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The paperpresents the optimization of pulsed laser cladding of structural steel using a genetic algo-
rithm. Using the ANSYS Workbench sofiware, finite element modelling of laser cladding on a 30XI'CH2A
steel substrate with an additive in the form of wire was conducted, considering the temperature dependence
of the material’s thermophysical properties. A surrogate model for pulsed laser cladding of 30XI'CH2Asteel
was developed employing a face-centered version of the central composite design experiment. The time inter-
vals corresponding to the end time of the three fronts of the laser pulse and the diameter of the filler wire
were considered as variable factors. The maximum temperatures in the treatment zone were used as re-
sponses. In order to optimize pulsed laser cladding of 30XI'CH2A steel, the maximum temperature limit val-
ues in the treatment zone were established for three moments of time that corresponded to the laser pulse
fronts at the three points in the finite element model. A comparison was made between the parameters ob-
tained from optimization and those derived from finite element modelling. When determining temperatures,
the maximum percentage error of the results obtained via the genetic algorithm did not exceed 3.5 %.
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B pabome c ucnonvzosanuem cenemuueckoeo aneopumma GbINOIHEHa ONMUMU3AYLUS UMNYTbCHOU Jla3ep-
HOU HANLABKU KOHCMPYKYuonHot cmanu. Koneuno-anemenmmnoe mooenuposanue 1azepHoti Haniaeku Ha OCHOBY
uz cmanu 30XI'CH2A npucaokoii 6 6ude npooioKu SbINOJHANOCH C YHeMOM 3a8UCUMOCIU MENLIOMOUIULECKUX
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ceoticme mamepuana om memnepamypuvl 6 npozpamme ANSYS Workbench. C ucnonvsosanuem epaneyenmpu-
POBAHHO20 BAPUAHMA YEHMPATLHO20 KOMNOZUYUOHHO20 NIAAHA IKCHEPUMEHMA Oblid NOLYYeHd CyppocamHas
MoOenb umnyivbcHou aazeprou Hanaasku cmanu 30XI'CH2A. B kauecmee éapbupyemuvlx paxmopos sxcnepu-
MEHMA UCNONb30BANIUCH BPEMEHHbIE UHMEPBAIbL, COOMBEMCMBYIOUUE 8PEMEHU OKOHUAHUS MpexX QpOoHmos ia-
3EPHO20 UMNYAbLCA, U OUAMEMP NPUCAOOYHOU NPOBOLOKU. B kauecmee omxiukos ucnois308aaucy MaKxcumaib-
Hble memnepamypsl 6 30He oopabomku. Onmumusayus umnyascHoll aazeprou Hanaaexku cmanu 30XITCH2A
BbINOMHANACH NPU 3A0AHUU BPEOSbHbIX 3HAYEHUTL MAKCUMATLHOU MEMRepamypbl 8 30He 00pabomKu Oiisk mpex
MOMEHMO8 GPEeMEHU, COOMEEMCMEYIOWUX QPOHMAM A3EPHO20 UMNYIbCA, 6 Mpex MOUYKAX KOHEYHO-
NeMeHmMHOU MOOenu. Boinonneno cpasnenue napamempos, noiy4eHHbIX @ pe3yibmame ORMUMU3AYUY, U napa-
MEmpos, NONYHEHHbIX 6 Pe3YIbIame KOHEUHO-2JIeMeHMH020 Mooenuposanus. 1Ipu onpedenenuu memnepamyp
MAKCUMATHAS OMHOCUMENbHASL NOZPEUHOCTb PE3VIbIMAMO8, NOJYYEHHbIX ¢ UCHONb30BAHUEM 2EHEMUYECKO20
aneopumma, He npegvicuna 3,5 %.

KiroueBnle cjioBa: UMITyJIbCHAS J1a3epHast HamIaBka, ontuMusanus, MOGA, ANSYS.
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Introduction

Currently, many technologies such as electron beam processing, ion-beam processing,
and gas-flame treatment are utilized to modify the surface properties of products while
maintaining the characteristics of the original material. Each of these technologies has spe-
cific areas of application; however, laser technologies are the most promising for process-
ing mechanical-engineering parts due to their productivity, flexibility, and ability to proc-
ess products of various sizes and geometries, as well as create coatings from various
materials. Laser processing technologies are categorized into groups according to the heat-
ing, melting, and shock loading of materials, which are determined by the laser radiation
density and the exposure time. Quenching, alloying, and cladding are among the most
prevalent laser processing technologies. Utilizing solid-state lasers for laser cladding is
highlighted for attaining the necessary physical, mechanical, and operational properties
of surface layers. Laser cladding is known for its high bonding strength between the over-
lay and the substrate and minimal heat affected zone [1, 2].

Simultaneously, the formation of joints from structural steels during laser cladding
might lead to cracking because of the rapid cooling rates of the melt bath. Rapid cooling
rates result in the development of substantial thermal stresses, which ultimately weaken
the technological strength of the overlay. Using solid-state pulsed-periodic lasers with
time-varying radiation intensity and wire filler materials is recommended to tackle this
problem. An essential characteristic of pulsed laser cladding is the ability to regulate
the heating and cooling rate of the weld metal and the substrate by adjusting the energy and
time parameters of the radiation pulses [3—6].

