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Simulation of the thermomechanical behavior of 30XI"CH2A
steel during pulsed laser cladding of wire materials

YU.V.NIKITYUK, G.A. BAEVICH, A.V. MAKSIMENKO, A.N. SERDYUKOV

This study focuses on the numerical simulation of thermomechanical processes occurring during pulsed
laser cladding of wire filler materials onto 30XT'CH2A steel. The relevance of this study stems from the
need to minimize defects in the clad zone and reduce residual stresses. A three-dimensional finite element
model was developed using the Ansys Mechanical APDL software package to analyze the non-stationary
temperature fields and the stress-strain state. The model accounts for the temperature dependence of the
material’s thermophysical and mechanical properties, as well as its plastic behavior described by a bilinear
isotropic hardening model (BISO). The cladding process is simulated using the sequential activation of
elements representing the deposited bead, accompanied by the application of a laser heat flux. The martensitic
transformation of austenite upon cooling is described with the Koistinen-Marburger equation, which enables
the description of additional strains from phase transitions. The developed model facilitates the prediction
of residual stress distribution and can optimize technological parameters in order to minimize defects during
pulsed laser cladding of 30XT'CH2A steel with wire filler material.
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Pabora mocBsiliieHa 4YHCIEHHOMY MOJEIMPOBAHHIO TEPMOMEXAHMYECKUX IIPOLIECCOB, BOZHUKAIOUIMX IPU
UMITyJIbCHOM JIa3epHON HaIlJIaBKe MPOBOJIOUHBIX IPUCAfO4HBIX MaTepuanoB Ha cranb 30XT'CH2A. Axrty-
AIBHOCTh PaOOTHI 00YCIIOBJICHA HEOOXOANMOCTHIO MUHUMHU3AIUH Ae(EKTOB B 30HE HAIUIABKH U OCTATOY-
HBIX HanpspkeHWH. [l  aHanM3a HECTAIMOHAPHBIX — TEMIIEPATypHBIX TMOJEH W HANpsDKEHHO-
JIehOpMUPOBAHHOTO COCTOSTHUS pa3zpaboTaHa TpeXMepHash KOHEYHO-3JIEMEHTHAS! MOJENb B MPOrPaMMHOM
kommiekce Ansys Mechanical APDL. Mojesnb y4uThIBaeT TEMIIEpaTypHYIO 3aBUCUMOCTh TEILIO(pH3UYe-
CKMX M MEXaHWYECKHX CBOWCTB MaTepHuaia, a TaKkKe IUIACTUYECKOE MOBEJCHHE MO OMIMHEWHON Monenu
n3orporHoro ympouneHust (BISO). Ilpomecc HammaBkd MOAENTHPYETCS IMOCIEIOBATENBHON aKTHBAIWEH
9JIEMEHTOB, COOTBETCTBYIOIIMX HAIUIABIISIEMOMY BAJIUKY, C TIPHJIOKEHUEM TEIUIOBOIO MOTOKA OT Jasepa. B
paboTe y4eT MapTEeHCHTHOIO IPEBPAIlEHUS] ayCTEHHUTAa IPH OXJIAXIEHUH OCYLIECTBISETCS C IOMOIIBIO
ypaBHenust Koiicrunena-MapOyprepa, 4To MO3BOJISCT OMKUCATh AOMOJHUTEIbHBIC TeOpMaIiU OT (a3oBbIX
nepexo1oB. PazpaboranHast MOJIeJb MO3BOJISET MPOTHO3UPOBATH paclpe/ielIeHHe OCTaATOUHBIX HAIPSHKEHUH
Y MOXeET OBITh MCIOJIb30BaHa VISl ONTHMHU3ALMH TEXHOJIOTHYECKUX PEKUMOB C LIEJIBI0 MUHUMU3ALUH Je-
(hexTOB TIpM UMIYIBECHOI JTa3epHoi HarutaBke ctami 30XT CH2A mpucamkoii B BUe IPOBOJIOKH.
Ki1roueBble ci10Ba: J1a3epHas HalulaBKa, KOHEYHO-3JIEMEHTHOE MOJICIIMPOBAHKE, TEPMOMEXaHHYECKOE
MIOBE/ICHNE, OCTATOYHBIC HAPSDKEHUS, ANSYS.

Introduction. Currently, various methods are employed to achieve the desired surface proper-
ties of materials, including electron beam treatment, ion treatment, flame treatment, laser treatment,
etc. When processing machine-building components, laser technologies are particularly effective,
distinguished by their productivity, flexibility, and the ability to process parts of virtually any size
and geometry. The implementation of laser cladding is highly efficient in attaining the desired
properties of the surface layers of products. This method is characterized by high adhesion strength
between the deposited layer and the substrate, as well as a minimal heat-affected zone [1]-[2].
However, the use of laser cladding is occasionally associated with crack formation. This is due to
the fact that the laser cladding process of steels involves complex thermomechanical phenomena
that lead to the formation of residual stresses. The mechanism of their occurrence is determined by
the incompatibility of inelastic deformations, primarily thermal shrinkage strains during cooling,
structural shrinkage resulting from phase transformations, and the differing deformation history of
various regions of the material [3]-[5].
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To address this issue, it is advisable to use pulsed laser radiation and wire filler materials.
Pulsed laser cladding, through the variation of processing parameters, enables precise control over
the heating and cooling rates of the deposited metal and the substrate. This consequently provides
the opportunity to reduce residual deformations and stresses [2]—[3].

