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Abstract

To improve temperature uniformity and reduce thermal stress-induced cracking during
laser directed energy deposition (laser DED) repair of TiAl blades, this study proposes
a refined induction heating coil design based on coupled electromagnetic-thermal finite
element simulation. A temperature-dependent model of the induction heating process for
a cast 45XD TiAl blade was established and used to compare circular and elliptical coil
cross-sectional shapes. The elliptical coil reduced the magnetic field concentration at the
leading and trailing edges and decreased the maximum temperature difference across the
blade cross-section to below 100 K, thereby improving transverse temperature uniformity.
To further improve the temperature distribution along the blade length, a variable-pitch
solenoid coil with sparse turns in the middle and dense turns near both ends was designed.
This arrangement improved the balance between local heat generation and heat dissipation
and reduced the temperature variation within the central 10 cm region of the blade to about
10 K. Experimental validation showed engineering-level agreement with the simulation
results, and the blade body was stably maintained at 1020–1030 K, satisfying the preheating
requirement for laser DED repair of TiAl blades within the tested design set.

Keywords: finite element (FE) simulation; induction heating; coil design; TiAl blade

1. Introduction
Titanium-aluminum alloy (TiAl) demonstrates exceptional high-temperature prop-

erties, low density and excellent oxidation resistance. This is attributed to the high-
temperature strength and creep resistance of its γ-TiAl phase, making it an ideal ma-
terial for lightweight high-temperature components [1–3]. The industry has successfully
employed centrifugal precision casting techniques to fabricate TiAl low-pressure turbine
blades, which have subsequently undergone and passed strict engine tests, signifying a
notable advancement in the engineering utilization of this material [4,5].

Under the harsh operating conditions of aero-engines, turbine blades are susceptible to
surface damage. The high manufacturing costs of TiAl blades make the direct replacement
economically inefficient. Consequently, the development of efficient repair technologies is
of significant value for extending the service life of blades and reducing lifecycle cost [6].
With the advancement of additive manufacturing technology, processes like laser directed
energy deposition (DED) have been increasingly employed in the repair of nickel-based
alloy turbine blades [7,8]. In recent years, research on additive manufacturing for TiAl
alloys and TiAl blades based on laser DED technology has also been emerging [9,10].
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However, TiAl alloys exhibit poor ductility at room temperature and are prone to
cracking due to thermal stress during the laser repair process. Studies indicate that their
brittle-ductile transition temperature ranges from approximately 620–800 ◦C [11]. Pre-
heating the TiAl alloys to the temperature above this temperature range can mitigate the
tendency for cracking and significantly enhance the laser DED quality [12]. As a non-
contact, efficient, controllable and clean heating process, induction heating is suitable for
blade components with complex shapes and high cleanliness requirements [13,14], making
it the preferred solution for the preheating process in TiAl blade repairs. However, TiAl is
a non-magnetic material, which makes the induction heating of TiAl blade rely on high-
frequency eddy currents. Additionally, its low thermal conductivity can lead to uneven
temperature distribution due to skin effects and sharp corner effects, bringing significant
challenges to the uniform preheating of blade components [15].

Regarding the uniformity issue of induction heating distribution, finite element (FE)
simulation has become an important tool for coil design and optimization. Huo et al.
analyzed the impact of a single-turn conformal coil on the temperature distribution of a
blade through simulation [16]. Choubey et al. optimized the design of a solenoid with
gradually changing diameter through simulation, achieving uniform heating of cylindrical
metal workpieces [17]. Jiang et al. conducted simulation and experimental verification
on solenoid induction heating for irregularly shaped steel bar parts [18]. Recent studies
also show that substrate preheating can suppress cracking in TiAl alloy processed by
laser DED [19], that induction heating is widely used because of its rapid, clean and
accurately controllable thermal response [20], and that coil layer arrangement, pitch, heating
distance and coil position strongly affect heating rate and temperature uniformity [21,22]. A
recent experimentally validated COMSOL study further demonstrated that innovative coil
architecture can markedly improve temperature uniformity in fast sheet-metal induction
heating [23]. However, existing research mostly focuses on regular shapes or magnetic
materials. For TiAl blades with 3D aerodynamic curved surface, there is still a lack of
detailed research on how to achieve overall uniform preheating through coil structure
design refinement.

Therefore, this study constructs an electromagnetic-thermal multi-field coupling model
for TiAl blade induction heating and conducts FE simulation analysis on temperature
uniformity under different coil structure configurations, with the coil cross-sectional shape
and pitch distribution as the key design variables. The reliability of the simulation results is
verified through experiments, aiming to provide technical value for the uniform preheating
of complex-shaped TiAl components.

