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Abstract. Laser ablation is considered as an alternative to other methods that allow precise processing of
various toolmaterials andwork with both the basematerial and thin films of wear-resistant coatings. This article
presents an investigation of the possibility of setting the microgeometry of the surface of cutting tool made of
high-speed steel M2 and hard alloy WCCo3 using ablation with nanosecond infrared marking Nd:YVO4 laser.
Dependencies of the width and depth of the resulting tracks on the specified laser power are obtained. It was
revealed that their depth depends on a set of several specified factors: power, scanning speed, pulse frequency
rate, and a number of passes. The modes with a radiation power of up to 70% are of interest for the treatment of
the tool surface using a laser because they have a more predictable profile and more efficient energy distribution.
The most uniform and smooth surface were obtained after laser treatment with the following parameters: power
60%, frequency 10 kHz, scanning speed 200mm/s irrespective of the material being processed. The greater
flexibility of the coating material for laser processing was observed. The depth of tracks on the coated (TiAl)N
samples is larger than on the uncoated samples. The possibility to obtain a chamfer with the specified width and
angle parameters by laser processing based on the obtained dependencies is demonstrated.

Keywords: Laser ablation / nanosecond marking Nd:YVO4 laser / high-speed steel / hard alloy /
microgeometry / cutting edge
1 Introduction

The development of modern machine-building production
cannot be imagined without the introduction of innovative
technologies that highly increase the productivity of
cutting action. Some of these technologies are directly
related to the improvement of modern high-performance
cutting tools, which have a significant impact on the
efficiency and reliability of the production process [1,2].

Most modern cutting tools are supplied with a certain
wear-resistant coating. Such processing has long been an
integral part of tool production. Moreover, although a little
more than 40 years ago the industry was satisfied with the
simplest, from a modern point of view, monolayer coatings,
such as nitrides and carbo-nitrides of titanium, chromium,
molybdenum, zirconium [3], now complex multicomponent
gradient, multilayer, nanostructured compositions are
widely used. Able to provide the high strength of interlayer
adhesion and rational values of hardness and viscosity,
they have a low coefficient of friction and high resistance to
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abrasive wear and offer high opposition to diffusion and
thermal flows [4,5]. The use of automated systems allows
the application of complex multilayer composite nano-
metric structures of different composition and functional
purposes [6,7].

Nevertheless, the production site for coatings cannot
do without other process equipment, among which will
certainly be the sets for the preparation of the tool both
before and after coating. The process involves the
influence on the microtopography of the tool surface,
the integrity and cleanliness of its surface, and, most
importantly, the state of the cutting edge, which has a
significant impact on the thermomechanical character-
istics of the cutting process.

Among the methods of such exposure, are well known,
for example, microabrasive [8] and water jet [9] treatments.
It is promising to use this technology to clean the surface of
the solid oxide layers and an excess of cobalt binder, formed
in the grinding operation of a hard alloy tool [10]. The
results showed that the combination of both methods is
effective, but the possible contamination of the surface
with abrasive particles can still cause significant problems
in the subsequent coating of parts and tools [11,12].
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Similar results were obtained using chemical and
thermal methods of pretreatment. In this case, plasma
nitriding [13–15], including ion-assisted nitriding [16,17],
and surface alloying [18,19] are often used. It was found
that such treatment improves the physicochemical char-
acteristics of the substrate and its chemical affinity with
the deposited material, as well as eliminates the sharp
interface of separation between a relatively soft substrate
and a hard coating.

Laser processing of the surface and edges of the cutting
tool is one of the promising methods of processing.
Although the service life of the laser-machined tool is
slightly different from a tool treated with abrasive [20,21],
the advantages of this processing method include high
reproducibility, accuracy, the ability to process complex
surfaces, local impact on the surface, and the ability to
process superhard materials, for which traditional me-
chanical methods are practically unsuitable.

