 3.66092 0.114
B? 0.109825 1 0.109825 10.33221 0.0236
Residual 0.053147 5 0.010629
Lack of fit 0.038885 3 0.012962 1.82 Not significant
Pure error 0.014262 2 0.007131
Cor total 0.988557 10
S.D 0.103 R? 0.946
Mean 0.424 R? g 0.892
C.V (%) 243 R%pre 0.635

significant and cutting speed (A) and feed rate (B) are also
significant factors in the model. But the effect of feed rate is
the most significant factor associated with tool life. The same
analyses were performed on the honed tools and the model is
significant and cutting speed (A) and feed rates (B) are also
significant factors in the model similar to T-land tool.

Figs. 4(a) and (b) present response surface plot, the influ-
ences of cutting speed and feed rate on the tool length for T-

land and honed, respectively.

The longest tool life was recorded with the chamfer edge at
155 m/min cutting speed and 0.2 mm/rev feed rate. In all cut-
ting conditions the chamfer edge tools performed better than
honed tools and longer tool life was observed. The longest
tool life for honed tools was recorded at 100 m/min and 0.2
mmy/rev feed rate. The other aim of this investigation was to
find the optimal cutting parameters in order to obtain the high-
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Fig. 5. Flank wear evaluation with chamfered and honed edge at (a)
100 m/min; (b) 210 m/min.

est tool life value during the hard turning process. The opti-
mum cutting parameters in terms of tool life obtained from
RSM optimization results of T-land tool were found to be a
cutting speed of 112 m/min, feed rate of 0.2 mm/rev. For the
honed tool, a cutting speed of 101 m/min and 0.163 mm/rev
feed rate were optimal.

Figs. 5(a) and (b) illustrate the evaluation of flank wear on
chamfered and honed ceramic tools as a function of the cut-
ting length. At a low cutting speed of 100 m/min a gradual
steady increase in VBmax was observed, whereas at a high
cutting speed of 210 m/min flank wear increased remarkably
and tool wear was reached rapidly. Also, flank wear growth
accelerated in the honed edge and shorter tool life was re-
corded in comparison with the chamfered edge in the same
conditions. The most widespread wear modes encountered
during the experiments were flank and crater wear. Tool wear
mainly occurred at the tool nose radius due to the small depth
of cut used for the whole machining process. Crater wear sig-
nificantly affected honed edges and a larger wear rate was
observed on the rake face. In contrast, in T-land edges, crater
wear was noticed at the chamfer area. Fig. 6(b) shows observ-
able wear on flank and rake faces of the honed edge and it
progressed up to the end of wear criteria at 210 m/min cutting
speed and 0.2 mm/rev feed rate. Fig. 6(a) presents the chamfer

(l Om CL:0292me Cl: ﬂ‘s‘!l(l (I"7(II‘II!| 1.367m b
B

()
ll(l u|lnmi(l llJ'Nmi(l 0788méil 098ml
(W]

Fig. 6. Progression of the flank and crater wear with (a) chamfered; (b)
honed cutting edges at 210 m/min and 0.2 mm/rev (CL: cutting
length).
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Fig. 7. Chipping formation in (a) flank; (b) rake faces of tool at 210
m/min and 0.2 mm/rev.

[Ceramic insert —3 Holder
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Fig. 8. Heat chips production through machining at 210 m/min.

tool for the same cutting condition where growth of wear was
extended until visible chipping occurred only after 1.367 m of
cutting. Chipping fracture deteriorated both rake and flank
faces of the tool due to the highly brittle tool material. How-
ever, larger chipping was observed on flank face. Figs. 7(a)
and (b) SEM pictures show both faces with higher magnifica-
tion.

At a high cutting speed (210 m/min) melted red chips were
produced due to the high temperature (Fig. 8) and this caused
undesirable effects such as larger crater wear on honed tool
and chipping on chamfer edge tool at 0.2 mm/rev. Also, some
part of the tool tip was fractured and loss at 0.125 mm/rev
feed rate which is shown in Fig. 9.

Katuku et al. [14] also showed that at cutting speeds higher
than 150 m/min the elevated temperatures to shear localization
favored the partial melting of the chip with PCBN cutting
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Fig. 9. Tool tip fracture at 210 m/min and 0.125 mm/rev.