2. Materials and Methods
2.1. Induction Heating Theory

Induction heating technology can achieve rapid heating of metallic materials and
the fast increase in material temperature based on the principle of electromagnetic induc-
tion [24]. By applying the alternating current flowing through the copper coil, an alternating
magnetic field in the heating coil generates. When the magnetic field passes through the
metal workpiece, it induces eddy currents inside the workpiece. As the eddy currents
flow through the workpiece, it is converted into Joule heat due to resistance, realizing the
conversion of electrical energy into thermal energy [25]. According to Faraday’s law of
electromagnetic induction, when an alternating magnetic field passes through a conductor,
induced electromotive force (EMF) ε will be generated in the conductor.

ϵ = −dΦ
dt

(1)
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In Equation (1), Φ represents magnetic flux (unit is Wb) and t represents time (unit
is second). The induced EMF further drives the formation of eddy currents within the
conductor. As the eddy currents flow through the conductor, they generate Joule heat due
to the resistance of the conductor. The local volumetric Joule heating can be written as P
= σ|E|2. For an order-of-magnitude estimate, the induced electric field around a repre-
sentative eddy current loop with characteristic dimension d can be scaled as E ~ ωBd [26].
Thus, the heating-power-density trend used for physical interpretation in this study can be
written as Equation (2):

P = σ|E|2, E ∼ ωBd, there f ore P ∼ σ(ωBd)2 (2)

where P is the thermal power density per unit volume (W/m3), σ is the conductivity of the
workpiece material (S/m), E is the induced electric field (V/m), ω is the angular frequency
of the alternating current (rad/s), B is the magnetic flux density (T) and d is the characteristic
size of the eddy current loop (m). Equation (2) is used only as a scaling relation; the
numerical results were obtained by directly solving the coupled electromagnetic and
thermal fields in the FE model.

The temperature variation inside the workpiece follows the unsteady heat conduction
equation, which can be expressed as Equation (3) when considering the eddy current heat
source involved:

∇ · (σE) = 0, ρcp
∂T
∂t

= ∇ · (k∇T) + Q (3)

where ρ represents the material density (kg/m3), cp is the heat capacity at constant pressure
(J/(kg·K)), T stands for temperature (K), t represents time (s), k is the thermal conductivity
(W/(m·K)) and Q is the eddy current heat source (W/m3).

In the process of high-frequency induction heating, the significant skin effect makes
the electric current concentrate and flow in a thin layer on the surface of the workpiece.
The skin depth δ can be calculated using Equation (4):

δ =
√

2ρ/ωµ (4)

where ρ represents the resistivity of the material (Ω·m), µ is the magnetic permeability
(H/m), ω = 2πf is the angular frequency of the current (rad/s) and f stands for the frequency
of the alternating current (Hz).

The induction heating is a typical electromagnetic-thermal multiphysics coupling
process. The alternating magnetic field generates eddy currents within the blade and
converts them into Joule heat, leading to an increase in blade temperature. Temperature
changes alter the physical properties of the alloy, such as electrical conductivity and
thermal conductivity, which in turn affect the magnetic field distribution and the efficiency
of eddy current generation. Based on multiphysics coupling, this study integrates the
aforementioned electromagnetic induction and heat conduction equations, combined with
temperature-dependent material parameters, to build a coupled electromagnetic-thermal
simulation model.

2.2. Geometric Modeling and Material Properties

This study takes typical TiAl blades as a research example. The blade material is cast
45XD TiAl alloy with a nominal composition of Ti-45Al-2Nb-2Mn-1B (at.%). The length
of the whole blade from the dovetail to the tip shroud is 323 mm. The length of airfoil is
273 mm and the chord width is about 40 mm for the TiAl blade. The maximum airfoil
thickness is about 3.8 mm and it locates at approximately one-third of the chord length
from the leading edge. The total surface area of the pressure and suction sides of the airfoil
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is 11,305.32 mm2. To balance model accuracy and computational efficiency, a simplified
modeling process was performed based on the raw point cloud data from three-dimensional
laser scanning of the surface of casting blade. Figure 1 shows the 3D model of the TiAl
blade finally built from the treatment of the scanning raw point cloud data.

Figure 1. The simplified 3D model of the TiAl blade.

