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Abstract: Ti6Al4V alloys have a narrow processing window, which complicates temperature control,
especially during large-scale production. Therefore, a numerical simulation and experimental study
on the ultrasonic induction heating process of a Ti6Al4V titanium alloy tube were conducted to
obtain stable heating. The electromagnetic and thermal fields in the process of ultrasonic frequency
induction heating were calculated. The effects of the current frequency and current value on the
thermal and current fields were numerically analyzed. The increase in current frequency enhances the
skin and edge effects, but heat permeability was achieved in the super audio frequency range, and the
temperature difference between the interior and exterior of the tube was less than 1%. An increase in
the applied current value and current frequency caused an increase in the tube’s temperature, but the
influence of current was more prominent. Therefore, the influence of stepwise feeding, reciprocating
motion, and stepwise feeding superimposed motion on the heating temperature field of the tube
blank was evaluated. The coil reciprocating with the roll can maintain the temperature of the tube
within the target temperature range during the deformation stage. The simulation results were
validated experimentally, which demonstrated good agreement between the results. The numerical
simulation method can be used to monitor the temperature distribution of Ti6Al4V alloy tubes during
the super-frequency induction heating process. This is an economical and effective tool for predicting
the induction heating process of Ti6Al4V alloy tubes. Moreover, online induction heating in the form
of reciprocating motion is a feasible strategy for processing Ti6Al4V alloy tubes.

Keywords: numerical simulation; induction heating; electromagnetic field; thermal field

1. Introduction

Titanium and titanium alloys are extensively used in the aerospace, medical, and other
fields owing to their high strength, light weight, corrosion resistance, and excellent high-
temperature performance [1–3]. The Ti6Al4V alloy is a typical α-β dual-phase alloy. The
common fabrication methods for Ti6Al4V tubes include hot extrusion, cross rolling, and
hot rolling [4–6], which are mostly used to produce large-diameter and thick-walled tube
blanks [7]. Additionally, because of the narrow processing window of the Ti6Al4V alloy [8],
temperature control is challenging, and large-scale production such as steel has not been
achieved. In the context of materials processing, the term “processing window” refers
to the range of parameters within which a material can be successfully manipulated or
fabricated to achieve the desired properties. These parameters may include factors such as
the temperature, strain rate, cooling rate, and deformation conditions. Ti6Al4V undergoes
several phase transformations during processing, primarily involving the transformation
between the α and β phases. The phase transformations are highly temperature-dependent
and can significantly influence the material’s mechanical properties. Precise control of the
temperature is necessary to achieve the desired phase balance and avoid the formation
of undesirable phases. In subsequent applications, the processing of small- and medium-
diameter Ti6Al4V alloy tubes is primarily performed by cold rolling [9]. Owing to the
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poor room temperature plasticity and large deformation resistance of the Ti6Al4V alloy, the
equipment requirements are very high, and the cold deformation rate is usually less than
15% [10]. Therefore, it is commonly processed by multi-pass cold rolling combined with
intermediate heat treatment, which is complex.

Currently, reports on the formation of Ti6Al4V alloys mainly focus on the evolution of
the microstructure and texture after deformation, and the influence of the heat treatment
process on the microstructural and textural properties [11–14]. Although some new pro-
cessing methods for small- and medium-sized Ti6Al4V alloy tubes have been explored,
there are still some shortcomings. For example, Yuan et al. [15,16] prepared small-diameter,
thin-walled Ti6Al4V alloy tubes for aviation hydraulic systems using cold rotary forging.
The maximum deformation was 51%, but distinct cracks were observed when the deforma-
tion exceeded 55%. However, the subsequent application should be combined with heat
treatment to eliminate residual stress, which has certain limitations.

Therefore, it is necessary to continuously explore the formation of small- and medium-
sized Ti6Al4V alloy tubes and to develop new processes to solve their processing complexities.

In this study, a temperature-controlled periodic rolling process based on a cold rolling
mill is developed. The heating method involves induction heating, and the heating coil
synchronously reciprocates with the roll, which circumvents the severe temperature re-
duction during the tube step feeding process. The core of this process is to control the
temperature during hot processing. Researchers have always aimed to obtain a more accu-
rate heating temperature distribution during hot processing [17–22] because temperature
control changes the microstructure and texture of titanium alloys and alters their mechan-
ical behavior [23–26]. Electromagnetic induction heating technology has the advantages
of high performance and environmental protection. Moreover, owing to the continuous
development of computer digital technology, accurate electromagnetic heating has attracted
increasing attention [27–30]. Because the induction heating process is complex, involving
electromagnetic, temperature, and force fields, numerical simulations can directly and
accurately study the physical field compared with the experimental method [31–34].

Studying small and medium-sized Ti6Al4V alloy tube induction heating using numer-
ical simulations presents several challenges. Induction heating relies on the interaction
of electromagnetic fields and the conductive material. Simulating the complex electro-
magnetic phenomena accurately requires solving Maxwell’s equations coupled with heat
transfer and solid mechanics equations. Handling the electromagnetic boundary conditions
and accurately predicting the eddy currents and their distribution can be challenging.
What is more, induction heating involves time-dependent processes, where the heat is
induced and gradually propagates through the material. Simulating the transient behav-
ior of heating, temperature distribution, and thermal gradients within the tube requires
solving time-dependent equations, which can significantly increase the computational
cost. Accurately capturing the thermal and electromagnetic properties of Ti6Al4V alloy
is essential for reliable simulations. Achieving convergence in numerical simulations is
crucial to ensure accurate results. The simulation parameters such as mesh size, time
step, and solver settings need to be carefully chosen and validated to ensure convergence.
Complex geometries and time-dependent phenomena can make convergence more dif-
ficult to achieve, requiring thorough verification and validation studies. Validating the
numerical simulations against experimental data is essential to establish confidence in the
results. However, to obtain experimental data for small and medium-sized alloy tubes,
calibration of the simulation parameters and models to match experimental observations
becomes a critical step. Therefore, this study uses a combination of numerical simulations
and experimental research to focus on the electromagnetic and temperature fields in the
super-frequency induction heating process to understand these fields in Ti6Al4V alloy
tubes under these conditions. Combined with the motion characteristics of the cold rolling
mill, a heating form that can realize stable temperature control in the rolling process is
evaluated by changing the motion form of the coil. The main aim of this study is to achieve
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stable temperature control during the rolling process and provide new possibilities for the
processing of Ti6Al4V alloy tubes.