Crater wear

Adbered matertal

b \brusdve wedlf grooves

(@ (b)

Fig. 10. Built up edge formation at (a) flank; (b) rake faces of tool at
210 m/min and 0.2 mm/re.
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Fig. 11. Worn flank face indicating small grooves (a) and with higher
magnification; (b) at 100m/min and 0.05 mm/rev.

tools. It was also remarkable that BUE formed on the honed
cutting edge at the highest cutting condition of 210 m/min and
0.2 mm/rev. Some part of the workpiece material also adhered
to the cutting tool at high temperature. Fig. 10 illustrates the
flank and rake faces of tool. Aslantas et al. [15] also claimed
BUE appearance on TiN coated ceramic tools mainly due to
nitride (N) in TiN coating which is more unstable and reacts at
high temperatures, whereas Al,O; has a steady composition
and enough durability and hardness to involve in a reaction
with workpiece material. The dominant wear mechanism of
abrasion was observed mainly on the flank face of the tool. As
shown in Fig. 11, small grooves were observed on the ceramic
cutting tool corner due to the abrasive action of the hardened
tool steel.

Fig. 12 shows the total workpiece volume of material re-
moved throughout the achieved tool life at various cutting
conditions. The highest volume of material was removed at
100 m/min cutting speed and 0.2 mm/rev feed rate. When the
feed rate is increased from 0.05 to 0.2 mm/rev, the volume of
material removed can be seen to increase at the 100, 155 and
210 m/min speeds respectively by 135.3%, 133.1% and 61.9%
for the chamfered edge, and 143.6%, 131.7% and 127% for
the honed edge. On the other hand, as the cutting speed is
increased, less material is removed at the same feed rate,
mainly for the honed edge geometry.
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Fig. 12. Volume of material removed at various cutting conditions.
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Fig. 13. variation of surface roughness with different edge preparation.

The following equation was used for calculating the volume
of material removed:

Volume of material removed =V fd T. (1)

V is the cutting speed, and f represents the feed rate; subse-
quently d and T represent the depth of cut and machining time.

Surface roughness variation

Fig. 13 characterizes the variation of surface roughness (Ra)
of machined surfaces with different cutting conditions and
edge preparation for chamfered and honed cutting edges. The
highest improvement of cutting edge geometry observed at the
lowest feed rate (0.05 mm/rev) for ceramic tools. The effect of
tool edge geometry, T-land edge in comparison with honed
gives a 2% improvement of surface quality at the high feed-
rate considered, while giving an average improvement of 36%
at low feeds. The best surface finish was achieved at 210
m/min cutting speed. In addition, the result for 155 m/min was
just a bit inferior than the corresponding value at 210 m/min.
The worst surface finish was obtained at 100 m/min cutting
speed and 0.2 mm/rev feed for both cutting edges. Further-
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more, at small feed rate the effect of cutting edge geometry is
more significant in comparison with high feed rate, which
indicated not too much variation in generated surface finish
with both cutting edges.

Fig. 14 shows the surface roughness value corresponding to
the wear test at 100 and 210 m/min cutting speeds and 0.05
mm/rev feed. It was illustrated with increase of tool wear in-
creased surface roughness and erratic surface recorded for
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Fig. 15. Surface roughness as a function of cutting time for various
cutting conditions.

chamfered edge Figs. 14(b) and (d). This variation is ex-
plained through the change in cutting edge sharpness, of T-
land tool which affected in each cutting pass. For the honed
edge, Figs. 14(a) and (c), the honed edge radius increased with
growth of flank wear and this expanded the contact area be-
tween the cutting tools and the workpiece which resulted in
higher surface roughness.

Figs. 15(a) and (b) show the variation of surface roughness
with chamfered and honed edge tools, respectively, at differ-
ent cutting conditions. Different surface roughness was noted
in various cutting conditions. Mostly, a short increase of Ra
records at the beginning of the cut, then it starts to decrease
below the initial value recorded with fresh tool. This increase
of surface value is defined through the tool wear, which
change the shape of the cutting edge in short time at first of
machining mainly at high feed rate 0.125 and 0.2 mm/rev.
Senthil et al. [5] reported that in some conditions cutting nose
stabilized by toughening mechanism before flank wear effect
cutting edge; subsequently flank wear had slightly impact on
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surface roughness until wear affected tool nose area. Unstable
or zigzag surface roughness at condition eight chamfered edge
Fig. 15(a) can be explained by the tool fracture at the tip of
insert which clearly shown in Fig. 9.