Considering the factors such as heating efficiency, coil manufacturing difficulty and
compatibility with the laser DED process, this study has decided to use a solenoid coil as
the basic coil structure that was wrapped around the exterior of the blade during heating.
In practical applications, induction heating coils are generally made of a hollow copper
tube with cooling water flowing inside. However, due to the significant skin effect under
the high-frequency electrical current, the current is almost exclusively distributed on the
outer surface layer of the copper tube, which means that the simulation result of the hollow
tube coil would be very similar to that of a solid copper wire coil. At 100 kHz, the skin
depth of copper is approximately 206 µm. Therefore, the high-frequency current remains
concentrated near the outer surface in both the hollow tube and solid wire. Therefore,
to enhance the computational speed in the simulation calculation, the copper tube coil
structure was simplified to the copper wire coil in the simulation model. A solid copper
wire with a diameter of 1 cm was used to construct the desired coil shape.

In the physical experimental system for validation, the induction power supply was
coupled with a recirculating water chiller (rated cooling capacity 15 kW), a pressure pump
(20 m head) and a 70 L water tank. When the blade was heated to the target temperature
in a practical operation, the surface temperature of water-cooling coil Tcoil was measured
and it was around 323 K, i.e., 23 K larger than Ambient temperature (T0 = 300 K), which
means the temperature rise in coil (∆Tcoil = Tcoil − T0) was very limited. Thereafter, the
blade temperature was maintained at the target temperature for 2 min with the closed-loop
control power system. The power supply was controlled to be ON and OFF at a Hz-level
frequency to ensure that the fluctuation of the blade temperature was very small. During
the 2 minute period, the water chiller system was continuously working and the surface
temperature of the water-cooling coil kept around 323 ± 5 K stably. So it is reasonable to
infer that the coil was at an approximately constant temperature component under the
practical condition. Also, the very limited ∆Tcoil means an ignorable influence on blade
radiative heat transfer in the heating simulation. So the coil surface was not included as a
radiating surface in the simulation.

To simulate the radiative heat dissipation of the high-temperature blades, an atmo-
sphere sphere was setup outside the blade and coil as the calculation area. Figure 2
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shows the modeling of the solenoid coil and the combined model of the coil-blade-
atmosphere sphere.

Figure 2. Induction heating simulation model of the TiAl blade (Left: solenoid coil made of solid
copper wire; Right: coil-blade-atmosphere sphere model).

The following information about the material properties of each component in the FE
simulation model was inputted before the computation.

• The coil material is copper (using physical properties data in the built-in material
library of the FEA software);

• The gas inside the atmosphere ball is argon (the blade was surrounded by argon to
prevent oxidation of the blade under high temperature);

• The heat capacity at constant pressure and thermal conductivity of TiAl alloy
are temperature-dependent parameters whose continuous functions were obtained
through specific curve fitting with the measured discrete data within the range of
100–800 ◦C. The original discrete thermophysical data were provided by the blade
manufacturer at 100 ◦C intervals, and the fitted relations were slightly extrapolated
above 800 ◦C (1073 K) to the simulated target region near 1100 K. Because no phase
transformation is expected in 45XD TiAl near this interval, the extrapolation was used
for the present engineering comparison [27];

• The resistivity of TiAl is determined using a temperature-based linear correlation
model, combined with empirical measurements and software simulation results;

Table 1 presents the critical physical properties data of the 45XD TiAl alloy used in the
FE simulation.

Table 1. The critical physical properties data of the TiAl alloy used in the FE simulation.

Property Numerical Value Unit Remark

Density 4.05 g/cm3

Heat capacity at constant pressure 10−6 T3 − 2.8 × 10−3 T2 +
2.6512 T − 183.75

J/(kg·K) T is Temperature (K)

Thermal conductivity −2 × 10−5 T2 + 0.04 T − 2.6912 W/(m·K) T is Temperature (K)
Reference resistivity 1.5 × 10−7 Ω·m

Temperature coefficient of resistivity 0.0015 K−1

Reference temperature 300 K
Relative permeability 1 -
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2.3. Simulation Configuration and Mesh Generation

In the physical field simulation of induction heating, a multiphysics field coupling
of electromagnetic field and solid heat transfer is adopted to perform analysis and calcu-
lation of coil geometry, frequency domain and transient state analysis. The model was
built in COMSOL Multiphysics (version 6.2). The study sequence included three steps:
coil geometry analysis, frequency-domain electromagnetic solution, and transient thermal
analysis. The electromagnetic solution calculated the magnetic field and eddy current
heat source, which was then coupled into the transient heat-transfer calculation with
temperature-dependent material properties. Default solver settings were used for each
step. The outer boundary of the atmosphere sphere was assigned as magnetic insulation
and thermal insulation. The blade surface exchanged heat with the ambient environment
through surface-to-ambient radiation with an emissivity of 0.9, while convective heat trans-
fer was neglected. The emissivity value was calibrated in preliminary tests by embedding
a thermocouple near the surface of a heated 45XD TiAl sample and adjusting the emissivity
setting of the infrared pyrometer until the pyrometer reading matched the thermocouple
temperature. The copper coil surface was excluded from the radiation setting because
the physical coil is actively water-cooled and its temperature rise is small compared with
that of the blade. The key parameters setting for the simulated physical field was listed
in Table 2.

