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Abstract: A novel induction heating coil is proposed and designed as a shrink-fit tool holder.
An electromagnetic field analysis of the coil with different winding methods is conducted using
the ANSYS finite element analysis software and an appropriate coil structure is determined, based
on the simulated electromagnetic field distribution cloud maps. The magnetic field in the X–Y
plane is increased by one order of magnitude around the surface with the addition of the designed
magnetic slot, as well as improving the magnetic leakage. The electromagnetic field strength in the
middle of the coil is greatly increased, up to 2.312 × 104 A/m, by the addition of a designed magnetic
ring covering the top of the coil. The distribution of the three-dimensional temperature field is
obtained by the ANSYS workbench transient thermal analysis software, based on the selected coil.
Hot-loading equipment used for shrink-fit tool holders are implemented with diameter-selection,
power, and heating time-setting functions. Experiments on different types of tool holders are carried
out to obtain optimal heating parameters and to verify the reliability of the implemented heating
equipment. Through experimental testing, the inserting and pulling out temperature is found to be
about 270 ◦C for the BT40-SF06 and about 285 ◦C for the BT40-SF10. According to the experimental
results, the simulated temperature field is in good agreement with the measured result. The optimal
heating parameters of the heating equipment are determined, which proves the correctness of the
heating method of the shrink-fit tool holder.
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1. Introduction

The tool holder is one of the most important parts in the field of high-speed cutting. At present,
three types of tool holder are widely used in industrial production: static pressure expansion,
stress-locking, and shrink-fit tool holders [1–3]. Compared to static pressure expansion tool holders
and stress-locking tool holders, the clamp of a shrink-fit tool holder is based on the thermal expansion
and contraction principle, where there is a difference between the expansion coefficient of the tool
holder and the cutter [4,5]. Due to electromagnetic induction heating, the environmental pollution is
smaller and tool loading and unloading is simple, fast, and safe. The tool change time is generally
less than 10 seconds, with a strong clamping force, high rigidity, and high balance [6–8]. Therefore,
shrink-fit tool holders have been more and more widely used in the field of high-speed cutting.

The heating methods used in shrink-fit tool holders are electromagnetic induction and direct
hot air blowing [9]. The electromagnetic induction heating method has efficient features: the heating
process is fast and operation is relatively simple, as compared to hot air direct blowing methods [10].
Therefore, it is extremely important to develop a heat shrinking machine that can be applied to
shrink-fit tool holders made of different materials. Chen and Li [11] pointed out that the shrink-fit
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tool holder is a new tool-clamping system suitable for high-precision machining, and introduced
its working principles, heating–cooling equipment, and applications. That work mainly focused
on the specific performance of the tool holder and parameter identification of the joint between the
tool holder and the cutter. Cheng and several other authors [12] simplified the shrink-fit tool holder
cutter combination into a parallel-connected spring-damping model using the finite element method.
The parameters of the shrink-fit tool holder tool combination were identified, and the stiffness and
damping parameters of each position in the joint were obtained. In [13], a cutting experiment showed
that the radial rigidity of a shrink-fit tool holder is only 75.8% of that of a stress-locking tool holder.
In [14], the contact deformation displacement and contact effective stress calculations for a shrink-fit
tool holder under different conditions were carried out. The spindle-tool holder joint and the tool
holder-cutter combination in the spring-damping model at the endpoint was simplified, and the finite
difference and experimental measurements have been combined to identify the joint [15]. In [16],
the inductive heating performance, thermal fatigue mode, and thermal fatigue life of an HSK (Hohl
Shaft Kegel) shrink-fit tool holder were studied using the finite element method and an orthogonal
test. In [17], a temperature field model of 45 steel induction heating hot-storing tool was established,
and the relationships between temperature, coil current, and heating time were analyzed. In summary,
the research has been focused on the use of shrink-fit tool holder in tool holding applications, as well
as the matching performance of the cutter [18]. However, there have been few studies on the structure,
material, and induction heating process of shrink-fit tool holders.

