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Abstract During the machining process, high mechanical
and thermal loads occur at the cutting edge. Such loads can
cause tool failure. Specifically non-uniform and sharp
cutting edges that have a low cutting edge stability lead to
such failures. In order to enhance the tool performance, the
cutting edges are prepared by manufacturing both a pre-
defined cutting edge geometry, and an appropriate cutting
edge roughness. This paper describes the use of a low-cost
marking laser for the preparation of cutting edges as an
alternative to conventional preparation techniques, such as
brushing or blasting. Cutting edge radii of 9-47 um can be
prepared with a machining accuracy of 1.5 pm. The maxi-
mum preparation time for an individual cutting edge is
approximately 10 s. Uncoated indexable inserts manufac-
tured in this way were tested in a face milling operation.
The results of these investigations (using prepared cutting
edges) show both an increase in tool life and an improved
surface roughness of the machined workpieces compared to
those using non-prepared cutting edges.

Keywords Cutting edge - Cutting edge preparation -
Laser - Milling
1 Introduction

Optimization of cutting tools has previously been achieved
mainly by improving the cutting material, the coating
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system and the tool macro geometry. The increasing demand
on cutting tools with regards to the material removal rates,
the chip removal of hard-to-machine materials, and the tool
life, require further substantial optimization. These can be
achieved through the use of enhanced tool micro geometry
using cutting edge preparation [1]. The preparation of cut-
ting edges ensures both a uniform cutting edge and a defined
cutting edge geometry. Using such a process, the tool per-
formance can be significantly increased [2, 3].

For the modification of the cutting edge micro geometry,
the most common processes are blasting or brushing [4, 5].
Blasting is used for the preparation of the cutting edges, as
well as mechanical pre-treatment of the tool surfaces prior
to coating. Brushing techniques are restricted to the pre-
paration of cutting edges [5]. By using these described
processes certain disadvantages such as residues on the
cutting edge, low processing speeds and limitations con-
cerning the reproducible achievable cutting edge micro
geometry have to be accepted [7-9].

A promising alternative for the preparation of cutting
edges is laser machining. It has been demonstrated that the
preparation of cutting edges using laser radiation is a useful
improvement compared to the use of conventional prepa-
ration technologies. High cutting edge quality has been
achieved through the use of frequency-converted diode-
pumped solid-state lasers [6]. However, lasers with pulse
durations of approximately 12 ps incur very high costs.
Therefore, a low-cost marking laser was used to investigate
the capability of such lasers for cutting edge preparation.

2 Cutting edge specification

For the evaluation of the cutting edge micro-geometry it is
necessary to use consistent specifications. The cutting edge
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Fig. 1 Characterization of the cutting edge micro geometry [10]

micro geometry is often defined by the cutting edge radius
rg. Denkena [10] proposed four new characterization
parameters: Ar, ¢, S,, S, (Fig. 1). These parameters ensure
a detailed description of uneven cutting edge shapes.

The value Ar describes the distance between the maxi-
mum point of the cutting edge contour and the theoretical
intersection point of the sharp cutting edge. The angle ¢
specifies the shift of the cut point either to the rake face—
or to the flank face, S, and S, describe the sharp or obtuse
run of the curve to the rake face, or the flank-face,
respectively [10].

3 Laser preparation of cutting edges

The preparation of the cutting edge was conducted using a
diode-pumped solid state laser (Nd:YVO,). The laser beam
has a Gaussian energy distribution across the spot diameter.
This energy distribution ensures a smooth transition
between the laser processed area and the area without laser
processing. The laser system (Fig. 2) operates in a pulse
wave mode. This allows for both improved surface inte-
grity, and a rising amount of ablated material compared to
the use of a continuous wave mode. The increased effi-
ciency of material ablation can be attributed to the signi-
ficantly higher amount of deposited energy per unit area
compared to the use of continuous wave mode. Improved
surface integrity can be achieved by the use of short laser
pulses. In such cases, the laser pulse hits the workpiece and
the surface is first heated to its melting point and then to its
evaporation point. For long pulse durations a large

