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ABSTRACT

In the paper the methods of laser hardening of external tool corners on the example of bending tools for press
brakes were presented. The disadvantages and limitations of the most commonly used techniques for guiding a
hardening laser light beam are presented, i.c.: (i) in one pass parallel to the tool corner plane symmetry, (ii) in
two passes perpendicular to the surfaces adjacent to the corner, and (iii) in one pass perpendicular to the surface
adjacent to the corner by using two diode lasers. The microstructure of the tool material after laser and induction
hardening was compared. A significant influence of the heating method on the microstructure of the tool material
after hardening was demonstrated. The original method of hardening the outer corners of bending tools using a
hardening laser beam splitter was subject to a more detailed analysis. The analysis of material heating in simulta-
neously hardened corner area and adjacent surfaces was carried out using the Marc/Mentat software based on the
finite element method. By analyzing the temperature distributions it was shown that if a beam splitter was used,
obtaining a continuous and uniform hardened layer (i.e. with comparable hardness, depth, without tempered or
non-tempered areas) in the area of the outer corner and adjacent surfaces was possible. In practice, achieving such
a layer is conditioned by the correct selection of the size of the k parameter which determines the distance between
the separated beams of laser light. Depending on the geometry of the hardened tool corner and the parameters of
the hardening laser beam, this distance can be determined experimentally or on the basis of numerical simulation.
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INTRODUCTION

Due to its properties, the laser beam is widely
used as a heat source during various types of sur-
face treatment of materials, in particular for sur-
face laser hardening, cutting and laser welding
of various types of structural elements including
tools [1-3]. In the paper [1] a detailed investiga-
tion of the influence of laser parameters on the
microstructure, phase and residual stress and me-
chanical properties of AISI H13 tool steel was
carried out. In turn, in work [2] an attempt was
made to improve the surface hardness and wear
properties of AISI H13 tool steel through solid
solution hardening and refinement of microstruc-
tures using a 200 W fiber laser as a heat generat-
ing source. Based on the survey obtained one can
conclude that the hardening depth and width are
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increased with the growth in the heat input ap-
plied. In the paper [3], the effect of laser overlap
on the low-carbon and stainless steel were inves-
tigated. The analyzed samples were made of AISI
4130 low-carbon steel and AISI 410 stainless
steel with 50% overlap. In turn, in [4] an attempt
was made to optimize the distance between suc-
cessive paths, when the dimensions of the treated
surface are larger than the cross-section of the la-
ser beam. Slatter et al. [5] used a laser to treat the
valve seat area of a cast iron cylinder head and
carried out to investigate the fundamental wear
characteristics of untreated cast iron and also cast
iron with a range of laser treatments. In study [6]
authors studied the effect of different types of tool
textures, produced by nanosecond fibre laser, on
the tribological conditions at the interface tool-
formed material. The effect of the laser radiation
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on the material depends primarily on the type of
material, radiation length, radiation power den-
sity and the time of radiation exposure to the ma-
terial. Physical phenomena occurring during the
heating of various materials with a laser beam are
described in [7]. The use of laser hardening en-
ables machining of parts that could not previously
be hardened by other methods [8]. In addition, it
eliminates a number of difficulties that occur dur-
ing induction hardening. It enables hardening of
individual tool surfaces, most often the ones that
are in contact with the workpiece and are exposed
to pressure and abrasive wear [9]. In the case of
laser hardening, it is possible to surface harden
not only individual surfaces, but even their des-
ignated areas to the required depth and hardness,
which allows obtaining hardened layers, harder
with a finer-grained structure, thinner, static and
fatigue resistant ,and the ones which are more
resistant to abrasive wear. The advantage of la-
ser hardening, compared to induction hardening,
is that there is no need for finishing, e.g. grind-
ing [10]. In addition, hardening of only selected
tool surfaces reduces significantly the formation
of hardening stresses, which are the cause of per-
manent tool deformations after hardening. There-
fore, in practice, using laser hardening can mini-
mize the hardened surface of the tool. This way
one can practically reduce or eliminate permanent
tool deformations after hardening.

