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Niobium-based alloys are vital in high-temperature environments due to
their unique chemical composition, phase structure, high density, and
oxidation resistance. These alloys find extensive applications in industries
such as medicine, engine manufacturing, and space technology. This study
delves into the complexities of modeling laser welding processes,
necessitated by the multitude of dynamic parameters specific to each
surface configuration. Finite element modeling was conducted using
COMSOL Multiphysics to analyze the heat transfer in butt joints between
Nb-15W-5Mo-1Zr alloy plates under 400 W laser radiation power. The

Alloys; research employed finite element modeling to analyze heat transfer in Nb-

Multi-component heat-resistant 15W-5Mo-1Zr alloy plates, considering non-uniform movement at the start
and end of the welding process, Gaussian heat flux distribution along the
laser spot radius, and temperature-dependent reflection coefficient. The
models accounted for non-uniform movement, Gaussian heat flux
distribution, and temperature-dependent reflection coefficient. The study
demonstrated that thin plates of Nb-15W-5Mo-1Zr alloy can be effectively
welded using specific laser processing modes, leveraging their high initial
cooling rate of 1.2-1.3 s. Successful welding of Nb-15W-5Mo-1Zr alloy
plates requires careful consideration of laser processing parameters. While
the alloy's thermodynamic properties allow for effective welding, ensuring
weld quality mandates additional production processes aimed at preventing
potential part failure.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Niobium-based alloys have emerged as a rapidly advancing group of heat-resistant materials,
widely employed across diverse industries due to their exceptional performance in high-temperature
environments (Wojcik, 1993). Their superior properties, rooted in a complex interplay of chemical
composition, phase structure (Hon et al., 2003; Zhang et al., 2023), high density, and oxidation
resistance at elevated temperatures (Tanaka et al., 2004; Chou et al., 1997), have facilitated their
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applications in critical sectors such as medicine (Zardiackas et al., 2006; Xu et al., 2013), engine
manufacturing (Tanaka et al., 2004; Stechman et al., 2000; Liu et al., 2004), and the space industry
(Stechman et al., 2000; Liu et al., 2004; Diaz-Aguado et al., 2019).

The widespread use of niobium-based alloys has sparked extensive research focused on
manufacturing parts from these materials. However, challenges arise from the intricate factors
influencing their high-temperature performance, posing difficulties in the manufacturing process.
Consequently, numerous studies have explored various manufacturing methods, encompassing
thermo-mechanical processes (Vishwanadh et al., 2023), powder metallurgy (Loria, 1987), electron-
beam techniques (Ali & K. Vadali, 2016; Yang et al., 2021), and laser welding (Quazi et al., 2020)
(Shelyagin et al., 2021; Bernatskyi, 2021). Among these methods, laser welding has garnered
particular attention.

In conventional welding processes, energy is deposited on the workpiece surface and then
conducted internally through heat conduction mechanisms (Fabbro & Chouf, 2000). Laser welding,
however, uniquely concentrates energy deep within a narrow cavity formed by the incident beam
(Torkamany, Malek Ghaini, & Poursalehi, 2016; Torkamany, Malek Ghaini, Poursalehi, et al., 2016;
Torkamany et al., 2014). This characteristic allows the concentration of exceptionally high energy
within a small area, making laser technologies invaluable for welding materials with minimal thermal
distortion and metallurgical damage, albeit posing a challenge in modeling these processes.

The focus of this study arises from the need to develop scientific foundations and technological
methods for laser welding multicomponent heat-resistant alloys, especially for aerospace applications.
Modeling the thermal processes during laser welding of thin-walled butt joints in multicomponent
heat-resistant alloys became imperative. The physics of welding thin-walled metals significantly
differs from that of semi-infinite bodies, necessitating a shift towards accurate modeling to understand
these complexities.

Modeling these intricate processes proves highly complex, given the multitude of dynamic
parameters unique to each surface configuration. To address this complexity, specific requirements
and conventions were established to ensure accurate calculations. The heat exchange models devised
adhere to several critical principles, including (1) consideration of boiling point, reflection coefficient,
and heat of vaporization, (2) accounting for material characteristic nonlinearity in thermal field
calculations, and (3) incorporation of the non-linear relationship of heat loss, a pivotal factor
establishing quasi-equilibrium in the melt bath. However, to streamline the calculation process, certain
simplifications were adopted such as (1) exclusion of surface deformation in solid and liquid phases,
(2) omission of liquid melt movement and re-reflection of the laser beam within the melting channel,
and (3) partial consideration of the creation of a melt bath in the form of a melting channel and a
steam-gas channel.

The contribution of this study, these principles and conventions were rigorously applied to
conduct a comprehensive theoretical calculation of thermal field dynamics during the formation of
welds in Nb-15W-5Mo-1Zr steel with a thickness of 0.8 mm. Through this detailed analysis, this
research aims to shed light on the intricate nuances of laser welding processes in thin-walled niobium-
based alloy parts, contributing significantly to the advancement of aerospace manufacturing
techniques.