Specification laser system

Focal diameter: 40 ym

Wave length: 1064 nm
Scanning speed: 1 - 5000 mm/s
Pulse frequency: 1 - 100 000 Hz
Pulse duration: 8 - 32 ns

Pulse peak power: 255 - 5 kW

1: Deflection unit

2: Objective

3: Positioning unit with clamping
device

Fig. 2 Laser system
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Specification indexable insert material
Density: 14.2 g/cm’

Absorption coefficient: 0.71

Thermal conductivity: 1.2 WicmK
Thermal diffusivity: 0.23 cm‘/s

Fusion temperature: 3048 K
Vaporization temperature: 6273 K
Enthalpy of fusion: 181 J/g

Enthalpy of vaporization: 2158 J/g

Fig. 3 Cutting edge condition post grinding

percentage of the deposited heat energy dissipates from the
surface into the workpiece. This causes a fusion zone, and
hence an undesirable surface integrity, e.g. changes of the
mechanical properties of the workpiece [9].

The preparation of the cutting edge was carried out on
uncoated cemented carbide tools. The unprepared cutting
edges of these indexable inserts have a cutting edge radius
of ry = 7 um. The cutting edges are non-uniform prior to
laser preparation as the macro geometry of the indexable
inserts was generated through grinding (Fig. 3).

To adjust the cutting edges relative to the laser beam, a
five-axis-positioning system with three linear axes and two
rotary axes was used. This allows the laser beam to be
focused along the entire cutting edge length. Furthermore,
the scanning line of the laser beam could be adjusted parallel
to the cutting edges. The cutting edges are inclined at 36° in
the clamping device to ensure a uniform ablation on both the
rake and the flank-face. The angle of 36° is consistent with
the bisecting line of the wedge angle of the indexable inserts.

Cutting edge radii rg and roughness of the cutting edges
S were measured using a digital fringe projection system.
The micro geometry of a separate cutting edge was deter-
mined at four identical measurement areas along the entire
length of the cutting edge. The cutting edge radius and the
roughness of the cutting edge are based on the mean value
of these four measurement areas. Furthermore, the unifor-
mity of the cutting edge radius along the entire length of
the cutting edge can be evaluated using this measurement
procedure.

3.1 Scanning strategy and input parameters of the laser
system

To manufacture defined cutting edge radii, a laser pro-
cessing area was defined along the cutting edge of width
300 um perpendiculars to the cutting edges. Within this
area several parallel scan lines are necessary for a extensive
ablation. The laser source emits radiation from the start to
the end of the scan line for the specified scanning strategy.
Once the laser beam reaches the end of the scan line,
radiation emission is stopped until the laser beam is posi-
tioned at the beginning of the next scan line.

Four relevant input parameters of the laser system need
to be determined to generate a defined cutting edge radius.
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Ablation layer
Ideal sharp cutting edge ry; = 0 um

Ablation layer A= 1 "

Ablation layer A = 2 A

Ablation layer A= 3

Pulse overlap factor S, Scan overlap factor H

H =100 % H =150 %
§$,=0% §,=50% Scan Scan
line 1 line 2 Scan overlap
Laser pulse

Laser pulse

Pulse overlap

300 pm—= 300 pm—
Laser processing area

Fig. 4 Relevant input parameters of the laser system

These are the pulse frequency f,,, the pulse overlap factor
Sp, the scan overlap factor H and the number of ablation
layers A, (Fig. 4). The pulse frequency describes the reci-
procal value of the time between two pulse peaks. The
pulse overlap factor specifies the overlap of sequential laser
pulses, whereas the scan overlap factor defines the overlap
of scan lines arranged in parallel. The pulse frequency and
the pulse overlap factor determine the amount of ablated
material in a scan line. The ablated material in an ablation
layer is the sum of the ablated material from each scan line
in the ablation layer.

Direct input parameters of the marking laser are the
pulse frequency f,, the number of ablation layers A,, the
scanning speed v¢, and the scan overlap factor H. There-
fore, the pulse overlap factor S;, (Eq. 1) has to be indirectly
adjusted by adjusting the scanning speed, the spot diameter
and the pulse frequency.