Unlike other hardening techniques, laser hard-
ening is based on a precise, localized heat source
that produces extremely high intensities ideal for
fast cooling and excellent hardening quality [11].
In this technique, obtaining the required hardness
while minimizing thermal deformation is crucial
as tools require high precision [12]. Unfortunate-
ly, it is a difficult task to meet the requirements
for hardness and deformation, and a good predic-
tive model can significantly reduce time and costs
in finding optimal process conditions that may or
may not actually exist [13]. For this reason, ex-
tensive research was carried out to develop pre-
dictive models or to discover the relationship be-
tween process parameters and process results [14-
16]. In [14] a theoretical and experimental study
of heat flow and solid-state phase transformations
during the laser surface hardening of 1018 steel
was conducted. Whereas in the paper [15] an ana-
lytical solution for the temperature rise distribu-
tion in laser surface transformation hardening of a
steel workpiece of finite width is developed based
on classical moving heat source method to predict

the optimal operational parameters. Also an exact
solution was developed for a quasi-steady-mov-
ing-interface heat transfer problem in laser trans-
formation hardening by a beam customized to a
flat-top rectangular shape [16].

Fortunato et al. [17] developed a mathemati-
cal model for the simulation of hardening by
means of laser transformation of hypo-eutectoid
carbon steels. Focusing on developing a simple
model to reduce computation time, they calculat-
ed 3D thermal fields and predicted the evolution
of microstructures. In the study [18], a finite ele-
ment method is presented with an aim to predict
the temperature distribution for optimizing laser
surface hardening process on a cylindrical steel
solid rod. Martinez et al. [19] studied harden-
ing using scanning optics. To control the process
temperature, numerical simulations were used to
minimize the experimental work required to de-
velop a closed-loop temperature control system.
Lambiase et al. [20] developed an artificial neural
network to predict the hardness of laser hardened
steels. The temperature history calculated using
the 1-D analytical model was used for their mod-
el. Knap et al. [21] studied the effect of chemi-
cal composition on hardenability within one steel
grade, with broad and heterogeneous data used
to predict hardness. They found that by focus-
ing on a narrow process region, neural network
models were able to accurately predict hardness
based on chemical composition. In [22], a 3-D
thermal analysis assisted by a systematic experi-
mental study using a 2 kW multi-mode fiber la-
ser was employed to develop predictive models
for hardness and thermal deformation in laser
transformation hardening of AISI H13 tool steel.
In turn in [23] a mathematical model has been
developed to calculate the temperature distribu-
tion on the surface and bulk of a steel plate un-
der the laser hardening process. The model starts
from the basic heat equation, is then developed to
a volumetric form and is connected to the vari-
ous solid phases existing. The model is based on
two strongly influencing parameters of the laser
hardening process: velocity of the laser spot and
irradiation time.

The formation of permanent deformations
after hardening is one of the biggest technologi-
cal problems in the production of tools for press
brakes and folding machines. Their length can
be up to 4000 mm and more, while the required
straightness deviation over the length of one me-
ter of the tool is in practice about 10 micrometers.
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In industrial practice, obtaining the required
straightness is a big challenge for manufacturers
of this type of tool, which explains the growing
popularity of laser hardening methods.

However, the laser hardening method, de-
spite many advantages, has its disadvantages
and limitations, among others [24] it is impos-
sible to overlap hardening traces because in the
common area there is a phenomenon of reduced
hardening hardness due to double tempering,
and the minimum distance of hardening traces
is about 1.0-1.5 mm, hardening of larger sur-
faces involves covering this area with parallel
or meandering hardening paths, depending on
the optical system used, the distance between
the laser head and the workpiece is from approx.
100-350 mm, the need to guarantee free access
of the laser head to the workpiece.

In the paper there was presented a new origi-
nal technique of laser hardening [25] of the outer
corners of bending tools by means of a laser beam
splitter against the background of previously
known hardening techniques, whose disadvan-
tages and limitations were specified. In order to
demonstrate the impact of the k parameter (char-
acteristic of the new method and characterized
later in the article) on the effectiveness of the new
laser hardening technique, a numerical analy-
sis of the heating process of a tool with a given
geometry was carried out using different values
of this parameter. By analyzing the temperature
distribution fields, it was shown that the value of
the k parameter had the significant impact on the
parameters of the hardened layer.

