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Abstract:In the production of integrated circuit packages, the process of laser monopulse thermal strengthening with beams of special 

geometry has been researched, developed and implemented to increase the durability of dies for the production of flanges, injection molds, 

housing rim calibration dies, and automatic stamps for the production of integrated circuits. Laser pulse hardening modes for stamp parts 

and injection molds have been established. A necessary condition is the presence of a laser emitter, which, according to its technical 

parameters, allows one to obtain a pulse energy sufficient for thermal strengthening of the contour of the working edges of the part. In order 

to prevent undesirable effects on the working edges of technological tool parts, a theoretical model of the hardening process has been 

developed, which allows for the calculation and optimization of laser processing modes to obtain the required operational properties of steel 

based on a preliminary calculation of temperature fields. 
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1. Introduction 
There are technologies for laser heat treatment, doping and 

cladding with pulsed and continuous lasers in mechanical 

engineering. In [1], the features of the formation of the metal 

structure and the mechanisms of hardening, as well as the change in 

such properties as wear resistance, corrosion resistance, fatigue 

resistance and heat resistance are considered. Specific examples of 

the use of laser methods for processing the surfaces of metal parts 

are given. In [2] shows the characteristics of a laser beam and 

installations capable of laser heat hardening and analyzes the effect 

of treatment modes on the properties of the hardened surface. 

In [3], empirical mathematical models of laser hardening of 

the working edges of parts of mold sets of glass-forming machines 

are proposed, which made it possible to establish the relationship 

between the processing parameters and the characteristics of the 

hardening zone – hardness and depth. The most rational mode of 

laser hardening of the working edges of parts of mold sets is 

determined. At present, it is impossible to imagine the manufacture 

of parts without finishing hardening treatment [4]. Depending on 

the composition and purpose of the workpiece, it can be subjected 

to various types of hardening treatment, such as: annealing, 

quenching, aging and chemical-thermal treatment, as well as surface 

hardening with a laser.  

During the operation of punches and dies, their microrelief 

is subjected to mechanical stress and corrosion. Increasing 

requirements for the quality of integrated circuit packages require a 

reduction in the size of the microrelief. This is associated with 

technological difficulties, which consist in a sharp decrease in the 

wear resistance of the tool with a decrease in the height of the 

unevenness of the microrelief. It is known from practice that a press 

tool with a working surface of 2 – 4 μm lasts 4 – 6 times less than 

with 10 – 15 μm. This is due to the change in the microrelief and its 

geometric dimensions. 

Thus, when reducing the height of the microrelief 

irregularities, it is necessary to increase the wear resistance of the 

working surface of the press tool. In addition, the problem of 

increasing the wear resistance of a press tool with a microrelief of a 

matte surface that meets existing requirements does not lose its 

relevance. 

One of the ways to solve this problem lies in the 

development of new methods of hardening technology, among the 

variety of which laser heat hardening plays a leading role. 

Improvement of performance properties under the influence of laser 

radiation is associated with a change in the structural state of the 

material. Under the influence of laser radiation, finely dispersed 

martensite and structures are formed, which provide an increase in 

hardness and strength. The microhardness of martensite increases 

linearly with a carbon content of up to 0.6 wt. % and practically 

does not depend on an increase in its amount in steel. In addition to 

martensite, steel contains the same phases and structures as in 

conventional quenching: cementite (carbides), residual austenite. 

The features of the formation of these structures during laser 

hardening are related to the speed and temperature of heating the 

initial structure of the steel and are determined by the degree of 

completion of the austenitization process at the heating stage, since 

subsequent cooling fixes the stages passed [1]. 

 

2. Laser thermal hardening technology and 

equipment 
For 40X13 steel, high processing speeds are the most 

rational. When the speed of relative displacement of the laser beam 

and the press tool increases to (80 – 100) · 10-3 m/s, the austenitic 

region is displaced to the surface or completely eliminated [1]. 