2. Numerical Simulations
2.1. Numerical Model Description

The working principle of the online super-frequency induction heating pilger rolling
equipment developed in-house is illustrated in Figure 1. This study focused on the induc-
tion heating process. Therefore, only a finite element model of the induction heating part
was provided, and the hot rolling model was omitted. To improve computational efficiency,
the model was reasonably simplified and enclosed within a closed box, representing the
far field. The spiral coil was simplified as a closed ring positioned alongside the tube
blank. Since the coils are arranged parallel to the length of the tube and are coaxial with
the tube blank, a two-dimensional model (Figure 2a) is selected by taking a cross-section,
simplifying the original three-dimensional model for calculations. This simplification
greatly enhances solution efficiency. The geometric models and the contact conditions of
the models are shown in Figure 2b where the workpiece and coil are surrounded by inner
air, inner air is surrounded by outer air, and outermost air is the far field. The contact
was set to paste, and the initial temperature of all components was 20 ◦C. The magnetic
insulation condition is applied in the far field; the edge condition of the contact between
the workpiece and coil surface and the near-air field is continuous.

Figure 1. Schematic of online induction heating pilger hot rolling equipment.

Grid dependence analysis reveals that, despite occupying the largest area, the outer
air has the least impact and can be considered least important. The coil model, tube blank
model, and the inner air surrounding the coil are critical factors influencing simulation
results and should be prioritized in the modeling process. Grids should have a regular
shape and smaller size to ensure accuracy. However, after a certain level of refinement,
although the number of iterations increases significantly, the differences in temperature
field display results become less pronounced. Therefore, the grid division presented in
Figure 3 was employed. Figure 3a shows the overall situation, and Figure 3b shows the
local amplification near the coil and the tube. The specific grid types and parameters are
listed in Table 1.
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Figure 2. Geometric models: (a) Two-dimensional and (b) three-dimensional.

Figure 3. FE mesh plot of the model: (a) Overall and (b) local amplification.

Table 1. Mesh parameters of the induction heating parts.

Part Element Type Element Size (mm) Element Count

Coil advancing front quad (112) 0.241 3149
Tube advancing front quad (10) 0.684 3165

Inner air advancing front quad (112) 2.313 7539
Outer air advancing front quad (112) 40 286
Far field advancing front quad (112) 5 160

The workpiece material studied was Ti6Al4V with an outer diameter of 45 mm and
a wall thickness of 3 mm. The workpiece was numerically studied in three forms: fixed,
stepwise feed at a certain speed, and superimposed motion. Because the induction heating
coil should be fixed in the simulation, the superposed motion applied a reciprocating
motion and stepwise feed to the workpiece according to the principle of relative motion.
The stepwise feed time interval was 1 s, and the feed was 3 mm. The reciprocating
motion was obtained using the SolidWorks 2018 software to construct a solid model for
motion analysis based on the kinematic characteristics of the offset crank connecting rod
slider–crank mechanism. The simulation conditions included the connecting rod length
(1460 mm), crank radius (250 mm), offset (170 mm), and rotational speed (60 rpm). The
workpiece motion curves are shown in Figure 4 (first 10 s). Figure 4a shows the feeding
curve of the tube, Figure 4b shows the motion curve of the rolling mill; when the two
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motions are superimposed on the coil, time stroke curve is as shown in Figure 4c. The
coil material was a cylindrical copper coil with an outer diameter of 10 mm and an inner
diameter of 7 mm. There were six coil turns, and the overall coil diameter was 60 mm.
The physical parameters of the copper coil and air are listed in Table 2. In this study,
the thermophysical and physical properties of the heated workpiece were defined in
advance. The material properties were calculated using the JmatPro software to obtain
the relationship between electrical conductivity, thermal conductivity, specific heat, and
temperature, as shown in Figure 5a–c. M. Boivineau et al. [35] conducted a study on
the thermophysical properties of solid and liquid Ti6Al4V alloys using two different
experimental devices. The conductivity, thermal conductivity, and specific heat presented
in their article are basically consistent with the trend of electromagnetic and thermal
parameters with temperature simulated by JmatPro 9.0 software in this paper. Therefore,
we believe that the physical parameters simulated by JmatPro software can be used in
subsequent calculations. The calculation results were imported into the Simufact Forming
16.0 software for simulation.

Figure 4. Time stroke curves: (a) feeding, (b) reciprocating motion; (c) superposed motion.

Table 2. Parameters of the copper coil and air.

Physical Parameters Copper Coil Air

Thermal conductivity W/(m·K) 100 0.0262
Heat capacity J/(g·K) 0.385 1.005

Loss factor 0.9 0.9
Resistivity Ω·m 1.7 × 10−8 1.0 × 1020

Electrical conductivity 1/(Ω·m) 1.3 × 1016 1.0 × 10−20

Relative dielectric constant 18.1 1.00059
Relative permeability 0.999994 1.000004
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Figure 5. Physical properties of the material as a function of temperature: (a) electrical conductivity;
(b) specific heat; (c) thermal conductivity.