METHODS OF LASER HEATING

Currently, various laser hardening techniques
are used in practice. In the case of bending tools,
only the corner and adjacent surfaces of a cer-
tain length are most often hardened. This length
depends on the size of the contact surface of the
shaped material with the tool. Several methods
of laser hardening of tools are known to date in
terms of aligning and guiding a laser beam with
respect to hardened tool surfaces. The first of
these is shown in Figure 1. It consists in the fact
that the beam of hardening laser light with the B
width is directed at the tool so that the central part
of the beam falls on the corner parallel to its plane
of symmetry. In this way, it heats the corner and
part of the surfaces adjacent to it at lengths L1 and
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L2. The lengths L1 and L2 of hardened surfaces
depend on the angle of inclination of surfaces ad-
jacent to the corner o, and o, and are respectively:

L1 =B/2sin(a,) (1)

L2 =B/2 sin(a,) 2)

In the case when the angles of the surfaces
adjacent to the corner are the same o, = a,, then
L1 =L2. However, if the angle a, <a,, then L1 >
L2. The smaller the tip angle of the tool, the larger
the tool surface is hardened assuming a constant
beam width. The advantage of this method is that
the required surfaces are hardened simultaneous-
ly in one pass of the hardening laser light beam.
However, this solution has several disadvantages.
One of them is that the light beam does not fall
perpendicular to the hardened tool, which signifi-
cantly reduces the heating efficiency. In addition,
if the angle o, # a,, then the individual adjacent
surfaces are not heated equally, and this causes
that their properties after hardening are not the
same. In this type of method, the length of hard-
ened sections L1 and L2 on the surfaces adjacent
to the corner is a serious limitation. In most cases,
it is insufficient, especially at larger tool angles.
In the case where the presented hardening method
cannot be used due to the insufficient length L1
and L2, the hardening technique shown in Fig-
ure 2 is applied.

laser light beam

&

symmetry plane

Fig. 1. The way of setting and guiding the beam
of hardening laser light during hardening of
the corner and adjacent surfaces in one pass




Advances in Science and Technology Research Journal 2022, 16(5), 250-260

Q® laser light beam
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laser light beam
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Fig. 2. The way of setting and guiding the beam of hardening laser light during hardening
of the corner and adjacent surfaces in two passes: a) first pass, b) second pass

In the first pass, shown in Figure 2a, part of
the corner and one adjacent surface are hardened,
in the second pass (Fig. 2b), the remaining part
of the corner and the second adjacent surface are
hardened. This approach allows full coverage of
the hardened layer of adjacent surfaces of the
required length L1 and L2 equal to the width B
of the hardening laser beam. Also in this case,
the heating efficiency is much higher than in the
previous method shown in Figure 1, because the
laser light falls on the surfaces adjacent at right
angles. An important disadvantage of this solu-
tion is that on the surface of the corner of the tool,
at the very tip, a tempered or non-hardened area
is created. This is a disadvantage as the bending
tool in this place is the most loaded during op-
eration. This defect can hardly be eliminated. If

laser light beam 1

symmetry plane

Fig. 3. The method of hardening
by means of two lasers

the light beam in the second pass is close to the
area already hardened in the first pass, it will heat
this area partially, as a result of which the mate-
rial in this area will be tempered. On the other
hand, if the beam of the hardening laser light in
the second pass is moved away from the hardened
area in the first pass, it will create an unhardened
area between the hardened ones. In the method
of hardening with the use of two hardening lasers
shown in Figure 3, the light beams of the first la-
ser with a width of B1 and the second laser with
a width of B2 simultaneously heat all adjacent
hardened surfaces.

This solution, however, almost doubles the
cost of the hardening device by the need for a
second hardening laser, but this is not a techni-
cal limitation in the practical application of this
method. The limitation, however, results from
the fact that it is practically impossible to select
two lasers with the same real power and thus
heating characteristics. For this reason, the prop-
erties of individual surfaces will always vary af-
ter such hardening.