2. Method

The Nb-15W-5Mo-1Zr alloy, also known as the F-48 alloy, is a heat-resistant niobium alloy used
in the manufacture of parts for turbines, jet engines and nuclear reactors (Wojcik, 1993; Tanaka et al.,
2004). The main working temperature of the alloy is 800-1400°C. The melting point is 2540°C. The
composition of the material is shown in Table 1.

Mykola Sokolovskyi (Analyzing Thermal Processes in Laser Welding of Multi-Component Heat-Resistant Alloy
Thin-Walled Butt Joints: A Comprehensive Modeling Approach)



Spektrum Industri
Vol. 21, No. 2, 2023, pp. 149-158

ISSN 1693-6590 151

Table 1. Composition of the Nb-15W-5Mo-1Zr alloy

Element Nb w Mo Zr C

Mass Balance 14.95-15.2 4.92-5.07 0.93-0.98 ~0.1
percentile (%)

The models were made using the physical module Heat Transfer in Solids (ht) of the CAD
complex COMSOL Multiphysics 5.6.0.149. This module calculates thermal processes during laser
radiation according to a mathematical model based on the Stefan-Boltzmann law, namely according
to equation 1.

oT ds
pCp(W+umms~VT) +V.(q+q,) = —aT.m +Q (D)

where: p - density [kg / m3]; Cp - specific heat capacity at constant stress [J / (kg*K)]; T - absolute
temperature [K]; utrans - translation speed vector [m/s]; g - heat flow by conductivity [W / m2]; qr -
radiation heat flow [W / m2]; o - coefficient of thermal expansion [1 / K]; S - the second Piola-
Kirchhoff stress tensor [Pa]; Q - additional heat sources [W / m3].

The thermal footprint of this process (Q1) is calculated using equation 2, which takes into account
the Gaussian distribution of energy.
Ql=Laser_power*(1-Rc)*1/(pi*beam_radius_x"2)*Gauss2D(x,x00) 2

The parameters of the processing modes used in these experiments are listed in Table 2.

Table 2. Characteristics of Heat Transfer in Solids

Designation Value Characteristic

x0 "0 [mm]" Pulse center on x coordinate

y0 "0 [mm]" Pulse center on y coordinate
beam_radius_x 51 [um] Laser beam radius in x direction
beam_radius_y 51 [um] Laser beam radius in y direction
Laser_power 400 [W] Lotal power of the laser beam
Rc 0.3 Laser beam reflecion coefficient
Width 50 [mm] Width

Height 20 [mm] Height

\Y 300 [mm/min] Laser beam travel speed
Thickness 0.8 [mm] Material thickness

r_spot 51 [um] Laser beam radius

The Gaussian distribution in the model is given by the Gauss2D equation (3) with limits, provided
in table 3.

exp(-(x-x0)"2/(2*beam_radius_x"2)) 3

Table 3. Framework of the Gaussian distribution formula

X -2*beam_radius_x 2*beam_radius_x
X0 0 0

The graph of the obtained Gaussian distribution is shown in Fig. 1.
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Fig 1. Graph of the Gaussian distribution of laser radiation used in the calculations.

The model itself is a two-plate body, which is modeled within constraints of Thermal Insulation
and Heat Flux modules. The calculated area is two plates with dimensions of 50x20x0.8 mm. Laser
radiation passes the welding line with a uniform 300 mm/min speed. Gas protection is absent. To
clarify the results, the calculation mesh (Fig 2) was refined in the butt area between the two plates.

2 x10

Jox

Fig 2. The geometry of the model with the calculation mesh applied to it

3. Results and Discussion

It was expected that as a result of the modelling, a thermal calculation model of the convective
type with a uniform distribution of thermal energy. The Gaussian distribution of energy is observed
over the entire surface plane, the temperature on the surface exceeds the melting point of the material.
At the same time, it is known that the obtained 2D shapes of the melt pools will not exactly coincide
with the experimental ones due to the chosen conventions in the calculation, since they do not take
into account physical phenomena that strongly affect the shape of the melt pool and, as a result, the
weld.

During laser processing of this alloy in a semi-infinite body, it was observed that most of the
melting of the material occurs after 0.1-0.2s after the transfer of energy by laser radiation. This is
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clearly visible in Fig. 3, which shows a section of the end of the calculation zone during the passage
of the LV through its plane. At the same time, this alloy has a pronounced scheme of convective heat
exchange, spreading thermal energy horizontally by 1.1-1.2 mm in both directions, ensuring full
penetration of the plate.

Time=0.3s Arrow Surface: Conductive heat flux Slice: Temperature (K)

H Iy -

0.5

yod

Fig. 3. Model of heat exchange in the YZ plane during laser welding of plates of the Nb-15W-
5Mo-1Zr LV alloy with a power of 400 W, moment of time 0.3s (cross-section)

In this case, the temperature of the surface layers of the material reaches the material's
evaporation point, emphasizing the need to use gas protection. The short length of the zone (as shown
in Fig. 4), where the temperature of the material remains higher than the melting temperature (about
2-2.5 mm), indicates a high initial cooling rate of the alloy without external influences (Zhou et al.,
2020; K. Liuetal., 2021). This can be explained by the physical composition of the alloy. At the same
time, it is possible to notice a rather long (approximately 14.8 mm) zone where the material
temperature remains higher than the temperature of the working mode of this alloy (1500-2200 oC),
which indicates a rapid decrease in the cooling rate after recrystallization of the metal (Chen et al.,
2017; Yadollahi et al., 2015). The homogeneity of preservation of the convective nature of the
thermodynamic interaction of processes is preserved. With the selected processing modes, a complete
fading of the points of the thin plates was observed 0-0.1 s after the application of laser radiation to
these points.