2.2. Electromagnetic Fields

Maxwell’s equations were used to calculate the electromagnetic fields. This analysis is
called the magnetodynamic simulation. Maxwell’s equations are written as follows:

∇ ·
→
D = ρ

∇ ·
→
B = 0

∇×
→
H =

→
J + ∂

→
D

∂t

∇×
→
E = − ∂

→
B

∂t

, (1)

When there is no free charge in the analysis domain, the equations can be simplified as:
∇ ·

→
D = 0

∇ ·
→
B = 0

∇×
→
H =

→
J

∇×
→
E = − ∂

→
B

∂t

, (2)

In practical calculation, vector magnetic potential and scalar potential are usually
introduced to reduce the amount of calculation:

→
B = ∇×

→
A

→
E = − ∂

→
A

∂t −∇ · ϕ
, (3)

Then, according to the relationship between magnetic induction intensity vector, mag-
netic field intensity vector, current density vector, and electric field intensity vector, the
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electromagnetic field control equation can be obtained. Table 3 summarizes the nomencla-
ture of all the parameters used for the analysis.

Table 3. Nomenclature.

Parameter Significance Unit

→ Vector
∇ Nabla
E Electric field intensity V/m
D Electric flux density C/m2

H Magnetic field intensity A/m
B Magnetic flux density T
J Electric current density A/m2

λ Thermal conductivity W/m·K
h Convection heat transfer coefficient W/(m2·K)
ρ Charge density C/m3

ρ′ Density of workpiece kg/m3

c Specific heat capacity J/(kg·K)
ε Emissivity

σsb Stefan–Boltzmann constant
T Temperature K
Q Heat source W/m3

σ Electrical conductivity 1/(Ω · m)

2.3. Temperature Fields

The temperature field of the induction heating process can be described by a classical
transient heat transfer equation as follows:

ρ′c
∂T
∂t
− λ div(grad T) = Q, (4)

or
ρ′c

∂T
∂t
− λ∇2T = Q, (5)

and because

Q =
1
σ

∣∣∣∣→J ∣∣∣∣2, (6)

then the induced current density and conductivity are substituted, and combined with the
heat transfer conditions, the solution can be solved.

In the process of heating and cooling, the heat transfer mode mainly includes heat
conduction, heat convection, and heat radiation. Among them, heat conduction is mainly
the heat transfer between different temperature regions inside the tube billet, while heat
convection and heat radiation are the heat transfer from the inner and outer surfaces of the
tube billet to the surrounding air environment. The boundary conditions can be described
as follows:

Qc = Ah(TS − TE), (7)

Qr = σsbεAS

(
T4

S − T4
E

)
, (8)

where Qc is the convicted power, A is the area, TS is the workpiece temperature, TE is the
ambient temperature, Qr is the radiated power.

2.4. Experimental Setup

The heating and temperature measurement experiments were divided into two types.
First, the workpiece was relatively fixed with the coil. Second, the workpiece was fed in a
stepwise manner, while the coil was reciprocated in the stroke.



Materials 2023, 16, 3938 8 of 20

When the workpiece and coil were fixed, the heating conditions were as follows: the
heating time was 15 s; when the current frequency was fixed at 10 kHz, the current values
were 100, 200, 300, and 400 A; when the current value was fixed at 100 A, the current
frequencies were 20, 30, and 40 kHz, which is a total of seven groups, and each group was
repeated three times. After heating was completed, the coil was immediately removed,
and the temperature change under different current values and current frequencies was
measured using an infrared thermal imager (FLIR Systems, Inc., Portland, OR, USA).

The workpiece was fed in a stepwise manner. The feed interval was 1 s, the feed
distance was 3 mm each time, the coil performs reciprocating motion in the stroke at a
frequency of one time per second. The process temperature was measured using an infrared
thermal imager (FLIR Systems, Inc., Portland, OR, USA). The temperature measurement
range was from −20 to 2000 ◦C, the wavelength range was ~7.5–14 µm, the measurement
accuracy was±3%, and the emissivity was 0.3 [36]. Additionally, the measurement distance
of autofocus and laser positioning was 1.2 m.

3. Results and Discussion
3.1. Electromagnetic and Thermal Analysis

Figure 6a–d show the distribution of the magnetic potential around the coil when
the current frequency was 10 kHz and the current was 100, 200, 300, and 400 A. The
magnetic potential describes the magnetic field penetrating the air and nearby workpiece.
The magnetic potential distribution diverges from the coil at the center of the four-circle
ellipse. The highest intensity appeared near the coil, and the side near the workpiece had
a higher density. However, the workpiece had a certain limit on the magnetic field. The
shape of magnetic potential did not change significantly with increasing current, but the
corresponding color value increased.

Figure 6. The magnetic potential around the coil at a current frequency of 10 kHz and different
current values: (a) 100 A; (b) 200 A; (c) 300 A; (d) 400 A.

Figure 7a–d show the electric current density in the workpiece at different current
values when the current frequency was 10 kHz. The electric current density represents
the area in which the electrical current is concentrated. As shown in Figure 7, owing
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to the skin effect, the electrical current was mainly concentrated on the surface of the
workpiece, and the inner current density gradually decreased. With an increase in the
current value, the electrical current density increased continuously, which resulted in an
increase in the heat flux and temperature in this region. Figure 8a–c and d show the tem-
perature field corresponding to the different current values when the heating time was
15 s. The maximum heating temperature increased from 140.41 ◦C at 100 A to 1296.81 ◦C
at 400 A. According to Joule–Lenz’s law, the Joule heat generated by the eddy current is
proportional to the square of the current. The increase in the input alternating current
causes the increase in the alternating magnetic field, which in turn causes the increase
in the induced electromotive force of the metal conductor placed in the alternating mag-
netic field, thereby generating more Joule heat and causing the workpiece temperature to
rise rapidly.