Cutting force

A significant aspect in design of cutting tools is cutting
forces and should be considered in machining furthermore
minimizing cutting forces affect machine component and
workpiece distortion [16]. The cutting forces for ceramic
chamfered and honed cutting tools were measured at first of
cutting with fresh insert and after exceeded to wear criteria
(VBmax0.2mm). Figs. 16(a) and (b) show changes in tangen-
tial cutting force (Fc) with different cutting edges for both new
and worn tools which was the main and the largest of three
forces components and act on the rake face of the insert. It is
clearly observed that cutting forces increased in worn tools in
comparison with new tools for both cutting edges. However, it
was noticeable that chamfered edge reacts more responsive to
tool wear than honed edge, and there was larger variation in
forces, about two or three times higher forces obtained at worn
tools.

Other previous research findings also confirm this result
where increase in flank wear, increase cutting forces due to
the deformation of the cutting edge larger contact area of cut-
ting tools rubbing on workpiece material [17, 18]. The effect
of edge preparation on cutting forces, the average cutting forc-
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Fig. 17. (a) Feed rates effect on cutting forces at V = 100 m/min; (b)
cutting speeds effect on forces at f=0.2 mm/rev.

es achieved with a honed edge were higher than forces ob-
tained with a chamfer edge at all cutting conditions.

Insignificant variation of forces between chamfered and
honed worn tools as illustrated in Fig. 15(b) can be explained
by tool failure at 0.2 and 0.125 mm/rev feed with chamfered
edge.

Figs. 17(a) and (b) depict changes in tangential (Fc), feed
(Ff) and radial forces (Fr) for new chamfered and honed tools
with various feed rates and cutting speeds. It shows that in-
creasing the feed rate from 0.05 to 0.2 mm/rev caused larger
forces in the cutting edge and raised Ff, Fr and Fc by 50.9%,
71.9% and 75.9%, respectively, for honed edge also for cham-
fered edge 34.1%, 60.59% and 61.2%. However, lower forces
recorded with increase in cutting speeds from 100 to 210
m/min for three component of cutting forces with fresh tools.
The decrease in the Ff, Fr, Fc observed to be reduced 16.7%,
19.8 % and 21.1%, respectively, for honed and 20.6%, 27.3%
and 29.9% drop for chamfered edges Fig. 17(b). Other studies
also reported similar decrease trend in cutting forces at high
cutting speeds due to the more heat generated on cutting tools,
resulted in plastic softening of machined material and less
friction forces [19, 20]. Tangential force (Fc) was recorded as
the largest among other forces and most sensitive to cutting
condition variation, which can be clearly described by nega-
tive rake angle in the hard turning process. While feed force
(Ff) was the smallest at any particular experimental tests for



A. Davoudinejad and M. Y. Noordin / Journal of Mechanical Science and Technology 28 (11) (2014) 4727~4736 4735

both cutting edge preparations when turning DF-3 tool steel. It
is also illustrated that feed forces had less altering trend than
cutting force and radial forces.

4. Conclusions

The following conclusion was drawn according to the ex-
perimental results and ANOVA analysis, on the effect of cut-
ting edge preparation on tool life, tool wear, machined surface,
and variations of cutting forces in hard turning of ASSAB DF-
3 tool steel with mixed ceramic tools. Maximum cutting
length was recorded with chamfered edge geometry at low
cutting speed and high feed rate. In general, chamfered edge
geometry demonstrated stronger and longer machining length
at each individual cutting condition. Additionally, the effect of
cutting parameters on tool life was found significant, at 155
m/min which was the most appropriate cutting speed with
respect to tool life and volume of material removal achieved.
Dominant wear mechanism was observed as abrasion on rake
and flak faces of the tools. Furthermore, in some of the ma-
chining conditions, fracture, chipping and material adhesion
from workpiece on cutting tool edges occurred. In terms of
surface roughness behavior, the chamfered edge produced
lower roughness value, mainly at 0.05 mm/rev feed rate,
whereas more stable trend was observed in the honed edge
with propagation of tool wear. Finally, honed tools generated
higher forces and chamfered tools were more sensitive to tool
wear, of which cutting forces drastically increased by increas-
ing machining length. Additionally, the tangential force was
obtained as largest among other force components.
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Nomenclature

b, : Chamfer width (mm)
Yo : Chamfer angle (°)

R : Hone radius (mm)

T, : Tool nose radius (mm)

Oe : End relief angle (°)

0s : Side relief angle (°)

Yo : Back rake angle (°)

Ve : Side rake angle (°)

Kr : Cutting edge angle of the insert (°)
(Fc)  : Tangential force (N)

(Fr)  :Radial force (N)

(Ff)  : Feed force (N)

v : Cutting speed (m/min)
F : Feed (mm/rev)

d : Depth of cut (mm)

T : Tool life (min)

VB : Maximum widths of flank wear land (mm)

BUE : Builtup edge
PVD : Physical vapor deposition
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