In addition to cutting edge treatment before coating, it
is possible to adjust the cutting edge after coating or even
to remove it locally [22]. It is also possible to form a surface
structure that improves chip formation. After applying the
wear-resistant coating, the surface defects, drops, and
irregularities are formed, and the radius of the edge
increases. In this case, there can be made a further laser
treatment to reduce the radius of rounding. The peculiarity
is that a part of the coating on the back or front surface is
removed and a zone with low wear resistance is formed. In
this case, one can observe the effect of self-sharpening of the
cutting tool [23,24]. The results of the research showed that
the use of this method of coating reduces the forces that
occur during the cutting process, due to the preservation of
a constant value of the edge radius for a long time.

There is also a possibility of laser treatment of the tool
surface to remove wear-resistant coatings to further restore
the cutting properties of the worn tool [25,26]. The process
is relevant for the processing of cutting edges, which are
hard to regrind, for example, auxiliary cutting edges on
spiral drills or end mills [27].

There is some scientific works devoted to the study of
the dependence of roughness [28], surface structure, and
residual stresses [29] on the parameters of laser processing,
as well as comparison with other methods of processing.
The adhesion of the coating to the substrate was increased
after preliminary laser exposure [30,31]. However, it should
be taken into account that too high specific energy of laser
irradiation leads to a significant change in the structure of
the processed material.

The range of products manufactured by companies
specializing in the production of tools is extremely high.
However, the producer is often faced with the need to
manufacture their own special tools, especially in the
processing of complex form and this, as a rule, is a single or,
in rare cases, small-scale production. In the presence of a
modern grinding machine, such a special tool with a given
microgeometry is possible to produce, but it will be more
expensive than using the proposed much cheaper laser
technology and equipment.

The novelty of the present work is the study of the
operating modes of laser equipment for determining the
capabilities of selective microprocessing of the tool surface.
The research tasks of the study are to identify the
influence of laser processing factors on the width and
depth of the resulting tracks and to determine the rational
processing modes for specifying the microgeometry of the
cutting edge. Some types of materials, high-speed steel
and hard alloy with and without coatings, were chosen to
assess the difference in the nature of laser ablation effects
on different materials.

2 Materials and methods

2.1 Objects of research

The grinding plates of high-speed steel M2 (FeC0.85
W6Mo5Cr4V2Co0.5) and hard alloy based on tungsten
carbide with a cobalt binder content of 3%were selected for
the research. The preparation of the cutting edge for a
carbide tool without a coating and with a multilayer
coating (TiAl)N applied on a Platit p80 unit (Platit AG,
Selzach, Switzerland) was carried out. The thickness of the
coating was 4–6mm. Measuring the radius of rounding of
the cutting edge was carried out on an optical profilometer
MicroCAD premium+ (GFM, Berlin, Germany). The
surface microstructure was studied using an optical
microscope AxioCam (Carl Zeiss, Jena, Germany)
equipped with long-focus lenses of the Epiplan-Neofluar
series and a scanning electron microscope VEGA 3 LMH
(TESCAN, Brno, Czech Republic).

2.2 Laser processing

The purpose of the research was to study the effect of laser
processing on the geometry of the cutting tool. The task
was to search for the modes when cracking and solid fusion
of individual areas was not occurring in the treatment zone,
and the possibility of chipping and cleavage of the cutting
edge segments was excluded.

The removal mechanisms for metals and metal-like
materials, which include normal boiling, normal evapora-
tion, and explosive effervescence (phase explosion), mainly
depend on the intensity of laser radiation and its duration
[32]. Lasers are divided into four groups: micro-, nano-,
pico-, and femtosecond. The normal boiling mode is typical
for laser radiation with long pulses (hundreds of micro-
seconds and higher) at moderate power. Under this
influence, a quasi-stationary jet stream of evaporation
products is formed above the surface of the irradiated
material. As the intensity of the laser radiation increases, a
transition from normal to explosive boiling [33] occurs. In
order to evaporate thematerial of the workpiece or tool, the
intensity of the laser beam should exceed the value of the
beginning of sublimation. The intensity of the laser beam
also depends on the frequency of the pulses, which
determines the power of the pulse peak [34].