In order to eliminate the presented disad-
vantages resulting from the application of the
hitherto known methods of laser hardening, an
original method of hardening with laser beam
distribution was developed using a light beam
splitter enabling the practical application of
this technique for hardening tools, especially
bending tools.

This method consists in splitting the light
beam 6 of a hardening laser into two symmetri-
cal 7 and 8 (Fig. 4a) or asymmetrical 9 and 10
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(Fig. 4b) light beams and using a set of mirrors
1-4 directing them (preferably at a right angle)
to tool surfaces 5 to be hardened. Both during
heating with symmetrical and asymmetrical
distribution, the separated light beams 7 and 8§
of the hardening laser should fall on the tool 5
so as not to cover the apex itself over a certain
width k depending on the heating parameters.
It is beneficial if the very tip of the tool with a
width of k is heated as a result of heat penetra-
tion into it when heating the surfaces adjacent
to it. If the laser light covers the entire corner of
the tool (including the surface with a width of'k),
its temperature after heating will be higher than
other surfaces after heating, and this will cause
uneven distribution of hardness and depth of the
layer after hardening.

Thanks to the use of a laser beam splitter, it
is possible to simultaneously heat the corner and
adjacent surfaces at the desired width in one pass
with the same parameters, which positively af-
fects the material properties in the hardened area
of the tool and is more economical.

EXPERIMENTAL RESEARCH

The purpose of experimental research was to
compare the material properties in the hardened
area of the bending die (Fig. 5) using the laser
hardening and induction hardening techniques.
Induction hardening is a conventional technology
for surface hardening of tools and more. Despite
the difficulties associated with the necessity of
grinding surfaces after induction hardening, the
inability to harden individual surfaces or their
parts, the occurrence of permanent deformations,
especially when hardening long products and
with variable cross-sections or obtaining the same
thickness of hardened layer, is widely used in in-
dustry also in the production of bending tools.

The die tested was made of tool steel grade
1.2312 (40CrMnMoS8-6) with the composition
given in Table 1 was subject to conventional in-
duction hardening and laser hardening at 860°C.
Laser hardening was carried out using the LDF
4000-60 diode laser with 4400 W power and
wavelength (980—-1020) nm (Fig. 6).
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Fig. 4. Methods of setting and guiding the laser beam during hardening
using a laser beam splitter: a) symmetrical, b) asymmetrical
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Fig. 5. Shape of the tested bending tool
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Table 1. Chemical composition of the die material tested

C Si Mn P

S

Cr Mo Co Ni

0.35-0.45 | 0.30-0.50 1.40-1.60 | Max 0.030

0.050-0.100

1.80-2.00 | 0.15-0.25 = = = =

In order to determine the impact of hardening
on the material properties in the hardened area of
the bending die, microstructure tests and hardness
measurements were performed by means of laser
hardening and induction hardening techniques.
Observations of the microstructure were carried
out using a Leica DMI 3000M metallographic
light microscope. Two samples (cross-sections
made through hardened layer), after laser hard-
ening and after induction hardening, were test-
ed. Based on the tests, the microstructure of the
samples in the surface zone and in the transition
zone was revealed (Fig. 7). In the tool after la-
ser hardening, the martensitic structure and fer-
rite grains are visible in the surface strip, while in
the transition zone the bainite grains (upper and
lower) and ferrite grains are visible. Martensitic
layer provides hardness and abrasion resistance
of the surface layer of the element. The transition
layer, however, remains less durable but more
ductile. In turn, in a sample processed by induc-
tion, a martensitic structure can be observed in
the surface area, which reaches much deeper than
in the case of laser hardening. In the transition
area, bainite and ferrite can be seen in the induc-
tion hardened tool.

Hardness measurement was carried out using
the Vickers method (HV ) at 3N (0.3 kG) load.
During the measure the NEXUS 4303 micro-
hardness test was used. Several paths were made

for each sample (Fig. 8) starting from a distance
of 0.1 mm from the surface, each subsequent im-
pression was made at a distance of 0.2 mm from
the previous one.

The hardness distribution in a laser and induc-
tion hardened sample in three measuring zones
for each sample is shown in Figure 9.