A substantial enhancement in the effectiveness of laser technologies employed in
the processing of materials can be achieved through the optimization of the relevant tech-
nological parameters via genetic algorithms [7-18]. In this case, the temperatures gener-
ated in the laser treated area serve as parameters the determination of which provides the
possibility of optimizing the laser cladding parameters.

The present study employs the MOGA (Multi-Objective Genetic Algorithm) of ANSYS
Workbench to optimize parameters for pulsed laser cladding of steel 30XI'CH2A by circular
laser beams with the use of filler materials in the form of wire.

Determination of optimal parameters for pulsed laser cladding of 30XI'"CH2A steel
The temperatures were calculated using the ANSYS Workbench software. Simulation
of laser cladding was conducted on a steel 30XI'CH2A substrate using an additive with
a diameter d =0.2 mm from the same material. The simulation process considered the
temperature dependence of the thermal conductivity coefficient, specific heat capacity, and
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density on [19], along with uniform distribution of laser radiation power density over
he beam cross-section. Figure 1 illustrates a schematic of laser radiation exposure on both
the additive surface and the substrate surface. The finite element model shown in Fig. 1.
consisted of 2120 Solid 90 elements and 10182 node units. The laser beam is focused such
that the substrate metal absorbs 50 % of the energy while the additive absorbs the remain-
ing 50 % (see Fig. 1).

Fig. 1. Finite-element partitioning and a schematic representation
of laser radiation exposure on the substrate and additive

The distribution of the laser pulse power density over time was established as follows [5, 6]:
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where A is the specific thermal conductivity of the additive material; o is the thermal dif-
fusivity of the additive material; 7, is the melting point of the additive material; ¢ is
the end time of the first impulse front; ¢, is the end time of the second impulse front;
t, 1s the end time of the third impulse front.

The pulse has a rapidly increasing first front that causes the surface of the filler mate-
rial to melt in the area exposed to the laser, followed by a decreasing second front that
causes the entire volume of the filler material to melt. When the third ascending front is
applied, the molten metal of the filler material undergoes detachment [5, 6]. Thus, the addi-
tive metal in the area exposed to laser radiation is thus heated and melted during the first
two-time intervals ¢ and ¢,, which correspond to the end of the first and second fronts
of the laser pulse, respectively. At time #,, which corresponds to the end of the third front,
a droplet of molten metal falls onto the substrate.
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Figure 2 displays the distributions temperature fields in the filler wire with a diameter
D =0.2 mm at the time moments corresponding to the end of the three fronts of the laser
pulse.

Thus, at the time ¢ =0.5 ms, the additive is melted at the introduction of 0.01 mm

(Fig. 2, a), at ¢, =4.0 ms, the volume of metal additive in the area of laser radiation is
completely melted (Fig. 2, ), at ¢, =4.5 ms, the surface of the melt is heated to the evapo-

ration temperature (Fig. 2, ¢).

2197.8 Max 19149 Max 3174,1 Max
1550 1370 2830
1500 1350 1500
22 Min 22 Min 22 Min
a) b) €)

Fig. 2. Distribution of temperature fields in the additive with a diameter of d = 0.2 mm:
a—t,=05ms;b—t,=4.0 ms;c— ¢, =4.5 ms

It is worth mentioning that in the computational case presented, the laser cladding
modes were determined by selecting the durations of the fronts 7, ¢,, and ¢, of the laser

pulse for a given additive diameter value. This process is time-consuming and demands
significant computational resources.

At present, metamodeling is extensively employed; its implementation enables
the construction of computational experiment-generated models of complex systems. Mod-
els created using this method are referred to be surrogate models or metamodels. Surrogate
models are far more computationally efficient than original finite element models. An ob-
jective of surrogate modelling is to approximate the values of output parameters based on
input parameters, thereby avoiding the need for full calculations. Surrogate modelling
is also used to optimize the parameters of technological processes, including the imple-
mentation of genetic algorithms, using the models generated [20, 21].

The DesignXplorer module was employed to implement multicriteria optimization
of pulsed laser cladding parameters for 30XI"CH2A steel with the use of filler materials in
the form of wire, in accordance with the procedure outlined in [18].