Figure 7. The electric current density in the workpiece at a the current frequency of 10 kHz and
different current values: (a) 100 A; (b) 200 A; (c) 300 A; (d) 400 A.

Based on “skin effect”, frequency has a significant effect on the penetration depth
of heating. Therefore, it is necessary to evaluate the electromagnetic field at different
frequencies. Figure 9a–c and d show the change in magnetic potential at 10, 20, 30, and
40 kHz when the current was 100 A. With the increase in frequency, the magnetic field
became more concentrated on the side near the workpiece. Moreover, at a frequency larger
than 30 kHz, the magnetic potential at the top edge of the tube was also more concentrated
and had the shape of an “ear”.

Figure 10a–d show the electric current density in the workpiece at 10, 20, 30, and
40 kHz when the current was 100 A. It can be seen that, as the current frequency increased,
the current density increased continuously, and it was more concentrated on the outer sur-
face of the workpiece. Furthermore, the current density at the top edge of the tube increased
significantly, which may be owing to the edge effect [37]. An increase in the current density
inevitably causes an increase in temperature. Figure 11a–d are the temperature fields at 10,
20, 30 and 40 kHz when the current is 100 A. It can be seen that, as the current frequency
increased, the top area near the edge of the tube gradually became the highest-temperature
region. The excessive temperature difference between the top edge of the workpiece and
other parts inevitably leads to the difference in microstructure and properties after forming.
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This process is expected to achieve uniform and permeable heat of the workpiece, which is
different from the high-frequency welding process so that the temperature is concentrated
at the edge of the plate. In order to avoid the waste of materials, this difference should
be minimized.

Figure 8. The temperature field of the workpiece at a current frequency of 10 kHz and different
current values: (a) 100 A; (b) 200 A; (c) 300 A; (d) 400 A.

Figure 9. The magnetic potential around the coil at a current value of 100 A and different current
frequencies: (a) 10 kHz; (b) 20 kHz; (c) 30 kHz; (d) 40 kHz.
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Figure 10. The electric current density in the workpiece at a current value of 100 A and different
current frequencies: (a) 10 kHz; (b) 20 kHz; (c) 30 kHz; (d) 40 kHz.

Figure 11. The temperature field of the workpiece at a current value of 100 A kHz and different
current frequencies: (a) 10 kHz; (b) 20 kHz; (c) 30 kHz; (d) 40 kHz.

To understand the temperature difference in the workpiece along the thickness direc-
tion. The preset point temperature was recorded in the wall thickness direction, and the
selected position of the point is shown in Figure 12a. Figure 12b shows the temperature
of the selected point in the wall thickness direction under different current values and
current frequencies when the heating time was 15 s. On a large scale, the temperature
distribution in the wall thickness direction was almost linear. As shown in Figure 12d,e,
after the scale was reduced, the temperature change exhibited a gradual increase from the
interior to the exterior of the workpiece, and finally, a slight decrease near the outermost
layer. The temperature reduction in the outermost layer may be related to heat dissipation
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from the workpiece to the air. Although there are some differences in the temperatures
of the inner and outer layers, the temperature difference does not exceed 1%, indicating
that the wall thickness direction achieved good heat permeability at current values of
100–400 A and current frequencies of 10–40 kHz. Figure 12c shows the temperature–
time curve of point 69 at different current values and current frequencies. Under the
same proportion of changes, the influence of the applied current on the rate of tempera-
ture increase was more obvious than that of the current frequency. The effect of current
value and frequency value on workpiece temperature agrees with the results reported by
L Lu et al. [36], while their research is concerned with the induction heating melting of
titanium wire.

Figure 12. The temperature of the selected point. (a) Position of the selected points; (b) wall thickness
direction temperature (47–69 points); (c) the temperature of point 69 in 15 s; (d,e) wall thickness
direction temperature (small-scale).

Based on the influence of the current value and current frequency on the workpiece
temperature, when the target temperature was set, the workpiece reached the target tem-
perature within a specific time by adjusting the current value and current frequency. This
process should be based on the current value adjustment supplemented by the current
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frequency adjustment. Notably, current adjustment can prevent the high temperature at
the top of the workpiece caused by high frequencies. Thus, to meet the target temperature
range, the current value can be appropriately increased, and the current frequency can be
reduced, which is conducive to achieving heat equalization in the wall thickness direction.

3.2. The Influence of Motion on Heating

After understanding the variations in the electromagnetic and thermal fields when
the coil and workpiece were relatively fixed, it is necessary to further explore the heating
changes caused by motion. Figure 13a–f show the temperature cloud at different times
when the workpiece is fed in a stepped manner at a current value of 300 A and a current
frequency of 20 kHz. The feed length was 3 mm and the feed interval was 1 s. The motion
curve is shown in Figure 4a (first 10 s).

Figure 13. Temperature field of the workpiece during stepwise feeding for different times: (a) 9 s;
(b) 18 s; (c) 27 s; (d) 37 s; (e) 46 s; (f) 52 s.

As shown in Figure 13, as the workpiece entered the coil area, the temperature gradu-
ally increased. After entering the coil completely, the temperature reached the maximum
value, the workpiece left the coil, and the temperature gradually decreased. During the
entire process, a distinct temperature gradient was observed in the feeding direction of the
workpiece temperature, which is due to the difference in the heating time caused by the
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order of the workpiece entering the coil. Stepwise feeding leads to a long heating time for
the part entering the coil first and a short heating time for the part entering the coil later.
The entire process was progressively repetitive. It should be noted that in the actual online
induction heating rolling, the tube length can reach 4 m. The simulation in this paper only
gives a length of tens of centimeters because most of the tubes are always in a stable online
heating state except when the tube just enters and leaves the coil.