Table 2. The key parameters setting for the simulated physical field.

Parameters Value Unit

Surface emissivity 0.9 -
Frequency f 100 kHz

Ambient temperature T0 300 K

Since TiAl alloy is a non-ferromagnetic material whose relative permeability is about
1, a higher frequency magnetic field is needed for achieving effective induction heating.
Based on engineering experience and the parameters of the mainstream power supply
commercially available, the coil current frequency is set to 100 kHz. Under this frequency,
the skin depth of TiAl alloy is approximately 1.3 mm. Because the blade body thickness
is only 2–4 mm, even though most of the induced current is concentrated in the surface
layer, the temperature difference between the surface layer and the interior can be rapidly
reduced through short-distance heat conduction. Therefore, the radial temperature gradient
was not treated as a separate design objective.

The simulation adopts an adaptive mesh generation strategy. Two boundary layers
of 1.3 mm thickness were added in the blade region to accurately capture the impact of
the skin effect. To balance computational accuracy and efficiency, the coil structure was
meshed with fine free tetrahedral grid, while the coarse free tetrahedral grid was used to
generate mesh in the large atmosphere sphere region.

A mesh-convergence analysis was conducted to evaluate the influence of blade-domain
mesh density on the simulated thermal response. COMSOL provides several preset mesh
densities. An overly coarse mesh may reduce the accuracy of the electromagnetic-thermal
solution, whereas an excessively fine mesh can greatly increase the computational cost.
Therefore, there are five kinds of preset blade mesh density—namely coarse, normal, fine,
finer and extra fine—as shown in Table 3 and Figure 3, were compared under the same rep-
resentative heating condition. The coil geometry, current amplitude, excitation frequency,
and heating time were kept unchanged at 800 A, 100 kHz, and 60 s, respectively. Only the
blade mesh density was varied. The coil mesh was kept refined and the atmosphere–sphere
mesh was kept coarsened in all cases. The maximum blade temperature after heating was

https://doi.org/10.3390/met16060585

https://doi.org/10.3390/met16060585


Metals 2026, 16, 585 7 of 20

selected as the convergence indicator because it is sensitive to localized heating near the
blade edges.

Table 3. Mesh-convergence results for different blade mesh densities.

Case
Blade Mesh

Preset
Density

Number of
Blade

Elements

Maximum
Temperature After

Heating (K)

Difference
from Extra

Fine (K)

Relative
Difference

(%)

Computation
Time (s)

a Coarse 14,919 1078 12 1.13 231
b Normal 15,673 1076 10 0.94 245
c Fine 21,192 1069 3 0.28 363
d Finer 35,645 1067 1 0.09 920
e Extra fine 86,689 1066 0 0 1380

Figure 3. Mesh results under different blade mesh densities: (a) coarse, (b) normal, (c) fine, (d) finer,
and (e) extra fine.

The results in Table 3 showed that the predicted maximum temperature changes from
1078 K for the coarse mesh to 1066 K for the extra fine mesh. When the mesh is refined
from fine to finer, the maximum temperature changes by only 2 K, while the computation
time increases from 363 s to 920 s. Compared with the extra fine mesh, the fine mesh
gives a maximum temperature difference of 3 K, corresponding to a relative difference of
0.28%, but requires only about 26% of the computation time of the extra fine mesh. Further
refinement therefore provides only a marginal change in the predicted peak temperature
while substantially increasing the computational cost. Considering the balance between
accuracy and efficiency, the fine blade mesh was selected for the subsequent simulations.

After mesh generation, the blade region contains a total of 21,192 elements, with
a minimum element quality of 0.008118 and an average quality of 0.5746, meeting the
computation requirements on the simulation accuracy. Figure 4 shows the overall coil-
blade-atmosphere sphere model after mesh generation.
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Figure 4. The meshing of coil-blade-atmosphere sphere model.

3. Heating Coil Design and Simulation Result
3.1. Requirement Analysis and Design Objectives

After a period of service, the airfoil area of the after-service blade (excluding protrud-
ing areas such as the shroud, platform and dovetail) often experiences little damage and
few defects, requiring the repair treatments such as laser DED process to enable the blade
to continue serving. Therefore, the blade airfoil is the area of focus in this study.