Sp=1-—— (1)

d, Spot diameter; f,, Pulse frequency; S,, Pulse overlap
factor; Vg, Scanning speed

3.2 Threshold for laser sublimation

In order to vaporize the workpiece material, the intensity
of the laser beam I (laser power per unit area) must
exceed the threshold for laser sublimation I.,. The
intensity of the laser beam I is influenced mainly by the
pulse frequency which determines the pulse peak power.
Therefore, the estimation of the threshold for laser sub-
limation limits the applicable pulse frequencies for abla-
tion. I, can be estimated with the following equations
(Eq. 2, Eq. 3, Eq. 4) [9].

Laser beam intensity | > |,

Laser beam intensity | <1,

Sty
A

3.0

pm

2.0 1

® Laser beam intensity | > |,

i@ ® Laser beam intensity | <1,

0.5 1
0.0

] > laa | < Iaa
f, [kHz] 15 | 25 | 35 | 45 | 55 | 65
I [GW/em?] | 5.01 | 2.27 | 1.42 | 0.85 | 0.57 | 0.52

M, 483 | 223 | 142|086 | 0.58 | 0.53

Fig. 5 Cutting edge roughness S in relation to the laser beam
intensity
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A, Absorption coefficient; d, Spot diameter; He, Enthalpy
of vaporization; I, Laser beam intensity; I.,, Threshold
for laser sublimation; S, Fusion phase thickness;
T,, Workpiece temperature; T., Vaporization temperature;
T, Fusion temperature; Vy,, Melt front velocity; A, Ther-
mal conductivity; y, Thermal diffusivity; t,, Pulse dura-
tion; p, Density

For pulse frequencies higher than 40 kHz the laser
beam intensity decreases below the threshold for laser
sublimation. Consequently, pulse frequencies of more than
40 kHz cannot be used for cutting edge preparation. The
estimate of the minimal required intensity of the laser
beam for sublimation can be verified by varying the pulse
frequency. Therefore, three lower, and three higher laser
beam intensities than the calculated I, have been used for
cutting edge preparation. With laser beam intensities
lower than the determined I, the amount of melted
material increases and remains at the cutting edge
(Fig. 5), and the roughness of the cutting edge S increa-
ses. With intensities higher than the determined I., the
desired laser ablation and roughness was observed. These
investigations confirmed the minimal laser beam intensity
calculated for sublimation.
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3.3 Effect of input parameters on cutting edge radius
and cutting edge roughness

The impact of the relevant input parameters on the
resulting cutting edge radius needs to be investigated when
a defined cutting edge radii is to be generated. Therefore,
uncoated, unprepared indexable inserts with a cutting edge
radius of ry = 7 um were used for the preparation of cut-
ting edges. Each relevant input parameter was adjusted
separately within a single ablation layer. The influence of
the relevant input parameters on the cutting edge radius is
detailed in Fig. 6.

The pulse overlap factor has the greatest influence on
the cutting edge radius. Increasing the pulse overlap factor
causes a rise in the cutting edge radius. This can be
attributed to the increasing number of pulse hits and hence
an increase in the deposited energy per unit area. The scan
overlap factor has an insignificant influence on the cutting
edge radius. Variation of the pulse frequency shows no

255, =30-90%, H=160%,f,= 15kHz, A =1

Hm
15
R
10
5
0
30 40 50 60 70 % 90
Pulse overlap factor S,
25.{Sp =60 %, H=107 - 187 %, f, = 15 kHz, A; =1
gm
15
= 107
5 4
0 E
107 133 % 187
Scan overlap factor H
25 {Sp=60%. H=160 %, f,=5-40 kHz, A = 1}_
pm
15
R
10
5
0

5 10 15 20 25 30 kHz 40
Pulse frequency f,

Fig. 6 Influence of pulse frequency, pulse and scan overlap factor on
cutting edge radius

@ Springer

clear effect. The cutting edge radius is almost constant for
pulse frequencies of 25-40 kHz due to the minimal dif-
ferences in the laser beam intensities. For pulse frequencies
of 5-20 kHz the generated cutting edge radii decrease as
the pulse frequency rises, because the laser beam intensities
are consequently decreasing.