Microhardness in the depth of the laser influence zone ranges from 

(300 – 1200) 107 Pa. High values are due to the high saturation of 

the reflow zone with martensite, low values are due to the formation 

of a structure with a high content of austenite. In the reflow zone, 

residual austenite is up to 33% and increases at the fusion boundary 

to 39%. The presence of residual austenite is a prerequisite for the 

deterioration of the anti-corrosion properties of steel. At the same 

time, the formation of austenite is associated with the complete or 

partial dissolution of carbides, there is an increase in the 

concentration of chromium in the surface layers and a more 

homogeneous distribution in the solid solution. This improves the 

homogeneity of the phase composition of the steel and increases the 

resistance of intergranular corrosion. Taking into account that 

increased concentration heterogeneity and defectiveness of the 

structure are most pronounced at increased values of microhardness, 

it is advisable to carry out laser heat treatment without surface 

melting. 

Studies of the possibility of laser hardening of 30X13 and 

40X13 steel have shown that the microhardness of the material can 

be increased to (440 – 500) 107 Pa without melting the matted 

surface. However, when the surface is scanned, alternating stripes of 

hardening and tempering zones are formed. Traditional methods of 

increasing the uniformity of microhardness distribution by scanning 

the surface with a laser beam with an overlap of 0.3–0.4 of the 

diameter of the laser beam, although they reduce the differences 

between the hardening and tempering zones, do not provide a 

uniform matte surface on the press tool. The value of the microrelief 

in the areas of hardening and tempering differs by 1.5 – 2 times. 

Figure 1 shows the change in the microhardness of the surface H in 

the quenching and tempering zones (curves 2 and 1 respectively) as 

a function of the laser energy density E. Average height of 

unevenness Rz matte surface is (10 – 15) 10-6 m with microhardness 

(250 – 300) 107 Pa while in the zone of laser hardening with surface 

reflow at microhardness (1000 – 1200) 107 The microrelief of 

matting ranges within (4 – 5) 10-6 m. Therefore, experimental 

studies to find the regularities of heat hardening of press tools with 

increased requirements for the homogeneity of the microrelief are 

becoming relevant. 
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Figure 1 – Dependence of the microhardness of the hardened layer 

of steel 40X13 on the specific energy during thermal hardening with 

a laser beam with a diameter of 0.2510-3 m at a travel speed of 

210-3 m/s: 1 – maximum values of microhardness in the hardening 

zones; 2 – averaged microhardness values in the hardening and 

tempering zones 

 

It has been established that the nature of the process is 

determined by the value of the critical power density of laser 

radiation, which for 40X13 steel is (240 – 250)·106 W/m2. Power 

density interval required for heat hardening without reflow – 

 (150 – 240)·106 W/m2 at the speed of relative displacement of the 

laser beam and the glass (20 – 40)·102 m/s. Laser processing 

parameters, such as velocity V, power of the thermal source P 

generated by laser radiation, should be combined with the scan step 

hT and characterized by the surface energy density, which can be 

defined as follows: 

 

 VhPE T  (1) 

 

Increase in specific energy in the range of values 

 (15 – 20)·106 J/m 2  At a constant scanning speed and a stationary 

heat treatment step, it leads to a linear increase in microhardness in 

the laser affected zones. The value of the maximum values of 

microhardness differs from the average value by (50 – 100) 107 Pa, 

while for specific energy (21 – 24)·106 J/m 2  There is a sharp 

increase in the values of the maximum microhardness, due to the 

appearance of areas of melting of the surface layer of steel in the 

places of reheating. The difference between the average and the 

maximum value of microhardness is reached by (500 – 600) 107 Pa. 

Experimental verification shows that the fluctuation of 

microhardness within (50 – 100) 107 Pa does not significantly affect 

the homogeneity of the microrelief in the quenching and tempering 

zones. The differences are 0,5 – 1,0 μm by Rz, which falls within the 

limits of the technological tolerance, while at the 

(21 –  24)·106 J/m 2  величина Rz in the quenching and tempering 

zones, it differs by 1.5 – 2 times. 