The hardness measurement values in the ar-
eas marked as 1 1 and 2 1 (Fig. 9a) correspond-
ing to laser and induction hardening, respectively
and located in horizontal parts of the bending tool
differ from each other almost twice, especially to
a depth of about 3 mm. Higher hardness values
were recorded for induction hardened samples. In
the case of measuring areas (1-2 and 2-2) located
near the corner of the tool, the maximum hardness
values are almost the same and oscillate around a
value of 600 HV . (Fig. 9b). In the case of laser
hardening, the highest hardness value was record-
ed right at the surface, as it goes deeper into the
sample, the hardness decreases to about 200 HV ,
at a depth of about 1.5 mm. The hardness distri-
bution in the induction hardened sample looks
different, due to the larger hardening range, the
hardness value remains almost at one level assum-
ing a value of 600 HV .. For the measuring area
(1-3 and 2-3) lying on the tool plane, the highest
hardness values were recorded for the areas 1-3, at
the surface which corresponds to the sample after
laser hardening and is over 700 HV  ,and is more

Fig. 6. Testing station for diode laser hardening: a) general view, b) 1 — optical system,
2 — beam splitter, 3 — sample (PPMiU PLASMET Sp.z o.0.proprietary)
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Fig. 7. Microstructure of samples in the surface layer and in the transition
layer: a) after laser hardening, b) after induction hardening

than 200 HV  , higher than the hardness recorded
for this depth for the sample after induction hard-
ening. Positive effects of laser hardening can be
observed here, which ensures high hardness of
the tool to a depth of about 1.5 mm, while the re-
maining area is more ductile and resistant to high
loads. In turn, after induction hardening, a lower
hardness on the surface was obtained with a large
depth of the hardened layer, which may result in
the tool being less durable during operation.
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AN ANALYSIS OF EXTERNAL
CORNER HEATING

As already mentioned in the laser hardening
method using a beam splitter, the characteristic
parameter affecting the quality of the hardened
layer in the area of the corner and adjacent sur-
faces is the k parameter shown in Figure 4. To
determine the significance of the impact of this
parameter on the quality of the hardened layer,
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Fig. 8. Places of hardness measurement: a) after laser hardening, b) after induction hardening
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Fig. 9. Hardness distribution in three measuring
zones in a laser-hardened sample (blue points) and
in an induction-hardened sample (red points)

numerical simulation of the process of heating
tool surfaces subject to hardening was done. A
typical bending punch for press brakes was se-
lected for testing (Fig. 10). With this tool, the out-
er corner 1 and the adjacent surfaces 2 and 3 are
subject to surface hardening for a given length.

The numerical model of the heating process
was built in the MARC/Mentat system for the
part of the tool where hardening is carried out. In
order to perform thermal/structural analysis, the
tool model was discretized using 11 type quad 4
elements [26]. Material properties for this type of
analysis were taken from the material base of the
Marc/Mentat program for steel grade C45. The
relationship between specific heat and tempera-
ture introduced in the calculations is presented on
the graph (Fig. 11), while between thermal con-
ductivity and the temperature of the heated mate-
rial on the graph (Fig. 12).

Numerical calculations were made assum-
ing that the surface of the tool where the beam
of light from the hardening laser light falls heats
at a constant speed of 500°C/s. Heating is car-
ried out until hardening temperature (860°C) is
reached on surfaces adjacent to the corner at a
depth corresponding to the depth of the hardened
layer. The simulations were carried out using dif-
ferent values of the k parameter. The calculated
temperature distribution for three examples of
the k parameter values (0, 1.28 and 1.55) mm are
shown in Figure 13. As the analysis shows, the
temperature field distributions in individual areas
which should be clearly toughened, clearly de-
pend on the k parameter. When using k = 0 mm
(Fig. 13 a) it can be seen that the depth of the
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33

220

85

Fig. 10. Shape and dimensions of the tested punch: 1 — corner with a radius
r=0.8 mm, 2, 3 — surfaces adjacent to the corner, a = 88°