Furthermore, the influence of the pulse frequency, the
scan overlap factor, and the pulse overlap factor on the
cutting edge roughness is investigated in detail. In order to
do this, unprepared cutting edges with comparable values
of initial cutting edge roughness were used. The prepara-
tion of the cutting edges was performed by the removal of
one ablation layer using different input parameters. The
results are displayed in Fig. 7. A scan overlap factor of
133%, and pulse overlap factors of 30 and 60% result in a
minimum cutting edge roughness. With regards to pulse
frequencies, minimal cutting edge roughness can be
achieved using pulse frequencies of 20-30 kHz. In sum-
mary, values for the roughness of cutting edges of

25 ]S, =30-90 %, H =160 %, f,= 15 kHz, A = 1

Hm 1

1.5 7
1.0 -
0.5 -
0.0 -

30 40 50 60 70 % 90
Pulse overlap factor S,

2.5 S, =60 %, H =107 - 187 %, 1, = 15 kHz, A = 1

um
1.5 1
[7s]
1.0 1
0.5 1
0.0 A - - .
107 133 % 187

Scan overlap factor H

2.5 ]S, =60 %, H=160 %, f, = 5 - 40 kHz, A = 1

5 10

16 20 25 30 kHz 40
Pulse frequency f;

Fig. 7 Influence of input parameters on cutting edge roughness S
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approximately 1.5 um can be generated using the laser
preparation when appropriate input parameters are used.

The results depicted in Figs. 6 and 7 focus on both the
cutting edge radius and the cutting edge roughness when
one ablation layer is removed from an unprepared cutting
edge. For both a cutting edge radius larger than 14 um and
an appropriate cutting edge roughness, more than one
ablation layer is required.

In order to reduce the processing time, a roughing and
finishing process is preferable. As depicted in Fig. 6, the
cutting edge radius is influenced mostly by the pulse
overlap factor. A roughening process can be implemented
using multiple pulse hits per unit area. However, an
increasing number of pulse hits per unit area still causes an
increase in the cutting edge roughness due to the prolonged
interaction time of the laser beam on a specified unit area.
This results in more material being melted and remaining
on the cutting edge. For this reason it can be concluded that
a roughing process can be applied for the preparation of
cutting edges if the roughness of the cutting edge surface
can be decreased within one ablation layer. In order to
investigate the possibility of a finishing operation, a cutting
edge was prepared by roughing (f, = 20 kHz, S, = 90%,
H = 187%, A, = 2). The reduction of the cutting edge
roughness within one ablation layer was then tested. The
results, displayed in Fig. 8, confirm that surface finishing
with one ablation layer is possible. For the surface finishing
of the cutting edge a scan overlap factor of 133%, a pulse
frequency of 20-30 kHz and a pulse overlap factor of
50-70% should be used.

3.4 Generation of cutting edge radii

Cutting edge radii of approximately 9—47 um can be gene-
rated using the identified relevant input parameters
(chapter 3.3). Uniformity variation of the cutting edge
radius along the entire cutting edge length is below one
micrometer. The machining accuracy for generating a
specified cutting edge radius varies from 0.4 to 1.3 pm.

2.5

30 40 50 % 70
Pulse overlap factor S

= Roughing: S, = 90 %, H = 187 %, f, = 20 kHz, A, = 2
® Finishing: S, = 30 - 70 %, H =133 %, f, = 20 kHz, A= 3

Fig. 8 Surface finishing with one ablation layer

This variation can be explained by the number of ablation
layers required for manufacturing of a specified cutting
edge radius. More than one ablation layer has to be
removed to generate cutting edge radii greater than 14 um
with the appropriate cutting edge roughness. The total
machining accuracy is an accumulation of the accuracy of
each individual ablation layer. The higher the number of
applied ablation layers, the lower the overall machining
accuracy. The laser preparation of cutting edges, however,
achieves sufficient accuracy to manufacture defined cutting
edge radii. The preparation time for a single cutting edge is
progressively increasing with increasing cutting edge
radius. Cutting edge radii of ry =9 um, rz = 14 pm,
rg = 28 pm and ry = 47 pm are generated in approxi-
mately 0.3s, 1.7s, 3.6 s respectively, 10 s. Scanning
electron microscopy (SEM) images and metallographic
sections show two cutting edge radii (rz = 20 pum and
r3 = 47 pm) in Fig. 9. The images in Fig. 9 confirm that
the desired cutting edge radii can be generated with the
described scanning strategy (chapter 3.1) without a
remarkable surface alteration.