To improve the versatility of the heating device, simplify the heating operation process
and reduce thermal stress, it is necessary to uniformly heat the majority of blade airfoil
area and minimize the temperature difference at various locations within the whole repair
area. Preliminary research has shown that the substrate temperature window for achieving
satisfactory laser DED cladding results in this TiAl alloy is approximately 1000–1100 K.
Excessively higher or lower temperatures may lead to the worse laser DED cladding quality
and even cause significant phase transformations of the TiAl alloy, thereby compromising
its properties and performance. After the heating is completed, the coil wrapped around the
blade needs to be removed from the airfoil area so that the laser DED cladding nozzle could
move directly above the defect location. During the time period of this movement (about
several seconds), the blade will naturally dissipate heat which results in a temperature
drop of the blade airfoil. Therefore, the target heating temperature needs to be set above
1000 K to compensate for the heat dissipation loss. Experimental measurements indicate
that the temperature of the blade body drops by approximately 100 K during the nozzle
movement period, so the target heating temperature is set at 1100 K.

If a long solenoid coil is used to wrap and heat the entire blade, as shown in Figure 5,
it can achieve approximately uniform temperature distribution in the blade airfoil area.
However, sharp protruding regions such as the blade tip shroud and platform area will
overheat rapidly due to the sharp corner effect and skin effect. Before the airfoil area reaches
the target temperature, the temperature of these sharp regions has already exceeded the
phase transition temperature of TiAl alloy, leading to the microstructure deterioration and
softening deformation. Therefore, it is necessary to optimize the coil length so that the
platform and blade tip are located outside the solenoid end faces because the magnetic
field outside of the solenoid end faces attenuates rapidly with only a small heating effect
on the sharp tip and platform region.
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Figure 5. The heating simulation of a long solenoid coil wrapped around the blade.

As shown in Figure 6, the temperature distribution along the direction of blade length
needs to exhibit the characteristics of a steep drop at both ends and flat in the middle region
which means the temperature in most of the middle area of the blade airfoil remains stable
around the target temperature all the time, while the temperature in the areas near the
platform and tip shroud decreases rapidly. In addition, the temperature difference within
the cross-section of the blade airfoil should be small enough because the material thickness
at the leading and trailing edges of the blade is significantly smaller than that in the middle
area of the blade cross-section. Improper heating design may cause the temperature at the
edges of the blade to be higher than that in the middle area, leading to unwanted phase
transitions at the edge. Therefore, the coil design should minimize not only the temperature
difference in the airfoil area along the direction of blade length, but also the temperature
difference between the middle area and the edge of blade in the cross-section, so as to make
the temperature distribution of the entire heating area uniform. This is also the objective of
the heating coil design.

Figure 6. The expected temperature distribution along the direction of blade length (Ttarget: target
temperature; Troom: room temperature).
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3.2. Heating Coil Design

Considering the manufacturing difficulty and geometry adaptability, a multiple-turn
solenoid is adopted as the basic coil structure whose main parameters include the total
length, cross-sectional shape and pitch distribution of the coil. The research object of this
study is a TiAl blade with a fixed length of airfoil area. The cross-sectional shape of each
turn of the solenoid is uniform for manufacturing ease and the diameter is slightly larger
than the dimension of the protruding area of the blade tip, making it easy to insert so as to
wrap the blade and remove from the blade tip end. Therefore, the study focuses on refining
the two key parameters of the coil, i.e., the cross-sectional shape and pitch arrangement.
In the simulation, different coil structures are designed for comparative analysis and the
selected combination of the cross-sectional shape and pitch arrangement is determined
after iterative parametric refinement. More intermediate designs were calculated than those
shown in this paper. Table 4 reports representative designs used to explain the main trends.
Because no objective function was minimized over the full design space, the selected coil is
not claimed to be a mathematically global optimum.

Table 4. Different coil designs in the FE simulation.

Design No. Cross-Sectional Shape Pitch Arrangement (mm)

1 Circular (Dia. 80 mm) Single-turn
2 Ellipse (major axis 110 mm, minor axis 70 mm) Single-turn
3 Ellipse (major axis 110 mm, minor axis 70 mm) 7-turn: 30-30-30-30-30-30-30
4 Ellipse (major axis 110 mm, minor axis 70 mm) 7-turn: 26-28-33-36-33-28-26
5 Ellipse (major axis 110 mm, minor axis 70 mm) 7-turn: 27-28-32-33-33-29-28

3.3. The Comparative Analysis of Cross-Sectional Shapes

The circular and elliptical single-turn coils (Design No.1 and No.2 in Table 4) were
compared and analyzed to investigate the influence of cross-sectional shape on temperature
difference at different positions of a blade cross-section. In all coil models, the axis of airfoil
section is aligned with the corresponding coil center to ensure that the coil-blade clearance
is roughly evenly distributed around the blade. For an airfoil cross-section with a chord
width of 40 mm and a maximum thickness of 3.8 mm, using a circular single turn coil with
an internal diameter of 80 mm can achieve a coil-blade clearance of about 20 mm at blade
edge region and a clearance of 35~38 mm from the concave/convex to the coil. By using
elliptical coils with an internal diameter along the long axis of 110 mm and an internal
diameter along the short axis of 70 mm, the clearance gaps of about 35 mm at blade edge
region and about 33 mm at the concave/convex region can be obtained, respectively.