Because the temperature of the workpiece decreases rapidly when it is outside of the
coil, the temperature required for rolling cannot be achieved when it reaches the roll. To
prevent severe temperature reduction in the workpiece during the stepwise feeding process,
it is necessary to improve the heating method such that the workpiece is constantly heated
during the main deformation stage.

To solve this problem, the coil and roll were connected as a whole, such that the
coil and roll reciprocate motion synchronously. The stroke of the roller was the heating
stroke of the coil. Because the coil must remain fixed in the simulation, according to the
principle of relative motion, reciprocating and stepwise motions were applied to the tube
blank. The motion curve is shown in Figure 4c. Figure 14 shows the relative position
change of the workpiece and coil at different times when superimposed motion was
applied to the workpiece. In this process, the change in diameter caused by rolling was not
considered. Owing to the repeatability of the process, a tube length of 130 mm was used in
the simulation to minimize the calculation time.

Figure 14. The relative position of the workpiece and the coil at different times when the superposition
motion is applied to the workpiece (L1 = 90 mm, L2 = 120 mm, and L3 = 85 mm).

Figure 15a–e show the temperature cloud diagram of the workpiece at different feeding
times at a current of 400 A and frequency of 30 kHz. The temperature of the workpiece
did not decrease significantly during the entire feeding process, and the temperature of the
workpiece became uniform as the workpiece was fed.

To more clearly reflect the temperature changes of each part of the workpiece, the
temperatures of the points shown in Figure 16a were monitored to detect the temperature
changes at each point during the movement.
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Figure 15. Temperature field of the workpiece during superimposed feeding at different times:
(a) 20 s; (b) 60 s; (c) 100 s; (d) 140 s; (e) 180 s.

Figure 16. The selected point temperature–time curve of the workpiece during superimposed motion:
(a) points location; (b) current value = 400 A; current frequency = 30 kHz.

As shown in Figure 16b, with the exception of the temperature at points 309 and 304
at the top of the workpiece, which is slightly higher than that of the subsequent points, the
temperature change trend of each point was similar, exhibiting a stable state after heating
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up to a certain temperature. When the workpiece was about to exceed the coil stroke, the
temperature began to decrease. The reason for the slightly higher temperature at the top
of the workpiece was identical to that when the coil was fixed, which was the edge effect.
Point 299 can be used as a demarcation point for entering a stable heating state. This point
represents the change rule of the subsequent points, and the maximum temperature was
stable at approximately 925 ◦C. The heat transfer from the coil to the workpiece and the
heat dissipation of the workpiece to the exterior reached equilibrium.

As shown in Figure 14, the distance from the beginning of the workpiece entering the
coil to entering the roll was L1 + L2. Because the workpiece is accompanied by rotation
during the feeding process, to achieve smooth rotation, the roll was not in contact with the
workpiece at the rear limit position; that is, it does not immediately begin to deform after
entering the roll but continues to move forward the L3 distance, and then the workpiece
begins to roll. At this time, the feed distance was L1 + L2 + L3 = 85 + 120 + 90 = 295 mm,
and it took approximately 95 s to feed at a rate of 3 mm/s.

The times corresponding to the green vertical dashed lines in Figure 16b were 95 and
180 s, which represent the time when the workpiece begins to deform and the completion
time of the main deformation stage, respectively. As shown in Figure 16a, the distance
between points 299 and 309 was 30 mm. Because the feed rate was 3 mm/s, the time
difference between these points was approximately 10 s. Therefore, the times corresponding
to the blue vertical dashed lines were 105 and 190 s, which represent the time at the start of
deformation and the completion of the main deformation stage at point 299, respectively.
As shown in Figure 16b, the temperature was maintained at approximately 925 ◦C during
this period, which realizes the effect of stable online heating.

Compared with the case when the coil is fixed, the reciprocating motion of the coil
extends the heating distance of the tube. Therefore, the tube is always heated during the
coil stroke. However, the heating time of each point in the same cycle becomes shorter, so
more heating time is required. From Equations (5)–(7), it can be seen that the acquisition
and dissipation of heat determine the final temperature state of the tube blank. With the
increase in temperature, the dissipation of heat accelerates. If the heating efficiency does
not change much, the increase in heat dissipation will inevitably make the tube blank
temperature reach an equilibrium state at a certain value.

It should be pointed out that the different physical properties of the material and the
change in the feeding speed will inevitably lead to the change in the induction heating
temperature of the workpiece. In this paper, only the case of the feeding speed of 3 mm/s
of the Ti6Al4V tube was studied. In the future, the workpiece heating under other materials
and different feeding conditions can be further explored.

3.3. Experiment Validation

To verify the accuracy of the induction heating temperature field of the Ti6Al4V alloy
tube in the simulation, its induction heating temperature was measured under different
current values and current frequencies. Figure 17a shows the temperature of the Ti6Al4V
alloy tube heated for 15 s under different currents at a frequency of 10 kHz. Figure 17b
shows the temperature of the Ti6Al4V alloy tube heated at different current frequencies
for 15 s at a current value of 100 A. In the process of induction heating, the workpiece
temperature increased with an increase in the current value and current frequency, and
the influence of the current value on the temperature was more significant than that of the
current frequency. The simulated temperature was consistent with the experimental data.