The utmost influence on the formation of the cutting
edge has a degree of overlapping of successive pulses. The
accuracy of the processing depends on the number of layers
removed, which are necessary to produce the required
radius of rounding of the cutting edge. In this case, as a rule,
the removal of several layers is required, and the more the
number of the removed layers, the lower the accuracy of



Table 1. Technical characteristics of the system U-15.

Radiation source Built-in, diode-pumped

Nd:YVO4
Wavelength 1064 nm
The output power of radiation 15 W
Peak pulse power 120 kW
Pulse duration ∼10 ns, 10 kHz
The diameter of the beam spot
in the focus point

∼50mm (163mm
F-Theta lens)

Marking field 100 � 100mm (163mm
F-Theta lens)

Fig. 1. Laser pumping diagram.
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manufacturing. However, laser processing still provides
sufficient processing accuracy to obtain the radius or
chamfer of the required value.

The tests were carried out on the laser marking system
U-15 (RMI Laser, Lafayette, USA). It is the Nd: YVO4, a
solid-state laser marker with diode pumping. Its technical
characteristics are given in Table 1. The laser allows setting
a wide range of radiation power, pulse frequency, scan
speed, and the number of passes.

Since in q-switched pulsed lasers the high pulse
repetition rate can lead to a decrease in the peak pulse
energy (Epulse), it makes sense to estimate approximately
the maximum pulse frequency (f) above which the peak
pulse power (Ppeak) will drop (Fig. 1).

As is known, peak power is determined by the following
expression:

Ppeak ¼ Epulse

tpulse
; ð1Þ

where Epulse is the pulse energy (J) and tpulse is the duration
of the pulse (s).

The pulse energy, in turn, can be defined as

Epulse ¼ P avg

f
; ð2Þ

where Pavg is the output power of the radiation (W) and f
is the pulse frequency (Hz).

According to the passport characteristics of the laser
marking system U-15 (Tab. 1), the average laser power
is Pavg= 15W, and the maximum peak power is Ppeak=
120 kW. Substituting these values in the given formulas
and performing the transformation, we can estimate the
maximum frequency above which the laser can have a
power drop:

f ¼ P avg

Ppeak·tpulse
¼ 12:5 kHz: ð3Þ

Considering also that the change of pulse repetition
frequency affects both the peak power of the pulse and the
intensity of treatment, which can lead to a change in
the ablation threshold, this work did not consider the
integrated effect of pulse repetition frequency on the nature
of surface treatment. It was decided to limit the frequency
to 10 kHz.

Since initially the laser marking system U-15 was not
able to change the positioning of the treated surface, it was
modernized. A table that allows the object to be moved
along three axes and a microscope with a video camera that
facilitates aiming were set up for the installation.

3 Results

3.1 Investigation of laser-operating modes

The first stage of experimental research was the visual
definition of defects on the surface of the tool when laser
radiation was exposed to it under various parameters. The
investigations were carried out on samples of high-speed
steel M2 and hard alloy with (TiAl)N coating and without
it. The radiation power was varied from 10 to 100%, the
pulse frequency was 10 kHz, the scanning speed was varied
from 210 to 1000mm/s, and the number of passes was up to
100.

The depth of ablation with the number of passes less
than 20 is difficult to determine due to a too small value
that is close to the size of irregularities on the surface of the
treated object.

As shown by experiments, at power values above 70%,
the transverse energy distribution in the pulse differs
significantly from the Gaussian distribution and has amore
complex profile (Fig. 2).