Under high-frequency magnetic fields, the skin effect causes the heat generation of
the blade to concentrate on the surface layer, while the interior was passively heated up
through thermal conduction. Due to the small heat capacity at the thin leading and trailing
edges and the large heat capacity at the thick middle area of cross-section, the edge regions
are prone to overheating. By using elliptical cross-section coils, the magnetic field strength
in the both edge regions can be reduced specifically, thereby improving the uniformity of
the temperature distribution in the cross-section.

Figure 7 showed the magnetic field distribution at the blade cross-section generated by
two types of single-turn coils (design No.1 and No.2 in Table 4). The excitation current was
5000 A at 100 kHz for both cases. In the distribution of the magnetic flux density generated
by the circular coil, the value at the leading edge of the blade is 0.01938 T, while the value
in the middle region is 0.0093 T that is approximately 48% of the value at the leading edge.
For the elliptical coil design, the magnetic flux density generated at the leading edge is
0.0182 T and the density in the central region is 0.0121 T that is approximately 66% of that
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at the leading edge. It showed that the magnetic field distribution uniformity of elliptical
coil is significantly better than that of circular coil.

Figure 7. The magnetic field distribution at the blade cross-section generated by different coils
(a): circular coil; (b): elliptical coil.

By applying the same coil current and heating for the same time, both types of coils can
significantly increase the temperature of the blades. The temperature contours in Figure 8
were extracted at 1.8 min, when the average blade temperature was close to 850 K in both
cases. Although the heating rates were not exactly identical, the comparison at the same
time and nearly the same average temperature provides a consistent basis for evaluating
cross-sectional uniformity. The maximum temperature difference in the case of circular coil
is 153 K, i.e., the temperature varies from 770 K to 923 K, while the maximum temperature
difference in the case of elliptical coil is only 90 K (the temperature ranges from 786 K to
876 K), which is 58.8% of that of the circular coil, effectively alleviating the overheating at
the leading and trailing edges.

Figure 8. The temperature distribution of the airfoil cross-section (a): circular coil; (b): elliptical coil.

https://doi.org/10.3390/met16060585

https://doi.org/10.3390/met16060585


Metals 2026, 16, 585 12 of 20

In addition, the above conclusion can be further verified through the comparison of
the overall temperature distribution cloud map between the two types of single-turn coils,
as shown in Figure 9. Under the same temperature scale, the overheating of the leading
edge and trailing edges is prominent in the case of circular coil (left picture in Figure 9),
while the temperature distribution in the cross-section in the case using elliptical coil (right
picture in Figure 9) is more uniform. Under the premise that the local temperature of the
blade does not exceed the safety threshold value, the elliptical coil can heat the main area
of the blade airfoil to a higher temperature compared to the circular coil, which is helpful
for the stability and quality of the laser DED cladding process. Therefore, the elliptical
cross-section was selected for subsequent solenoid-coil designs.

Figure 9. The overall temperature distribution cloud map of different cross-sectional single-turn coils
(a): circular coil; (b): elliptical coil.

3.4. Result Analysis of Pitch Arrangement Refinement

Based on the No.3~No.5 elliptical coil design in Table 4, the influence of different pitch
arrangement of coil on the temperature distribution along the length direction of the blade
was explored. The current amplitude was fixed at 800 A and the frequency was fixed at
100 kHz for these multi-turn solenoid simulations.

Due to the rapid attenuation of the magnetic field outside of the solenoid coil region,
there is little eddy current heating in the platform and tip shroud areas at both ends of the
blade. In addition, the heat capacity in these areas is large, which makes the temperature
distribution of blade airfoil naturally exhibit ‘high in the middle and low at both ends’
along the direction of the blade length. Figure 10 shows the heating effect of No.3 coil
design in Table 4 (uniform and identical pitches). The maximum temperature in the middle
area of the blade airfoil reached 1060 K and gradually decreased from the center to both
sides. The temperature difference in the whole heating region is large, which is not quite
suitable for the laser DED process repair of the TiAl blade.
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Figure 10. The overall temperature distribution of 7-turn elliptical coils with uniform and
identical pitches.