Figure 18a shows that when the superimposed motion was 140 s, the experimental and
simulated temperature fields were compared. Based on the color, the temperature distribu-
tion of the workpiece in the length direction was uniform, and the temperature labels in
the simulation and experiment were similar. Points in the length direction of the workpiece
were selected, the temperature of the points was measured, and the temperature distribu-
tion of the workpiece in the length direction was plotted, as shown in Figure 18b. The total
distance between the points was approximately 90 mm. The temperature distribution of
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the workpiece in the length direction was not significantly different, and the measured
temperature fluctuation was slightly larger than the numerical simulation. The simulated
temperature fluctuated at approximately 925 ◦C and the experimentally measured value
fluctuated at approximately 938 ◦C; however, in general, the temperature difference was
insignificant. The temperature difference between the two values was less than 20 ◦C,
and the simulated values were consistent with the experimentally measured values. In
plastic forming, temperature is a crucial parameter. The increase in temperature can soften
the material, thereby reducing the forming force and making the metal easy to deform.
Since this paper mainly focuses on the induction heating of an Ti6Al4V alloy tube, the
subsequent hot pilger rolling deformation is not discussed. However, in the subsequent
actual processing, we found that the deformation rate of the tube in the single-pass rolling
deformation can reach 70%, which is much larger than the deformation rate of the cold
rolling of 15%. This provides the possibility to replace the processing scheme of “multi-pass
cold deformation plus multi-pass intermediate heat treatment”.

Figure 17. Simulation and experimental temperature at a heating time of 15 s: (a) f = 10 kHz, the
temperature of the workpiece under various applied current values; (b) I = 100 A, the temperature of
the workpiece under different current frequencies.

Figure 18. Cont.
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Figure 18. Simulation and experimental temperature of the workpiece during superimposed motion
at a heating time of 140 s: (a) The experimental and simulated temperature fields and points location;
(b) the selected point temperature–distance curve.

4. Conclusions

In this study, a numerical simulation and experimental study of ultrasonic frequency
induction heating of Ti6Al4V alloy tubes were conducted. A finite element model of
electromagnetic–thermal coupling was developed. The electromagnetic and tempera-
ture fields at different current values and current frequencies were evaluated, and the
temperature field under different motion states was analyzed. The experimental results
were in good agreement with the numerical simulation results. The main conclusions are
as follows.

(1) The temperature of the Ti6Al4V alloy tube increased with an increase in the current
value and current frequency, but the influence of the current value was more significant.

(2) An increase in the current frequency enhanced the edge effect, and the temperature
at the top of the tube was higher than that of the other parts. At the same target
temperature, a large current value and small current frequency were considered more
suitable than a small current value.

(3) When the current frequency was within the range of 10–40 kHz, the Ti6Al4V alloy
tube with a wall thickness of 3 mm achieved heat permeability, and the temperature
difference in the wall thickness direction did not exceed 1%.

(4) When the coil undergoes reciprocating motion with the rolling tube at a current value
of 400 A and current frequency of 30 kHz, the temperature of the Ti6Al4V alloy tube
was relatively stable between 925 and 945 ◦C, which realizes online stable heating of
the Ti6Al4V alloy tube and presents a new strategy for titanium alloy tube processing.

This study provides a reference for the temperature field analysis during the super-
frequency induction heating of titanium alloy tubes under fixed and reciprocating motions.
In the future, the workpiece heating under other materials and different feeding conditions
can be further explored.

Author Contributions: Conceptualization, C.L., J.H. and X.M.; methodology, C.L.; formal analysis,
C.L.; investigation, C.L.; resources, J.H. and X.M.; data curation, C.L.; writing—original draft prepara-
tion, C.L.; writing—review and editing, C.L., R.L. and J.L.; supervision, J.H. and X.M. All authors
have read and agreed to the published version of the manuscript.



Materials 2023, 16, 3938 19 of 20

Funding: This research was funded by [Tangshan Science and Technology Bureau Caofeidian District
Science and Technology Planning Project] grant number (202003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge funding support from the Tangshan Science and
Technology Bureau Caofeidian District Science and Technology Planning Project (Grant no. 202003).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dai, J.; Xia, J.; Chai, L.; Murty, K.L.; Guo, N.; Daymond, M.R. Correlation of microstructural, textural characteristics and hardness

of Ti–6Al–4V sheet β-cooled at different rates. J. Mater. Sci. 2020, 55, 8346–8362. [CrossRef]
2. Seshacharyulu, T.; Dutta, B. Influence of prior deformation rate on the mechanism of β→ α+ β transformation in Ti–6Al–4V. Scr.

Mater. 2002, 46, 673–678. [CrossRef]
3. Yu, H.; Yan, M.; Li, J.; Godbole, A.; Lu, C.; Tieu, K.; Li, H.; Kong, C. Mechanical properties and microstructure of a Ti-6Al-4V alloy

subjected to cold rolling, asymmetric rolling and asymmetric cryorolling. Mater. Sci. Eng. A Struct. 2018, 710, 10–16. [CrossRef]
4. Gungor, M.N.; Ucok, I.; Kramer, L.S.; Dong, H.; Martin, N.R.; Tack, W.T. Microstructure and mechanical properties of highly

deformed Ti–6Al–4V. Mater. Sci. Eng. A Struct. 2005, 410, 369–374. [CrossRef]
5. Lopatin, N. Effect of hot rolling by screw mill on microstructure of a Ti-6Al-4V titanium alloy. Int. J. Mater. 2013, 6, 459–465.