In addition to the above method of increasing the 

operational reliability of the press tool, other types of laser 

processing have been developed. Experiments were carried out on 

galvanic chrome plating of the matte surface of 30X13 steel and 

subsequent heat treatment of the chrome surface. The choice of 

chromium as a coating is due to the high hardness and heat 

resistance of chrome coatings. Experiments have shown that with a 

coating thickness of 10 – 20 μm, the profile of the chrome surface 

closely follows the profile of the matted surface. The microhardness 

of the coating is (700 – 740) 107 Pa. After treating a chrome-plated 

matted surface with laser light at a power density 250 106 W/m 2 

and movement speed 2·10-2 m/s, the microhardness of the coating 

increases to (880 – 930) 107 Pa. At the same time, there are 

practically no tempering zones, which can be explained by a 

different mechanism for increasing the hardness of the chrome 

coating compared to steel. Measurements show that the 

homogeneity of the microrelief at hТmin ≤ hТ ≤ hТmax saved. Wear 

resistance increases by 3 – 3.5 times. 

To develop a technological process for laser heat hardening 

of punches, cut-off knives, dies, a device based on the Kometa-2 

continuous CO2 laser and the LTN-103 quasi-continuous solid-state 

laser was developed and manufactured. The layout of the main 

components is shown in Figure 2, and the basic diagram of the 

installation is shown in Figure 3.  

 

 

Laser radiation 1 of the Kometa-2 facility, falling on the 

molybdenum mirror of the damper 3, is deflected to the water-

cooled radiation absorber 4. When the damper is opened, beam 1 

falls on the rotary mirror 5. Passing further through the lens 6 and 

the plane-parallel plate 7 mounted on the movable headstock of the 

machine 8, the beam 1 falls on the part 9. The plate 7 is located in 

the coaxial nozzle 10. The nozzle 10 and nozzle 11 are fixed to the 

vertical headstock of the machine. The workpiece 9 is fixed on the 

horizontal table of the machine 12 for processing parts with laser 

radiation.  

To focus the radiation on the surface of the treatment into a 

round spot, a NaCl lens 6 with a focal length of 0.25 – 0.40 m was 

used 10.6·10-6m or 1.06·10-6m. To form an elliptical beam on the 

surface of the part, it is possible to install a cylindrical lens with a 

focal length of 0.4, 0.6 or 0.8 m instead of 7. 

For the processing of parts with complex shapes, a special 

design of the coaxial nozzle for the supply of protective gas was 

developed, which provides reliable protection of the processing area 

from oxidation when changing the distance from the surface from 

10-3 m to 10-2 m. An additional nozzle 11 may also be used to 

supply the shielding gas 14 to the treatment area. In addition, the 

nozzle design provides for the possibility of supplying a sprayed 

gas-water mixture to the processing area. This is necessary when 

machining thin parts and especially sharp edges. 

 

 

 
Figure 2 – Equipment for laser thermal hardening of knives, 

sheeters and punches based on the CO2 laser  

―Kometa-2‖ and LTN-103 

 

 
Figure 3 – Block diagram of the laser technological installation 
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Table 1 Main technical characteristics of laser heat hardening 

system 

1. Laser radiation power, not less than, W  

for wavelength 10,6 10-6m 1000 

for wavelength 1,06 10-6m 250 

2. Maximum adjustable moving speed m/min 1.2 

3. Maximum horizontal moving, mm 2 550 

4. Discreteness of the movement step, mm 0.01 

5. Gas mixture consumption, not more than, l/min 5 

6. Power consumption from a three-phase AC network, 

not more than, kW 
30 

 

Analysis of working conditions, shape and geometric 

dimensions of technological tool parts make it possible in some 

cases to limit oneself to monopulse processing with laser beams of 

special geometry. At the same time, the quality of laser hardening is 

significantly improved due to the absence of inevitable zones of 

reduced hardness on the working edges in the places where the 

quenching spots overlap with the traditional method of pulsed heat 

hardening, and the productivity of the process increases tenfold. 