Finite element modeling of the pulsed laser cladding process using wire filler materials is an
important step for optimizing the corresponding technological parameters that ensure the minimiza-
tion of defects and residual stresses. Studies [6]-[10] present finite element modeling of the wire
material melting process performed in the Marc, Mentat, and Ansys software packages, considering
the thermal and deformation processes occurring in the samples.

Previously, the authors in [6]-[7] performed optimization of pulsed laser cladding of 30XI"CH2A
structural steel with wire filler material using a genetic algorithm and neural network modeling. In that
surrogate model of pulsed laser cladding of steel, only temperature values in the processing zone were
used as responses, neglecting the thermomechanical behavior of the steel. This research examines the
characteristics of thermomechanical modeling during the pulsed laser cladding process of 30XI'CH2A
steel with wire filler material using the element birth technique in the Ansys software.

Finite element modeling of pulsed laser cladding. A three-dimensional finite element mod-
el was developed using the Ansys Mechanical APDL software package to explore the thermome-
chanical processes involved in the pulsed laser cladding of wire materials. The model is designed to
calculate non-stationary temperature fields, determine changes in the stress-strain state, and evalu-
ate residual stresses within the «substrate — deposited layer» system. The base material and the filler
material consist of 30XI'CH2A structural steel. The simulation incorporated the temperature de-
pendence of thermal conductivity, specific heat capacity, density, elastic modulus, Poisson’s ratio,
and the coefficient of thermal expansion [3], [11]. Plastic behavior was described using a bilinear
isotropic hardening model (BISO) with temperature-dependent yield strength and hardening
modulus (see Figure 1 in [5]).
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Figure 1 — 6 — € diagram for the bilinear isotropic hardening model (BISO)

The computational model considers the formation of a single deposited bead on the surface of
a metal substrate (see Figure 2).

The model geometry comprises the substrate and the deposited layer: a metal substrate in the
form of a rectangular parallelepiped with dimensions of 8 x 8 x 3 mm and a deposited layer with
dimensions of 3 x 0,5 x 0,2 mm. To ensure the required accuracy while reducing computational
costs, the finite element mesh was refined in the cladding region (see Figure 3). The element size in
the deposited layer and the adjacent part of the substrate was 0,05 mm. Twenty-node SOLID90 el-
ements were used for thermal analysis, whereas SOLID186 elements were utilized for mechanical
analysis. The total number of elements was 17,131.

The initial temperature of the sample and the ambient environment was assumed to be 20° C.
Heat transfer with the surroundings via convection was considered on the external surfaces of the
computational domain.
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Figure 2 — Arrangement of the base metal and filler material relative to the laser beam: 1 — base metal;
2 — filler material; 3 — laser beam

Figure 3 — Finite element mesh of the model

The parameters for the pulsed laser radiation utilized in the cladding simulation were as follows:
pulse energy E =5 J, pulse duration t = 5 ms, repetition rate f = 5 Hz, and laser spot radius R = 0,25 mm.
The spot overlap was 50 %, which corresponds to a laser translation step between pulses of Ax = 0,25 mm.
The absorbed laser power was specified as a surface heat flux with a uniform distribution over the spot.

The problem was divided into two uncoupled problems: transient heat conduction and quasi-
static thermomechanics of the stress-strain state. This approach aligns with the methodology de-
scribed in [4]-[5] and allows for a significant reduction in computational costs.

Numerical simulation of pulsed laser cladding of wire materials onto 30KhGSA steel was im-
plemented using the element «birth» and «death» technique. With this technique, all elements cor-
responding to the as-yet-unclad material are physically present in the finite element model from the
very beginning of the calculation, but are excluded from the solution by assigning them degraded
thermophysical and mechanical properties. This approach avoids mesh reconstruction and renum-
bering of nodes throughout the solution procedure. In practice, to ensure numerical stability, values
several orders of magnitude lower than the original ones are used rather than strictly zero values.
Upon element activation, their properties are restored to their original values. An important feature
is that the activated elements inherit the existing deformed state of the structure. Thus, the initial
strains for the newly activated material are assumed to be equal to the strains corresponding to the
moment of its emergence, which is inherently considered in the constitutive relations.

The beginning of the simulation involved the deactivation of all elements corresponding to the
deposited layer. This was followed by a loop over the heating steps representing successive laser posi-
tions. The number of heating steps was determined by the cladding length and the translation step.