[CrossRef]
6. Li, L.; Rao, K.; Lou, Y.; Peng, D. A study on hot extrusion of Ti–6Al–4V using simulations and experiments. Int. J. Mech. Sci. 2002,

44, 2415–2425. [CrossRef]
7. Yuan, L.; Wang, W.; Zhang, H.; Wei, Z.; Zhang, H.; Zhang, W. Evolution of texture and tensile properties of cold-rotary swaged

Ti–6Al–4V alloy seamless tubing after annealing at different temperatures. Mater. Sci. Eng. A Struct. 2022, 841, 143003. [CrossRef]
8. Zhang, Z.; Liu, D.; Yang, Y.; Zheng, Y.; Pang, Y.; Wang, J.; Wang, H. Explorative study of rotary tube piercing process for producing

titanium alloy thick-walled tubes with bi-modal microstructure. Arch. Civ. Mech. Eng. 2018, 18, 1451–1463. [CrossRef]
9. Li, H.; Wei, D.; Zhang, H.; Yang, H.; Liu, H.; Liu, S.; Chu, Z.; Zhang, D. Texture evolution and controlling of high-strength

titanium alloy tube in cold pilgering for properties tailoring. J. Mater. Process. Technol. 2020, 279, 116520. [CrossRef]
10. Jiang, H.; Dong, P.; Zeng, S.; Wu, B. Effects of recrystallization on microstructure and texture evolution of cold-rolled Ti-6Al-4V

alloy. J. Mater. Eng. Perform. 2016, 25, 1931–1938. [CrossRef]
11. Xia, J.-Y.; Chai, L.-J.; Wu, H.; Zhi, Y.; Gou, Y.-N.; Huang, W.-J.; Guo, N. EBSD study of microstructural and textural changes of

hot-rolled Ti–6Al–4V sheet after annealing at 800 C. Acta Metall. Sin. 2018, 31, 1215–1223. [CrossRef]
12. Warwick, J.L.; Jones, N.G.; Bantounas, I.; Preuss, M.; Dye, D. In situ observation of texture and microstructure evolution during

rolling and globularization of Ti–6Al–4V. Acta Mater. 2013, 61, 1603–1615. [CrossRef]
13. Murty, S.N.; Nayan, N.; Kumar, P.; Narayanan, P.R.; Sharma, S.; George, K.M. Microstructure–texture–mechanical properties

relationship in multi-pass warm rolled Ti–6Al–4V Alloy. Mater. Sci. Eng. A Struct. 2014, 589, 174–181. [CrossRef]
14. Javadinejad, H.R.; Shin, G.; Lee, H.; Choi, M.-S.; Park, J.; Yoon, J.; Kim, J.H. Origin of surface ridging in Ti-6Al-4V sheets produced

by pack rolling and its effect on microstructural and mechanical properties. J. Mater. Process. Technol. 2021, 297, 117228. [CrossRef]
15. Yuan, L.; Wang, W.; Li, Y.; Yang, M.; Zhang, H.; Zhang, W. Effect of annealing temperature on texture and residual stress of

Ti-6Al-4V alloy seamless tubing processed by cold rotary swaging. Vacuum 2020, 177, 109399. [CrossRef]
16. Yuan, L.; Wang, W.; Yang, M.; Li, Y.; Zhang, H.; Zhang, H.; Zhang, W. Microstructure and texture of thin-walled Ti-6Al-4V alloy

seamless tubing manufactured by cold-rotary swaging. JOM 2021, 73, 1786–1794. [CrossRef]
17. Liu, Y.; Xue, X.; Chen, R.; Tan, Y.; Su, Y.; Ding, H.; Guo, J. A novel method to prepare columnar grains of TiAl alloys by controlling

induction heating. Int. Commun. Heat Mass Transfer 2019, 108, 104315. [CrossRef]
18. Zhao, Y.-Q.; Han, Y.; Xiao, Y. An asynchronous dual-frequency induction heating process for bevel gears. Appl. Therm. Eng. 2020,

169, 114981. [CrossRef]
19. Kocich, R. Design and optimization of induction heating for tungsten heavy alloy prior to rotary swaging. Int. J. Refract. Met.

Hard Mater. 2020, 93, 105353. [CrossRef]
20. Bao, L.; Liu, W.; Wang, B.; Li, H.; You, X.; Zhou, Q.; Liu, M.; Gao, S. Experimental investigation on partition controllable induction

heating-hot stamping process of high-strength boron alloyed steel plates with designable temperature patterns. J. Mater. Res.
Technol. 2020, 9, 13963–13976. [CrossRef]

21. Qi, Z.; Xiao, H.; Yu, C.; Xu, P.; Wu, Z.; Zhao, Y. Preparation, microstructure and mechanical properties of CP-Ti/AA6061-Al
laminated composites by differential temperature rolling with induction heating. J. Manuf. Process. 2019, 44, 133–144. [CrossRef]

22. Yang, Y.; Liu, X.; Wang, S. Thermal characteristics of induction heating with stepped diameter mold during two-phase zone
continuous casting high-strength aluminum alloys. Int. J. Heat Mass Transf. 2020, 152, 119479. [CrossRef]

https://doi.org/10.1007/s10853-020-04603-9
https://doi.org/10.1016/S1359-6462(02)00051-9
https://doi.org/10.1016/j.msea.2017.10.075
https://doi.org/10.1016/j.msea.2005.08.141
https://doi.org/10.1007/s12289-012-1099-2
https://doi.org/10.1016/S0020-7403(02)00173-X
https://doi.org/10.1016/j.msea.2022.143003
https://doi.org/10.1016/j.acme.2018.05.005
https://doi.org/10.1016/j.jmatprotec.2019.116520
https://doi.org/10.1007/s11665-016-2006-7
https://doi.org/10.1007/s40195-018-0768-7
https://doi.org/10.1016/j.actamat.2012.11.037
https://doi.org/10.1016/j.msea.2013.09.087
https://doi.org/10.1016/j.jmatprotec.2021.117228
https://doi.org/10.1016/j.vacuum.2020.109399
https://doi.org/10.1007/s11837-021-04642-w
https://doi.org/10.1016/j.icheatmasstransfer.2019.104315
https://doi.org/10.1016/j.applthermaleng.2020.114981
https://doi.org/10.1016/j.ijrmhm.2020.105353
https://doi.org/10.1016/j.jmrt.2020.09.134
https://doi.org/10.1016/j.jmapro.2019.05.053
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119479