4 Tool life experiment

To analyze the capability of a low-cost marking laser for
cutting edge preparation three different cutting edge radii
were used in a face milling operation (Fig. 10). Unprepared
cutting edges with the cutting edge radius rz = 7 um as
well as prepared indexable inserts with cutting edge radii of
rg = 14 pm and ry = 28 pm were used. The experiments
were carried out on a five-axis drilling-and-milling
machining center without coolant. The material of the
workpiece used was cast iron. Passive and active forces,
surface roughness, and flank wear were measured in order
to study the influence of the cutting edge radius on the

SEM Metallographic section

ry =47 pm

Fig. 9 Laser prepared cutting edge radii
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Manufacturing process
Face milling ODMW 120408

Cutting condition Tool micro geometries
Cutting speed: 160 m/min r, =7 pym

Feed per tooth: 0.1 mm fy =14 pm

Depth of cut: 2.5 mm fy = 28 ym

Width of cut: 36 mm

Tool macro geometry

Cutting material
Uncoated cemented carbide

Workpiece material
Castiron

Coolant
None

Fig. 10 Experimental setup

machining process. Forces were measured during the pro-
cess whereas surface roughness and flank wear were
investigated following defined path lengths due to primary
motion 1.. A three-component-dynamometer was used and
the average values for passive and active forces were
determined in order to evaluate the forces. Average surface
roughness R, was detected by a tactile measurement sys-
tem perpendicular to the primary motion. Flank wear was
analyzed with a reflected-light microscope using the maxi-
mum wear at the straight part of the cutting edge VB ..
Tool life criteria were defined as either a maximum wear at
the straight part of the cutting edge of 300 pum, or cutting
edge chipping, or a maximum path length due to primary
motion of 1,250 m.

4.1 Experimental results

The experimental investigations reveal that tool life can be
increased through the use of laser preparation of cutting
edges. The laser prepared cutting edges achieve the tool
life criterion of 1. = 1,250 m path length due to primary
motion while the unprepared cutting edges fail after
l. = 760 m due to chipping of the cutting edges (Fig. 11).
The condition of the cutting edges after achieving the tool
life criterion is illustrated in Fig. 12. Reflected-light
microscope images demonstrate built-up edges at each
cutting edge leading to a non-uniform cutting edge. Con-
sidering these non-uniform cutting edges due to the built-
up edges, cutting edge chipping is only observable at the
unprepared cutting edges. The unprepared cutting edges
reveal the highest VB,,.x during the complete investiga-
tions. In contrast, laser prepared cutting edges with
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rg = 28 pwm show minimum flank wear (Fig. 11). The short
tool life travel path of the unprepared cutting edges can be
attributed to both the non-uniform micro geometry of the
cutting edges and to the low cutting edge stability of small
cutting edge radii in general. The non-uniform micro
geometry of the unprepared cutting edges originates from
the superficial defects occurring during grinding for the
manufacture of the tool macro geometry [12]. These
superficial defects decrease the cutting edge stability. In
addition, chip deformation occurs on the sharp tip of the
cutting edge when small cutting edge radii are used for
machining. Therefore, high pressures and temperatures
occur at the sharp tip of the cutting edge [13]. In summary,
the stability of cutting edges increases with the increase of
cutting edge radii within the scope of the investigated
cutting edge radii.

Machined workpieces using indexable inserts with pre-
pared cutting edges show better surface qualities compared
to workpieces machined with unprepared cutting edges
after 1. = 350 m (Fig. 11). The workpiece surface rough-
ness increases almost continuously with rising path length
due to primary motion when unprepared cutting edges are
used for machining. In contrast, surface roughness shows
no significant increase during machining with prepared
cutting edges. Since surface roughness is influenced by the
condition of the tool micro geometry, it can be concluded
that the prepared cutting edges show no significant cutting
edge chipping (Fig. 12) when the tool life criterion of
1. = 1,250 m is achieved.