To improve the temperature uniformity along the direction of the blade length, the
strategy of increasing the pitch in the hotter region and decreasing the pitch in the less hot
region is adopted. The large pitch could weaken the magnetic field strength and reduce
the heating rate, whereas small pitch can enhance the magnetic field strength and increase
the heating rate, which realizes the regulating balance between heat generation and heat
dissipation in different areas of the blade airfoil and eventually produces a more uniform
temperature distribution. Both No.4 and No.5 coil designs in Table 4 adopted the variable
pitch design of “sparse in the middle and dense at both ends”, as shown in Figure 11, with
only the specific pitch values differing.

Figure 11. The 7-turn elliptical solenoid coil design with different variable-pitch arrangements:
(a) No.3 design: 30-30-30-30-30-30-30 mm; (b) No.4 design: 26-28-33-36-33-28-26 mm; (c) No.5 design:
27-28-32-33-33-29-28 mm.
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Figure 12 shows the temperature distribution curve of the blade airfoil simulated with
coils of different pitch arrangements. The x-axis value is the distance to the blade platform
area along the blade length direction. The position where x = 0.15 m is the middle of the
heating area. From the comparison of different curves in Figure 12, it can be seen that the
temperature uniformity of the whole heating area was gradually improved as the pitch
arrangement design changed from completely equal pitch to variable pitches (sparse in the
middle and dense at both ends). In the curve of No.5 design, the temperature difference
within the range from 0.15 ± 0.05 m in x axis was only about 10 K. While in the curve of
No.3 and No.4 design, the temperature difference in the same region, i.e., the 0.15 ± 0.05 m
region in the middle region of heating area, was up to 40 K and 25 K separately. The results
showed that the axial temperature uniformity of the blade can be effectively improved
by refining the pitch arrangement of multiple turns solenoid coil and the heating region
meeting the laser DED process requirements can be significantly expanded within the same
allowable range of temperature error.

Figure 12. Cont.
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Figure 12. The temperature distribution along the direction of blade length for coil design with
different variable-pitch arrangement: (a) No.3 design: 30-30-30-30-30-30-30 mm; (b) No.4 design:
26-28-33-36-33-28-26 mm; (c) No.5 design: 27-28-32-33-33-29-28 mm.

4. Experimental Validation
4.1. Experimental Setup for Validation

To verify the reliability of the simulation result and the effectiveness of the selected coil
structure design, a high-frequency induction heating experimental setup was customized.
Because the manufacturing and testing of all of the simulated coil designs would be costly,
only the final selected variable-pitch elliptical solenoid coil based on No.5 design in Table 4
was fabricated and validated experimentally. As shown in Figure 13, it is installed on a
movable guide rail so that the solenoid coil can slide out and move away from the blade
surface very quickly after the airfoil is heated to the target temperature.

Figure 13. The variable-pitch elliptical solenoid coil wrapped around the TiAl blade.

A closed-loop temperature control strategy was adopted in the test. The center point
of the convex side of blade is chosen as the temperature sampling point for the closed-loop
control. The heating power output is adjusted in real time through the feedback from
temperature sensor, ensuring an appropriate temperature rising rate. The closed-loop
heating system maintains the temperature constant after the target temperature of 1050 K
is reached. In a complete laser DED process, the heating target may be set near 1100 K
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to compensate for the around 50 K temperature drop during the coil removal so that the
temperature at the target location could be around 1050 K that is suitable for the laser
DED. In the validation experiment, no subsequent coil-withdraw and laser DED step was
performed and the blade could be wrapped by coil continuously, so 1050 K was used as the
closed-loop set point to improve comparability with the simulation. A handheld infrared
thermometer instead of a contact temperature sensor was used to remotely measure the
temperature at different positions on the blade surface, avoiding the possible interference
of the contact sensor on the measurement of the temperature distribution. Figure 14 shows
the experimental setup with the solenoid and blade installed during the heating process.
The induction heating power supply used in the experiment has a nominal alternating
current frequency of 100 kHz, but it could be slightly deviated due to internal common
mode inductance parameter errors. The maximum power of the physical power supply
is 25 kW. In the experiment, the real-time power output is controlled by the closed-loop
temperature control, which is different from the heating at a constant temperature rise rate
in the simulation situation. In actual testing, the time for heating to the target temperature
is about 50 s, which is close to the simulation data.

Figure 14. Experimental setup during the heating process.