For each position of the laser beam center, the following steps were performed:

— activation of the cladding elements whose location coincided with the laser beam irradiation zone;

— application of a heat flux to the nodes on the top surface of the active elements within the
laser beam irradiation zone;

— solution of the heat conduction problem over a time interval equal to the pulse duration t;

—removal of the heat flux and solution of the heat conduction problem over the pause interval
1/f-t=0,195 s;
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— saving the current time instant and the coordinates of the laser beam center for subsequent
mechanical analysis;

— upon completing the cladding cycle, a sample cooling stage was implemented.

After obtaining the complete thermal history, we calculated the stress-strain state. The ele-
ment type was switched to the structural SOLID186. At this stage, element activation was redefined
in the same sequence as in the thermal analysis. For each time instant, the corresponding tempera-
ture field was derived from the thermal analysis results file and applied as a nodal load. Subse-
quently, the stress-strain state of the material was computed. The displacement boundary conditions
simulated rigid fixation of the bottom surface of the substrate. The mechanical properties of
deactivated elements were modified in a manner similar to the thermal analysis. The activation of
elements was accompanied by the restoration of their original properties, with the initial strains
assumed to be equal to the strains accumulated in the structure by the time of activation.

In pulsed laser cladding of steels, the formation of residual stresses is determined not only by
the evolution of temperature fields but also by phase transformations occurring during the cooling
of the molten metal. The high cooling rates characteristic of laser technologies lead to the formation
of a predominantly martensitic structure. Accordingly, the developed finite element model ac-
counted for the martensitic transformation of austenite upon cooling. The martensite fraction was
calculated using the Koistinen-Marburger equation [12]. The austenite-to-martensite transformation
is accompanied by an increase in the volume of the crystal lattice. This results in an additional
phase transformation strain, which influences the formation of residual stresses during pulsed laser
cladding of 30XI'CH2A steel. The phase transformation strain was introduced into the finite
element model as an additional plastic strain.

The results of numerical simulation regarding the thermomechanical behavior of 30XT'CH2A
steel during pulsed laser cladding are illustrated in Figures 4-6.

Figure 4 shows the distribution of temperature and von Mises equivalent stresses within the
processed plate at the moment of completion of the sixth laser pulse. At this moment, a localized
zone of intense heating is generated in the region of laser irradiation. The maximum temperature
values are observed directly in the laser irradiation zone. Moving away from the irradiation zone,
the temperature decreases rapidly. The high heterogeneity of the temperature field induces an in-
tense stress state in the material. The analysis of the von Mises equivalent stress distribution reveals
that the regions of the highest stress intensity are also localized in the direct laser irradiation zone
and in the adjacent area of the substrate.

Figure 5 depicts the temperature and von Mises equivalent stress distribution after the comple-
tion of the pause between the sixth and subsequent laser pulses. During the pause, the heated metal
cools down, which is accompanied by a decrease in maximum temperatures and a more uniform tem-
perature distribution within the sample volume. The evolution of the temperature field is accompanied
by a redistribution of the stress state. The von Mises equivalent stress distribution reveals a shift in the
regions of the highest stress intensity and their partial reduction compared to the moment of laser
pulse action. The main areas of increased stress intensity remain in the region of the deposited layer.
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Figure 4 — Temperature and von Mises equivalent stress distribution within the processed plate at the mo-
ment of completion of the sixth laser pulse
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Figure 5 — Temperature and von Mises equivalent stress distribution within the processed plate
at the moment of completion of the pause after the sixth laser pulse

Following the cladding process and cooling of the sample to ambient temperature, a residual
stress state is established, the distribution of which is illustrated in Figure 6. The illustration pre-
sents the distributions of von Mises equivalent stresses alongside the stress components oy, 6y, and
o, within the volume of the processed plate.

The analysis of the von Mises equivalent stress distribution reveals that the regions of the
highest stress intensity are concentrated predominantly in the deposited layer. This phenomenon is
explained by the observation that in these regions the material undergoes the most intense heating
and cooling cycles, accompanied by significant temperature gradients and plastic deformations. The
distribution of the stress components oy, 6y, and o, allows for a more detailed assessment of the ma-
terial's stress state. The most significant stress values are observed near the cladding zone, where
the most intense thermomechanical processes occur.
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Figure 6 — Residual stress distribution in the processed plate after cladding and cooling to 20° C

Conclusion. The authors have developed a finite element model for pulsed laser cladding of
30XI'CH2A steel, incorporating thermal, mechanical, and structural changes in the material. The
model enables simulation of the thermomechanical behavior of the substrate—deposited layer system
and prediction of residual stress formation. The key factors determining the stress-strain state are
the localization and cyclicity of heat input, together with phase transformations during cooling. Ac-
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counting for the martensitic transformation modifies the residual stress distribution. The regions of
maximum stresses are concentrated in the deposited layer and the adjacent heat-affected zone,
which correlates with the experimental data. The proposed modeling approach provides a mechanism
for optimizing processing parameters to minimize residual stresses and enhance product quality.
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