The indexable inserts with a cutting edge radius of
28 um reveal both the highest passive, and the highest
active force at a path length due to primary motion of
l. <20 m (Fig. 11). This can be attributed to the major
material deformation at the front of the cutting edge due to
the larger negative effective rake angle compared to
13 =14 pm and 13 =7 pm. Therefore, the material
undergoes greater deformation prior to the transition from
base material to chips and a greater percentage of the base
material is pushed under the cutting edge. Furthermore, the
contact surface between tool and workpiece, and hence the
contact pressure per unit area in the contact surface
increases with rising cutting edge radius.

Both passive and active forces were similar for cutting
edge radii of 7 and 14 pm in the preliminary stages of the
investigation despite the above mentioned effects. A pos-
sible explanation for the fact that the forces occurring at
rg =7 pm and rgz = 14 pm were similar could be the
major tool wear on the 7 pm cutting edge radius indexable
insert which led to the active and passive forces being
almost equal.

All cutting edge radii used show an increase in both
passive and active forces with an increase in path length
due to primary motion. The strongest increase of both
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Fig. 11 Experimental results of Flank wear Surface roughness
the face milling process 300 _/_. 14
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0 . . . . 0 . . . .
0 250 500 750 m 1250 0 250 500 750 m 1250
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Machining process

Face milling

Active force

0 250 500 750
Path length due to primary motion

Cutting condition
Cutting speed: 160 m/min

Feed per tooth: 0.1 mm
Depth of cut: 2.5 mm

m 1250

800 | | Width of cut: 36 mm
N i Workpiece material
600 e Cast iron
o 500 _ _
£ 400 Cutting material
£ 300 Uncoated cemented carbide
200 Tool macro geometry
100 ODMW 120408
0 Y v v v
0 250 500 750 m 1250 Coolant
None

Path length due to primary motion

passive and active forces was observed for the indexable
inserts with a cutting edge radius of ry = 14 pm (Fig. 11).
In contrast to this, the lowest increase of both active and
passive forces was shown when machining with a cutting
edge radius of ry = 28 pm. This is probably due to lower
tool wear in general, and the consequent lower change in
cutting edge micro geometry due to tool wear (Fig. 12). In
summary, it can be concluded that the cutting edge with
rg = 28 um demonstrates the highest cutting edge
stability.

5 Conclusions

In this paper, cutting edge preparation was successfully
performed using a low-cost marking laser. The applied
preparation procedure allows a cutting edge radius of
9-47 pm to be generated. The machining accuracy varies

from 0.4 to 1.3 pum. Values for the cutting edge roughness
of approximately 1.5 pm can be generated. The maximum
preparation time for a single cutting edge is approximately
10 s. In a face milling process unprepared cutting edges
with r; = 7 um and prepared cutting edges (ry = 14 pum,
rgz = 28 pm) were used. Both an improvement of tool life
and machining quality was observed when laser prepara-
tion of cutting edges was used. The unprepared cutting
edges failed after 1. = 760 m due to chipping of cutting
edges whereas the laser prepared cutting edges achieved
the defined maximum path length due to primary motion of
1,250 m. Within the scope of the cutting edge radii used,
the performance of the indexable inserts increased with a
greater cutting edge radius. Therefore, it can be concluded
that cutting edge preparation using a low-cost marking
laser is an alternative to conventional preparation methods
such as brushing or blasting. In order to gain better
knowledge with regard to the cutting tool performance, the
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Fig. 12 Tool condition when Flank face

reaching tool life criterion

g,
300 pm

Unprepared
fe=7um

Cutting edge Corner

—

W‘T‘!-um;‘

R i
Laser prepared m

e =14 ym

Laser prepared
r, =28 ym

Reflected-light microscope SEM

influence of laser machining to the surface layer of the
cutting material needs to be investigated in detail in further
investigations.
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