Time=4s Arrow Surface: C: heat flux Slice: T (K)

¥ x

Fig 4. Scheme of heat exchange in the XZ plane during laser welding of plates of the Nb-15W-
5Mo-1Zr LV alloy with a power of 400 W, moment of time 4s (cross-section)
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A clearer picture in the horizontal plane, which is caused by the action of laser radiation in the
Nb-15W-5Mo-1Zr alloy, is shown in Fig. 5 and Fig. 6.

Time=2.7s Surface: Temperature (K) Arrow Surface: Conductive heat flux

25

0.5

Fig 5. Top-down view of heat exchange during laser welding of plates of the Nb-15W-5Mo-
1Zr LV alloy with a power of 400 W, moment of time 2.7s (upper side)

Time=1.7s Surface: Temperature (K) Arrow Surface: Conductive heat flux

Fig 6. Top-down view of heat exchange during laser welding of plates of the Nb-15W-5Mo-
1Zr LV alloy with a power of 400 W, moment of time 1.7s (lower side)

Here, it can be seen that approximately 65% of the heat exchange (the direction of which is shown
by the arrows in Fig. 5 and Fig. 6) takes place directly next to the zone of direct action of the LV. At
the same time, due to the small thickness of the material, the main part of the absorbed thermal energy
goes to the horizontal, not the vertical plane (Seddegh et al., 2016; Yang et al., 2016). For a direct
comparison of the results of calculations and data on the rate of cooling of the material, graphs of the
temperature distribution in depth were formulated and given (Fig. 7 and Fig. 8).
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Fig 7. Graph of temperature distribution along the XZ plane during laser welding of plates of
the Nb-15W-5Mo-1Zr LV alloy with a power of 400 W
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Fig 8. Graph of temperature distribution on the surface of the plate at a distance of 10 mm from
the end during laser welding of plates of the Nb-15W-5Mo-1Zr LV alloy with a power of 400 W

The solidification time of the melt is 1.25-1.3 s. At the same time, the cooling rate drops sharply
to ~2000C/s in 1.4-1.7 seconds after the material solidifies. After that, the cooling rate of the material
decreases even more, emphasizing the need to ensure cooling (Souayfane et al., 2016). Finally, to
identify differences in the dynamics of the thermal process, an analysis of the isothermal contours of
the heat exchange process, shown in Fig. 9.
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Fig 9. Isothermal contour of the instantaneous melt bath during laser welding of plates of the
Nb-15W-5Mo-1Zr alloy with a power of 400 W, time 5.8 s.

When welding butt joints of thin-walled plates from this material, an elliptical melt bath with an
elongation of 4-5.6 mm and a width of 2.1-2.3 mm is formed. Analysis of the thermodynamic
interaction of thin plates made of the Nb-15W-5Mo-1Zr alloy showed a series of dependencies,
namely (1) when calculating laser processing processes, it is important to take into account many
factors, such as the thermodynamic effect on the placement of the liquid phase in the melt bath and
(2) the Nb-15W-5Mo-1Zr alloy is quite difficult to process by laser processing due to its extremely
heat-resistant composition, while having a higher cooling rate and a relatively uniform temperature
distribution in three planes (Maruda et al., 2016).

From the results of modeling the thermodynamic interaction of this alloy during laser processing,
it can be fairly confidently said that the selected processing modes make it possible to laser weld plates
with a thickness of 0.8-1.2 mm without serious changes to the characteristics of laser radiation. At the
same time, a high but rapidly falling cooling rate, as well as a wide melt bath, indicate the need for
sufficient quality control by protecting the heat-affected zone by using complex technological
methods.

4. Conclusion

Modeling of thermal processes occurring during laser welding of thin-walled butt joints of
multicomponent heat-resistant alloys is an extremely complex process due to the large number of
dynamic parameters that must be selected individually for each configuration of the treated surfaces.
To ensure the fulfillment of the task, an analysis of thermal processes was performed and a model of
butt joint of thin plates made of multi-component metals was created. As a result, a model of a welded
joint with full penetration of the entire thickness of the welded plates with a wide weld seam and a
heat-affected zone was obtained. Thin plates made of Nb-15W-5Mo-1Zr (F-48) alloy, due to their
thermodynamic properties (such as a high initial cooling rate of 1.2-1.3 s), can be welded by selected
laser processing modes. At the same time, it should be noted that the quality of the weld in this case
must be ensured by a complex of auxiliary production processes aimed at preventing the possible
failure of the part.
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