4.2. Temperature Measurement and Result Analysis

Taking the position near the center of the convex side as the coordinate zero position,
the temperature sampling points are selected equidistant at 2 cm intervals along the length
direction of blade from both sides; in addition, the temperature near the trailing edge was
also measured at the positions of 0 cm and ±4 cm to evaluate the temperature uniformity
along the length direction and the cross-section, respectively. The infrared pyrometer
used a 1.6 µm short-wave probe, with a measurement range of 240–1400 ◦C, a resolution
of 1 ◦C, and a spot diameter of about 4 mm. Before testing, its emissivity setting was
calibrated using a 45XD TiAl sample with a thermocouple shallowly embedded near the
measured surface; the emissivity was adjusted until the infrared reading was closest to
the thermocouple temperature at red heat, approximately 800 ◦C. Figure 15 shows the
temperature measurement points on the blade. The point marked with P = 0 is the above-
mentioned coordinate zero position. The measured temperature data are shown in Table 5.
Figure 16 shows the real distribution curve of the measured temperature on the convex
side of the blade.
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Figure 15. The position of temperature measurement points on the convex side of blade airfoil.

Table 5. The measured temperature data on the blade airfoil.

Position/cm −12 −10 −8 −6 −4 −2 0 2 4 6 8 10 12

Temperature
along the length

direction/K
870 950 997 1012 1020 1025 1028 1030 1026 1016 999 949 867

Temperature at
the trailing

edge/K
\ \ \ \ 1067 \ 1065 \ 1059 \ \ \ \

Figure 16. The distribution curve of the measured temperature on convex side and trailing edge.

The experimental results showed that the measured temperature distribution curve of
the blade is in good agreement with the simulation results of No.5 design in Table 4. As
shown in Figure 16, the temperature was maintained stably at 1020–1030 K in the middle
region (the range of 0 ± 5 cm in x-axis) of the blade airfoil and the temperature difference
is only about 10 K, while the temperature of the area outside ± 8 cm which is closer to
platform and tip shroud decreased rapidly compared with the middle region, which met the
requirements of the temperature distribution with the characteristics of a steep drop at both
ends and flat in the middle region during induction heating. The measured temperature
difference between the trailing edge and the middle of the convex is slightly different from
the simulation results, which was possibly caused by the limitation of the spot size of the
measuring instrument. Because the sharp trailing-edge line was difficult to target directly,
the experimental trailing-edge temperature was measured at a position about 3 mm away
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from the actual edge, as defined in Table 5. Additionally, the temperature measured is
actually the average temperature in the spot. Therefore, the temperature difference between
the temperature measured at the trailing edge and the middle of the blade convex is slightly
less than the maximum temperature difference between the trailing edge and the center
of blade airfoil in the simulation, but it is still basically consistent with the temperature
difference in simulation results, which means it was valuable for engineering practice.

There is still an error between the actual measurement results and the simulation
results in specific numerical values, which should be related to the limited accuracy of
the infrared thermometer, the inaccurate measurement position, geometry and dimension
accuracy of the coil and inaccurate positioning between the blade and coil, etc. In the
future, quantitative analysis of these errors can be considered to further identify the specific
patterns of error size and impact importance.

In terms of experimental repeatability, the same procedure was used to repeatedly
heat from room temperature to the target temperature and conduct temperature testing.
The heating time and temperature distribution are similar each time, but due to the limited
stability of the clamped infrared thermometer, there will still be fluctuations of several
degrees Celsius at the same position during each measurement. However, this does not
affect the validity of the conclusion.

5. Conclusions
1. Based on the theoretical analysis of electromagnetic heating induction, the finite

element simulation model of electromagnetic-thermal coupling for induction heating
of 45XD TiAl blade was built. Combined with the temperature-dependent material
properties, the accurate simulation of induction heating process was realized. The
simulation results are in engineering-level agreement with the experimental data,
which verifies the reliability of the model and simulation.

2. According to the demand on uniform heating of TiAl blade, the coil cross-sectional
shape and pitch arrangement were determined as the selected key parameters based
on the comparison among simulation of multiple designs. The elliptical coil can
effectively solve the overheating problem of leading and trailing edges and reduce
the temperature difference in the cross-section of the blade. The variable-pitch design
characterized by “sparse in the middle and dense at both ends” can effectively com-
pensate the axial temperature gradient and achieve uniform temperature rise in the
heating area of the blade airfoil. The variable-pitch elliptical coil structure was vali-
dated to meet the preheating requirement for DED repair within the tested design set.
The present work is limited by the inaccurate positioning of the infrared pyrometer,
coil and blade, as well as the limited thermophysical properties provided by the blade
manufacturer. Future work should include more detailed simulation-vs-experiment
quantitative error analysis, repeatability analysis with accurate temperature measure-
ment, as well as the validation in the actual laser DED after coil withdrawal.
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