Examples of characteristic images of tracksarepresented
in Figure 3. The images clearly show the traces of the pulse
overlap and how, depending on the step between the pulses,
micronutrients are formed, and, consequently, forms the
roughness of the treated surface. There are also noticeable
changes in the pulse energy distribution over the area
depending on the specified power.

The obtained profiles, along which the ablation depth
was determined, are shown in Figures 4a and 4b. It can be
seen that at the average modes the material removal profile
has a distribution close to Gaussian, almost the same as the
transverse distribution of laser intensity. There are well-
defined nodules along the edges of paths, which are formed
by laser action, and they are more typical for samples with
the wear-resistant coating.

At high laser power levels, a significant change in the
shape of the laser spot and an increase in its area is observed
and, as a result, there is an increase in the width of the



Fig. 3. Structure of tracks on a sample after laser treatment with
a frequency of 10 kHz, a scanning speed of 200mm/s, and
40 passes: (a) high-speed steel M2 with a power of 60%; (b) high-
speed steel M2 with a power of 100%; (c) hard alloy coated with
(TiAl)N with a power of 60%; (d) hard alloy coated with (TiAl)N
with a power of 100%.

Fig. 2. Craters after laser processing with a scanning speed of
1000mm/s and a frequency of 10 kHz: (a) with a power of 60%
from the nominal value; (b) with a power of 100% from the
nominal value.

Fig. 4. Cross section profiles of the tracks with a scanning speed
of 400mm/s and a pulse frequency of 10 kHz: (a) high-speed steel
M2 samples coated with (TiAl)N with a power of 60% and
40 passes; (b) hard alloy samples coated with (TiAl)N with a
power of 60% and 100 passes; (c) high-speed steel M2 samples
with two lows, a power of 90%, and 40 passes; (d) hard alloy
samples with two lows, a power of 80%, and 100 passes.
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tracks and a decrease in the processing efficiency, expressed
in a decrease in ablation depth. In the middle of the tracks
appears a projection associated with the feature of the
energy distribution in the pulse. The characteristic profiles
for steel and hard alloy are shown in (Figs. 4c and 4d).

Thus, for treatment of the tool surface using a laser,
modes with a radiation power of up to 70% are of interest
because they have a more predictable profile and more
efficient energy distribution.

3.2 Characteristics of ablation

In order to form the cutting edge and microgeometry of the
tool, it is first necessary to evaluate the effect of laser
processing on the geometric parameters of the resulting
tracks, namely, to reveal the relationship between the
width and depth of the tracks and the specified factors of
the laser operation.

The nanosecond laser creates microgeometry on the
tool surface by removing the material by laser ablation,
which is characterized by a certain ablation threshold for
each material [35]. When the threshold is exceeded,
explosive evaporation of the material and the formation
of a crater take place.

For a laser beamwith Gaussian energy distribution, the
radiation intensity has a maximum value at the center of
the laser beam and decreases exponentially depending on
the distance from the center.

F xð Þ ¼ F c⋅e
� 2⋅x2

v2
0

� �
; ð4Þ

where Fc is the intensity of the laser at the center of the
laser beam (J/cm2), v0 is the radius of the beam (mm) at
which the intensity falls by 1/e2 times, and x is the distance
from the center of the laser beam (mm).



Fig. 5. Dependencies: (a) dependence of the area of the crater D2 on the given energy for the determination of the radius v;
(b) dependence of the track width D on the fluence.

Fig. 6. Dependence of the depth of the obtained tracks on the
number of laser passes: (a) high-speed steel M2; (b) hard alloy.
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If the value of the radius r of the resulting crater is
inserted into equation (4), we obtain the threshold value of
the fluence Fth at which the ablation begins to occur.
Expressing r from the formula and replacing it with the
diameter of the craterD (mm), we obtain the dependence of
the width of the track on fluence:

D2 ¼ 2v2ln
F c

F th

� �
: ð5Þ

We cannot only acquire the dependence of the track
width on the fluence but also calculate v to find the fluence
values for a particular laser having the obtained expression.
The relationship between the pulse energy and the fluence
is linear. At first, we construct the dependence of the area of
the craters on the given energy of the pulses and determine
v on the slope of this dependence (Fig. 5a). Thereafter, it
will be possible to determine the dependence of the track
width on the fluence (Fig. 5b).