Specific Heat (x1e8)
7.78

3.71
-0.1 Temperature (x1000) 1.5

Fig. 11. Relationship between specific
heat and tool material temperature

layer heated to the hardening temperature varies.
The greatest depth occurs at the corner, while the
smallest on the side surfaces the furthest from the
corner. This temperature distribution is unfavor-
able for two reasons. First of all, the corners of
tools with small cross-sections will be hardened
at a considerable depth throughout, which is dis-
advantageous, as with variable working loads of
the tool, cracks and fragments of brittle material
in the corner may appear. Secondly, the proper-
ties of the hardened layer depend on the cooling
rate. In the case of laser hardening, cooling occurs
primarily as a result of heat transfer deep into the
material. Thus, the greater the volume of material
under the surface of the hardened material layer,
the more preferably. In the analyzed case (Fig. 13
a), due to the temperature distribution and vol-
ume of material under the corner, the cooling rate
will be the smallest, which in turn will cause the
hardness of hardened surfaces to be different. The
smallest hardness will be on the corner surface,
and the highest on the side surfaces adjacent to it.
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Thermal Conductivity (x10)
434

341

0.02

Temperature (x1000) 15

Fig. 12. Relationship between thermal
conductivity and tool material temperature

With a properly selected value of the k parameter
(in the analyzed case k = 1.28 mm), the depth of
the layer heated to the hardening temperature on
the corner surface is comparable to the depth of
this layer on the side surfaces (Fig. 13 b). In this
case, the tool tip heats up as a result of heat trans-
fer from adjacent heated areas. Such an even dis-
tribution of hardening temperature on all surfaces
ensures comparable properties of the material in
the hardened layer including hardness. Impor-
tantly, in this case (Fig. 13 b), the tool nose tip
will not be hardened through, but at a comparable
depth as on the side surfaces. In the case when
the value of the k parameter is too high (in the
analyzed case k = 1.55 mm), the amount of heat
transferred from the adjacent heated layers to the
corner is too small, which results in the corner
surface not achieving the required hardening tem-
perature (Fig. 13 ¢). Thus, if the value of parame-
ter k is too high, the material on the corner surface
will not harden or more likely will not achieve the
required hardness.
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[°C]
860
840
820
800

a)

Fig. 13. Effect of the k parameter on the temperature distribution in
the hardening area: a) k = 0, b) k=1.28, ¢) k=1.55

CONCLUSIONS

The revealed microstructure of samples and
hardness measurements after laser and induction
hardening showed that in the case of laser hard-
ening in the surface area there was a martensitic
structure at a relatively small depth. In the case
of induction hardening, the martensitic structure
occurred at a much greater depth. However, the
large depth of the martensitic layer is not desir-
able due to the fragility of the material. Too large
hardened depth is particularly unfavorable in the
case of small tool cross-sections, especially their
sharp corners often induction hardened in the
entire cross-section. This can lead to the forma-
tion of cracks already during the hardening of the
bending tool, as well as in its operating conditions
under the action of variable loads.

It was also shown that the method of laser
hardening of the surface of the outer corner of the
tool had a significant impact on the properties of
the surface layer after hardening. The most pre-
ferred of the presented ways of guiding the beam
during laser hardening of the surface of the outer
corners is the method using a laser beam divider.
The effectiveness of this method depends, how-
ever, on the proper selection of the k parameter,
and it was established that:

1. If the value of the k parameter is too low (in
the examined case below 1.28) due to the tem-
perature distribution, the material surface at the
corner tip will be hardened at a greater depth
than on the side surfaces adjacent to it. In ad-
dition, the cooling speed at the top of the cor-
ner will be smaller than on adjacent surfaces,
which may result in different surface hardness
after hardening.

2. If the value of the k parameter is too high (in
the examined case above 1.28) due to the tem-
perature difference in the area of hardened
surfaces, the material at the corner tip will not

obtain the required hardness, and the material
layer after hardening will not be homogeneous.

3. With a properly selected value of the k param-
eter, the distribution of hardening temperature
in the hardened layer is evenly distributed over
the entire thickness of this layer, both in the
corner of the tool and the surfaces adjacent to
it. In this case, the use of a beam splitter allows
in one pass of the laser head to obtain a ho-
mogeneous layer hardened both on the corner
surface and surfaces adjacent to it.

In engineering practice, the optimal value of
the k parameter can be determined on the basis of
numerical simulation results of the heating pro-
cess or experimentally.
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