A four-factor face-centered version of the central composite design experiment was
used in the metamodeling. Experiment factors included the diameter D of the filler wire
and the time intervals ¢, ¢,, and ¢,, which corresponded to the durations of three laser

pulse fronts. The maximum temperatures in the treatment zone were considered as re-
sponses: T1 denoted the temperature on the filler wire surface in the area of laser radiation
at the moment of time corresponding to the completion of the first front of the laser pulse;
T2 indicated the temperature on the bottom surface of the filler wire at the moment of time
corresponding to the completion of the second front of the laser pulse; T3 referred to
the temperature on the substrate surface in the area of laser exposure at the moment of time
corresponding to the completion of the third front of the laser pulse (Table 1).
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Table 1
Experimental design and calculation results
P1 P2 P3 P4 P5 P6 P7
t;, ms t, ms t;, ms D, mm T1,°C T2,°C T3,°C
0.5 9.5 0.5 0.3 2026 1503 2384
0.4 9.5 0.5 0.3 2076 1508 2384
0.6 9.5 0.5 0.3 2003 1500 2384
0.5 3 0.5 0.3 2026 748 2541
0.5 16 0.5 0.3 2026 1678 2265
0.5 9.5 0.4 0.3 2026 1503 2465
0.5 9.5 0.6 0.3 2026 1503 2307
0.5 9.5 0.5 0.2 2003 1737 2384
0.5 9.5 0.5 0.4 2003 1737 2672
0.4 3 0.4 0.2 2062 1316 2642
0.6 3 0.4 0.2 1966 1311 2641
0.4 16 0.4 0.2 2062 1839 2333
0.6 16 0.4 0.2 1966 1833 2332
0.4 3 0.6 0.2 2062 1316 2465
0.6 3 0.6 0.2 1966 1311 2464
0.4 16 0.6 0.2 2062 1839 2202
0.6 16 0.6 0.2 1966 1833 2202
0.4 3 0.4 0.4 2062 1316 2816
0.6 3 0.4 0.4 1966 1311 2807
0.4 16 0.4 0.4 2062 1839 2495
0.6 16 0.4 0.4 1966 1833 2494
0.4 3 0.6 0.4 2062 1316 2674
0.6 3 0.6 0.4 1966 1311 2668
0.4 16 0.6 0.4 2062 1839 2385
0.6 16 0.6 0.4 1966 1833 2385

Figures 3 demonstrate the dependencies of input parameters on output parameters.

A response surface linking the output parameters (T1, T2, T3) to the factors (¢, ¢,, ¢;, D)

was created using the nonparametric regression method [22].
The following criteria were used to evaluate the resulting regression models:
determination coefficient

- n -2 °
Zi:l (dl o d )
Root Mean Square Error (RMSE):

RMSE =15 (4,
Ly

where d, is the values determined via the finite element method, y, is the values deter-

mined using regression models.

The values of the determination coefficients for the output parameters T1, T2, T3 pos-
sess values equal to 0.9993, 0.9984, 0.9987, respectively. The RMSE values for the tem-
peratures T1, T2, T3 are 1.1 °C, 10.8 °C, 6.0 °C, respectively.
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Fig. 3. Dependence of input parameters on output parameters
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This may indicate the presence of the required agreement between the surrogate model
and the finite element analysis data.

The optimization process was performed using MOGA of the DesignXplorer module.
The number of individuals of the initial population was equal to 500 and the number of in-
dividuals per iteration was equal to 500.

The laser cladding process of 30XI'CH2A steel was optimized in accordance with
the given problem formulation:

— to minimize metal evaporation during the cladding process, it is crucial that the tem-
perature of the additive surface (Fig. 1, point 1) at the end of the first laser pulse front be
above the melting temperature and below the evaporation temperature of the additive metal;

— to ensure the transfer of the molten metal of the additive to the substrate, it is neces-
sary that that its entire volume be melted within the zone of laser radiation exposure at
he moment of the end of the second pulse front. This means that the temperature of the bot-
tom surface of the additive (Fig. 1, point 2) must not fall below the melting point of the ad-
ditive metal;

— to form a reliable cladding joint, the temperature of the substrate surface (Fig. 1, point 3)
at the end of the third pulse front must exceed the melting point of the substrate metal, but re-
main below the vaporization temperature.

Using the genetic algorithm, the three optimal variants of laser pulse front duration
for the additive with a diameter of D =0.25mm were identified (refer to Table 2).
The values of parameters derived through finite-element calculations are enclosed in
brackets. When determining temperatures, the maximum percentage error of the results
determined via MOGA did not exceed 3.5 %.

Table 2
Optimization results
P1 P2 P3 P4 PS5 P6 P7
t;, ms t,, ms t;, mS D, mm T1, °C T2,°C T3, °C
0.54 15.44 0.56 0.25 1997 1756 2173
(2026) (1753) (2205)
0.58 14.98 0.55 0.25 1986 1759 2187
(1993) (1743) (2210)
0.42 14.22 0.55 0.25 2066 1763 2199
(2076) (1734) (2229)
Conclusion

This work provides the finite element modeling of pulsed cladding of 30XI'CH2A
steel with filler material in the form of wire. A surrogate model of the process under study
was created using a four-factor face-centered version of the central composite design of
numerical experiment and the nonparametric regression approach. By employing MOGA,
this research established the feasibility of multicriteria optimization of parameters
for pulsed laser cladding of steel with a maximum percentage error no more than 3.5 %
in determining the temperatures within the laser treatment zone. The parameters of the la-
ser pulse were found through multicriteria optimization to effectively carry out the process
of laser cladding of steel 30XT"CH2A.
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