Furthermore, before considering the effect of laser
energy on the depth of the crater, we consider the effect of
the number of laser passes on the depth of the crater
(Fig. 6). It can be seen that on an interval of up to 100
passes, this dependence can be considered linear and can be
calculated by the depth of ablation per pulse. The
dependence of ablation depth on a given fluence can be
expressed as follows [36]:

h ¼ 1

a
ln

F0

F th

� �
; ð6Þ

where h is the ablation depth (mm) and a is the optical
permeability of the material.

It is possible to determine the depth of the tracks
depending on the given fluence for steel M2 and hard alloy
(Fig. 7).

The research has shown that the depth of tracks is
affected not only by the radiation power and the number of
passes but also by the interval between the pulses. At a
smaller interval, an increase in the depth of tracks is
observed, which may be associated with a large amount of
energy per area unit due to overlapping of the areas of
adjoining pulses. However, the laser radiation power will
also affect the effective overlap area of the pulses.

The track width increases with increasing power, as the
diameter of the resulting craters increases with increasing
laser radiation power (Fig. 8). It means that a different
ratio of scan speed to pulse frequency can affect the nature
and intensity of the laser treatment and, as a result, the
resulting microgeometry of the treated surface.

It has been noticed that for the same processing factors,
the depth of tracks on the (TiAl)N-coated samples is larger
than on the uncoated samples (Tab. 2). It suggests that the



Fig. 7. Dependencies of the ablation depth on the specific energy of laser radiation: (a) high-speed steel M2; (b) hard alloy.

Fig. 8. Dependence of the depth of the resulting tracks on the
fluence for high-speed steel M2: (a) with a scanning speed of
400mm/s and 100 passes; (b) with a scanning speed of 200mm/s
and 40 passes.

Table 2. The depth of tracks on a hard alloy with laser
processing parameters: a laser power of 60%, an interval of
20mm, 100 of passes, and a pulse frequency of 10 kHz.

Track number Track depth
without coating (mm)

Track depth
with coating (mm)

1 11.96 13.80
2 12.48 13.79
3 12.04 13.95
4 12.83 14.62
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coating material is more malleable for laser treatment and
has a lower ablation threshold, which allows the laser to
process the coating itself, minimizing the effect of the laser
on the substrate.

4 Discussion

A significant part of the failure of the cutting tool is caused
by damage to the cutting edge, which in most cases is
caused by exceeding the allowable tensile stresses on the
working surfaces [37,38]. Rounding of the cutting edge
allows changing the direction of the resulting cutting force,
which gives the possibility to reduce the tensile stresses on
the front surface significantly. On the other hand, an
excessive increase in the radius of rounding will increase
force and cutting temperature [39].

Ordinary shapes of the base cutting edge are rounded,
sharp, and chamfered. There are also cutting edge shapes,
which are a combination of these three basic shapes. The
most prevalent cutting tool with a rounded edge is obtained
by finishing, semifinishing, and microprocessing, cham-
fered by lathe turning of workpieces of solid material and
intermittent cutting [40,41]. Parameters for the character-
ization of the chamfered cutting edge are the chamfer
length and its angle. The shape of the rounded cutting edge
is complex, and the rounding radius is the most commonly
used parameter for its characteristic. However, due to
emerging problems in measuring of asymmetric edges, the
form-factor method is used [42], which allows estimating
the average roundness of the cutting edge, the orientation
of the rounding, and its sharpness. The tool wear shows
dependence on the parameter of roundness K [43]. Thus,
when the roundness is displaced to the front surface, its
wear is observed until a negative front angle is reached.
When changing the rounded shape of the edge to the value
K < 1, the back surface wears out due to increased friction
between the back surface of the tool and the surface of the
processed material.