Materials 2023, 16, 3938 20 of 20

23. Yumeng, L.; Jinxu, L.; Shukui, L.; Xingwang, C. Effect of hot-rolling temperature on microstructure and dynamic mechanical
properties of Ti-6Al-4V alloy. Rare Met. Mater. Eng. 2018, 47, 1333–1340. [CrossRef]

24. Sabat, R.; Surya Pavan, M.; Aakash, D.; Kumar, M.; Sahoo, S. Mechanism of texture and microstructure evolution during warm
rolling of Ti–6Al–4V alloy. Philos. Mag. 2018, 98, 2562–2581. [CrossRef]

25. Salem, A.; Glavicic, M.; Semiatin, S. The effect of preheat temperature and inter-pass reheating on microstructure and texture
evolution during hot rolling of Ti–6Al–4V. Mater. Sci. Eng. A Struct. 2008, 496, 169–176. [CrossRef]

26. Obasi, G.; Birosca, S.; Prakash, D.L.; Da Fonseca, J.Q.; Preuss, M. The influence of rolling temperature on texture evolution and
variant selection during α→ β→ α phase transformation in Ti–6Al–4V. Acta Mater. 2012, 60, 6013–6024. [CrossRef]

27. Sadeghipour, K.; Dopkin, J.; Li, K. A computer aided finite element/experimental analysis of induction heating process of steel.
Comput. Ind. 1996, 28, 195–205. [CrossRef]

28. Bay, F.; Labbé, V.; Favennec, Y.; Chenot, J.-L. A numerical model for induction heating processes coupling electromagnetism and
thermomechanics. Int. J. Numer. Meth. Eng. 2003, 58, 839–867. [CrossRef]

29. Chaboudez, C.; Clain, S.; Glardon, R.; Mari, D.; Rappaz, J.; Swierkosz, M. Numerical modeling in induction heating for
axisymmetric geometries. IEEE Trans. Magn. 1997, 33, 739–745. [CrossRef]

30. Han, Y.; Yu, E.-L.; Zhao, T.-X. Three-dimensional analysis of medium-frequency induction heating of steel pipes subject to motion
factor. Int. J. Heat Mass Transf. 2016, 101, 452–460. [CrossRef]

31. Li, W.; Attallah, M.M.; Essa, K. Experimental and numerical investigations on the process quality and microstructure during
induction heating assisted incremental forming of Ti-6Al-4V sheet. J. Mater. Process. Technol. 2022, 299, 117323. [CrossRef]

32. Liu, M.; Ji, Z.; Fan, R.; Wang, X. Finite element analysis of extrusion process for magnesium alloy internal threads with
electromagnetic induction-assisted heating and thread performance research. Materials 2020, 13, 2170. [CrossRef]

33. Kranjc, M.; Zupanic, A.; Miklavcic, D.; Jarm, T. Numerical analysis and thermographic investigation of induction heating. Int. J.
Heat Mass Transf. 2010, 53, 3585–3591. [CrossRef]

34. Bao, L.; Wang, B.; You, X.; Li, H.; Gu, Y.; Liu, W. Numerical and experimental research on localized induction heating process for
hot stamping steel sheets. Int. J. Heat Mass Transf. 2020, 151, 119422. [CrossRef]

35. Boivineau, M.; Cagran, C.; Doytier, D.; Eyraud, V.; Nadal, M.H.; Wilthan, B.; Pottlacher, G. Thermophysical Properties of Solid
and Liquid Ti-6Al-4V (TA6V) Alloy. Int. J. Thermophys. 2006, 27, 507–529. [CrossRef]

36. Lu, L.; Zhang, S.; Xu, J.; He, H.; Zhao, X. Numerical study of titanium melting by high frequency inductive heating. Int. J. Heat
Mass Transf. 2017, 108, 2021–2028. [CrossRef]

37. Xiao, Y.; Han, Y.; Zhao, D.-f.; Wang, L.-m.; Xu, D. Temperature gradient control of frequency conversion heating for a thick-walled
pipe based on energy transfer. Int. J. Heat Mass Transf. 2023, 201, 123589. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S1875-5372(18)30131-0
https://doi.org/10.1080/14786435.2018.1493237
https://doi.org/10.1016/j.msea.2008.05.017
https://doi.org/10.1016/j.actamat.2012.07.025
https://doi.org/10.1016/0166-3615(95)00072-0
https://doi.org/10.1002/nme.796
https://doi.org/10.1109/20.560107
https://doi.org/10.1016/j.ijheatmasstransfer.2016.05.017
https://doi.org/10.1016/j.jmatprotec.2021.117323
https://doi.org/10.3390/ma13092170
https://doi.org/10.1016/j.ijheatmasstransfer.2010.04.030
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119422
https://doi.org/10.1007/PL00021868
https://doi.org/10.1016/j.ijheatmasstransfer.2017.01.062
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123589

	Introduction 
	Numerical Simulations 
	Numerical Model Description 
	Electromagnetic Fields 
	Temperature Fields 
	Experimental Setup 

	Results and Discussion 
	Electromagnetic and Thermal Analysis 
	The Influence of Motion on Heating 
	Experiment Validation 

	Conclusions 
	References