Monopulse processing is possible on the basis of the creation of 

optical focusing systems that provide a given distribution of laser 

pulse energy along the processing contour. A necessary condition is 

the presence of a laser emitter, which, according to its technical 

parameters, makes it possible to obtain a pulse energy sufficient to 

heat strengthen the contour of the working edges of the part. 

To form a laser beam along a rectangular contour, an optical 

attachment is used, shown in Figure 4, based on aspherical optics. 

In order to obtain one strip of rectangular section in the processing 

plane, elements 1 and 2 are excluded from the optical scheme. 

 

 
1 – biprism; 2 – optical wedges; 3 – cylindrical lens 

Figure 4 – Scheme of the optical attachment for forming a 

rectangular laser beam 

 

3. Modeling of the temperature field in laser thermal 

hardening processes 
In order to prevent undesirable effects on the working edges 

of parts of technological tools, she developed a theoretical model of 

the quenching process, which allows calculating and optimizing 

laser processing modes to obtain the necessary performance 

properties of steel based on a preliminary calculation of temperature 

fields. Let's choose a coordinate system so that the 0X axis passes 

through the geometric center of the rectangular laser beam on the 

surface of a quarter of the space with the adiabatic boundaries 

formed by the half-planes X0Y and X0Z (Figure 5). 

 

 
Figure 5 – Scheme for modeling surface heating taking into 

account the lateral boundary 

 

The distance from the edge of the beam to the lateral 

boundary is given in increments of the X coordinate to the 

characteristic size of the minor side of the beam A. The coordinate 

of the beam center X = 2A corresponds to the location of the beam 

on the border of the lateral surface of the material. The distance 

from the edge of the beam to the lateral boundary is given in 

increments along the X coordinate to the characteristic size of the 

minor side of the beam A. 

The distance from the edge of the beam to the lateral 

boundary is given in increments of the X coordinate to the 

characteristic size of the small side of the beam A. The coordinate of 

the beam center X = 2A corresponds to the location of the beam on 

the border of the lateral surface of the material. Considering that the 

heating of the surface of steel is carried out for a fairly long time 

 (3 – 7) 10-3с, i.e. the difference between the electron temperature 

and the temperature of the crystalline lattice of the material 

becomes minimal, thermal processes can be characterized from the 

standpoint of the classical theory of thermal conduction. In addition, 

the size of the heated region at the initial moment of time is 

determined by the depth of penetration of radiation into the 

material, which is comparable to the wavelength of laser radiation. 

Over time, the heating depth increases due to thermal conductivity. 

Therefore, a heat source can be considered a surface source. Since 

the depth of the heated layer in which structural changes occur is 

much smaller than the dimensions of the parts, the sample can be 

considered infinitely extended in the positive directions of the axes 

OX and OZ. 

Thus, the problem is reduced to determining the three-

dimensional temperature field in an isotropic material, when its 

surface is heated by IR radiation, from the thermal conduction 

equation, taking into account the assumptions expressed above. The 

solution is obtained using the method of the Green function. Green's 

function, which defines the boundary conditions of the problem, 

constructed by the method of fictitious sources, has the form: 
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(2) 

 

Since the intensity distribution over the laser beam cross-

section is most closely described by the Gaussian function, we will 

define a thermal source taking into account the surface absorption in 

the form of:  
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where is P0 – power density of the heat source, (z) – Dirac's delta 

function. 
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The temperature field caused by a laser beam with an 

intensity distribution (3) is determined by performing integration by 

spatial coordinates, as a result of which we have: 
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where is: 
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(5) 

 

Within the framework of this model, we will select the 

optimal value for the given parameters of radiation energy and the 

size of the laser beam. The calculation of temperature fields makes 

it possible to optimize the laser processing mode by selecting the 

energy of laser radiation. 