The numerical evaluation of the influence of geometric
parameters of the cutting edge and the roughness of the



Fig. 9. Edge with a chamfer on the cutting plate of high-speed
steel M2, obtained by laser ablation with parameters: an
intensity of 21.5 J/cm2, a frequency of 10 kHz, a scanning speed
of 200mm/s, and a number of passes of 300.

Fig. 10. Light sections of the cutting edge with a chamfer on the
cutting plate of high-speed steel M2, obtained by laser ablation
with parameters: an intensity of 21.5 J/cm2, a frequency of
10 kHz, a scanning speed of 200mm/s, and a number of passes
of 300.
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working surfaces on cutting forces and stress distribution in
the cutting tool edge zone showed a more significant effect
on the force in the feed direction than the force in the
cutting direction [44,45].

Precision cutting tools with a sharp edge (rounding
radius < 5mm) facilitate cutting compared to a tool with a
large radius of the edge. At the same time, the stresses in
the tool would have to decrease with decreasing of the
radius. However, it does not happen, because a sharp tool
has a higher stress concentration in the cutting edge area
than a less sharp cutting tool. It is a possible cause of edge
chipping. Therefore, to minimize breakage, its shape
should be prepared in such a way that a certain balance
between the amount of the stresses and cutting forces is
achieved.

By the conducted researches, in which were deter-
mined the parameters of the stable operation of the laser
and the dependence of the ablation depth from the
factors of laser radiation, the required values for the
formation of the cutting edge geometry in the form of a
chamfer were selected. The required geometry of the
cutting edges was selected ac=20° (chamfer angle),
wc=0.1mm (chamfer length), and rh = 0.01mm by the
geometry proposed in reference [46] by mathematical
modeling. For a tool with such a cutting edge, a minimum
cutting temperature on the front and back surfaces
would be observed, as well as relatively low effective
internal stresses of up to 2800MPa.

The values of the factors of laser operation for the
production of a similar cutting edge on the cutting plate
made of steel M2 coated in (TiAl)N were determined: a
laser radiation intensity of 21.5 J/cm2, a frequency of
10 kHz, a scanning speed of 200mm/s, and a number of
passes of 300. The processing time was about 15 s.

SEM image of the front and back surfaces of the cutting
insert is shown in Figure 9. The light section of the cutting
edge is shown in Figure 10. The radius of rounding of the
cutting edge was 16mm.

Similar or any othermicrogeometry of the area adjacent
to the cutting edge is not difficult to repeat on the cutting
plates made of hard alloy. In this case, it takes up to 40 s to
process one cutting edge.

The tool with a givenmicrogeometry of the cutting edge
showed itself well when turning at intensive abrasive wear
with large fluctuations in the values of the workpiece
hardness. Such conditions arise, for example, when
finalizing products obtained by selective laser melting
technology.
5 Conclusions
–
 The possibility of changing the surface microgeometry
and the cutting edge area on high-speed steel and
hard alloy tools by laser ablation using a low-power
nanosecond marking laser is shown. The technology is
appropriate to use for the manufacture of small batches
or single production.
–
 Rational modes at which more efficient, close to
Gaussian energy distribution in the pulse of the laser
marking system U-15 can be observed, and a more
predictable profile for specifying the required micro-
geometry of the cutting edge is determined. The
most uniform and smooth surface were obtained
after laser treatment with the following parameters: a
power of 60%, a frequency of 10 kHz, a scanning speed of
200mm/s.
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–
 When producing laser tracks, a number of specified
production factors should be considered, such as power,
scanning speed, pulse frequency rate, and the number of
passes. For the cutting tools with wear-resistant coating
(TiAl)N, the depth of the obtained tracks is greater than
that of the uncoated instruments.
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