Numerical calculations of temperature fields for a laser 

beam have been carried out with А=0.75·10-3 m and В=3.85·10-3 m. 

The pulse duration was 7·10-5s. Thermal conductivity and thermal 

diffusivity of the material were chosen equal 34 W/m·К and 

 0.9·10-5 m2/s respectively. Figure 6 shows the results of such a 

calculation for the proposed model (curve 1) and for the known 

process model for a semi-infinite medium (curve 2). 

 

 
Figure 6 – Temperature distribution along the depth of steel, taking 

into account a quarter of space (1) and for a semi-infinite 

environment (2) 

 

Analysis of the relationship shows that the temperature 

without taking into account the boundary is 460°C. This 

temperature is lower than the quenching temperature, at the same 

time the experiment shows that the boundary is hardened. The 

calculation according to the new model gives a temperature at the 

same point equal to 844°C, which meets the quenching conditions 

and agrees well with the experimental data. Calculations show that 

the size of the beam approximately coincides with the size of the 

heat-affected zone on steel. In addition, poor heat dissipation 

conditions at the boundary lead to an increase in temperature not 

only at the beam boundary, but also in its center. 

The process of laser monopulse heat strengthening has been 

researched, developed and implemented for a number of die parts. 

In some cases, combined heat treatment with the use of ring and 

rectangular beams was used. Measurement of the microhardness of 

the heat-affected zone and the initial structure of steel was carried 

out on a PMT-3M microhardness tester at a load of 100, 200 grams 

on the indenter with a holding time of 5, 8 s. 

 

 

 

 

 

4. Conclusion 
The studies carried out confirmed the main conclusions, 

namely: for steels X12M, P6M5, 9XC, the heat-affected area in 

terms of the depth of heat flux propagation consists of a quenching 

zone with a martensitic austenitic structure with the inclusion of 

small carbides and residual austenite. 

The microhardness of this zone of the steels listed above, 

respectively, is: (960 – 1005) 107 Pa; (840 – 1150) 107 Pa; 

 (800 – 970) 107 Pa. In the pre-hardened structure, a high-speed 

high-temperature tempering zone is observed on the heat flow axis, 

the microhardness of which is (50 – 150)·107 Pa is higher than the 

original.  

When heat treating Kh12M steel in air with laser radiation 

with a pulse duration of 7 ms in the range of energy densities  

(1,8 – 2,5) J/mm2, there is an increase in microhardness by 

 (10 – 150) · 107 Pa. It has been experimentally established that the 

optimal energy density of laser radiation is (1,8 – 2,4) J/mm2. With 

an energy density less than 1,8 J/mm2 there is a tempering of the 

pre-hardened structure. In this case, the microhardness in the depth 

of the heat-affected zone increases to the initial one, without 

exceeding it. There is more energy in the density range 2,5 J/mm2 

surface melting occurs. The microhardness of the melted zone is 

either slightly lower than the initial one or does not differ from it. In 

terms of the depth of the heat-affected zone, it increases to 

 (960 – 1050) 107 Па with the subsequent transition to the high-

speed vacation zone. 

A number of die parts operate under conditions of 

significant dynamic loads, which causes increased wear of the 

working edges during operation. As the working edges of the above 

parts wear out and become blunt, shock loads increase, in some 

cases leading to part breakage. The main parameter that 

characterizes the resistance to cracking and fracture under the 

influence of shock loads of the working edges of parts is steel 

toughness. To achieve an increase in this characteristic and, thereby, 

to eliminate the breakage of parts, a combination of the traditional 

method of heat treatment of steel and laser pulsed heat hardening 

makes it possible. Comparative tests of matrices made of 9XC 

hypereutectoid steel and P6M5 tungsten-molybdenum steel showed 

that the resistance to impact loads of P6M5 steel is much higher 

than that of 9XC, mainly due to the reduction and chipping of the 

working edges. 
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