The difficulty inherent to a shrink-fit tool holder is that, in order to achieve a successful replacement
of the cut, the surface and top of the shank-fit tool holder must be heated the fastest. In this paper,
a method is proposed to enhance the electromagnetic field generated by the electromagnetic induction
heating coil on the top and surface of the shank-fit tool holder, where the magnetic field strength is
increased by 10 times, the magnetic field distribution is more uniform, and the magnetic field leakage
is significantly improved. The above goals were achieved in three steps: the first is a novel winding
method of the induction heating coil, which is adopted to enhance the electromagnetic field strength
around the surface and the top of the shrink-fit tool holder, based on the ANSYS Maxwell finite element
analysis. Second, a magnetic slot is designed to wrap the coil in order to further enhance the magnetic
field strength around the surface of the shrink-fit tool holder and to reduce magnetic field leakage.
Finally, a magnetic ring is designed to cover the top of the coil.

The structure of this paper is as follows: Section 2 introduces the working principle of the
shrink-fit tool holder. Section 3 introduces the process of electromagnetic field mode establishment and
electromagnetic field simulation. Section 4 briefly introduces the overall structure of heat-loading tool
holder equipment. Section 5 presents the experimental data analysis. Finally, Section 6 is a summary
and future vision.

2. The Principle of the Shrink-Fit Tool Holder

The working principle of a shrink-fit tool holder is the thermal expansion and contraction of
the material. In the original state, where the hole diameter of the tool holder is smaller than the
diameter of the cutter, the cutter cannot be directly inserted into the tool holder. Once it is heated by
the heat-loading equipment, the hole of the tool holder is thermally expanded, and the diameter of the
tool holder is gradually increased, such that the cutter can be inserted. When the cutter is taken out,
based on the same principle, the difference in expansion coefficient between the tool holder and the
cutter is the key to realizing hot loading, as the degree of expansion of the tool holder is greater than
the degree of expansion of the cutter and, so, the cutter can be removed smoothly.

The electromagnetic induction heating diagram and cross-section of the coil structure are shown
in Figure 1. The principle of electromagnetic induction heating of a shrink-fit tool holder is that,
when a high frequency alternating current generates an electromagnetic field through the induction
coil, the internal magnetic lines form a loop through the clamping part of shrink-fit tool holder.
Then, an induced eddy current is generated on the surface and inner wall of the clamping part,
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which causes the tool holder to heat rapidly. The conversion of electrical energy to thermal energy is
finished. The whole energy conversion process involves four effects: The eddy current effect, skin
effect, proximity effect, and ring effect [19–21].
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Figure 1. Induction heating diagram and section of the coil structure: (a) illustration of the induction
heating principle; and (b) cross-section of the coil structure.

When the eddy current flows inside the conductor, it will cause loss resulting in the self-heating of
the conductor. Therefore, the eddy current effect has a thermal effect. The average power P consumed
by the eddy current on the conductor can be expressed as:

P = ρ(2π f )2B2
maxV, (1)

where the ρ is the resistivity of the material (Ω·m), f is the current frequency (Hz), Bmax is the largest
magnetic induction in the conductor (Wb/m2), and V is the effective volume of the conductor (m3) [22].

Generally, it is stipulated that, when the eddy current intensity decreases from the surface to the
inner layer to a value equal to 1/e (36.8%) of the maximum eddy current intensity, the distance δ from
the surface to the inner layer is called the current penetration depth [23]. The heat generated by the
eddy current is proportional to the square of the eddy current intensity, so the heat drop from the
surface to the inner layer is much faster than the eddy current drop rate. It can be considered that
85–90% of the heat is concentrated on the surface to the inside. The skin depth δ is given by:

δ =

√
ρ

πµ0µr f
, (2)

where µ0 is the vacuum permeability and µr is the relative permeability [24]. It can be seen, from
Equation (2), that the skin depth δ of the workpiece is related to µr and f. The value of δ decreases as f
increases under known ρ and µr and, thus, the skin effect is more obvious. Therefore, when designing
the induction coil, if the load of the whole system and the material properties of the heated workpiece
are known, the appropriate penetration depth is selected, according to the skin effect and working
frequency, to minimize the loss of the coil itself.

In order to realize the function of the heat-loading tool holder equipment, the tool holder is
required to be heated to 300 ◦C to realize the insertion and extraction of the cutter, based on multiple
experiments. According to the specific heat capacity, the heat required for the tool holder to reach
300 ◦C can be obtained as:

Q = c×m× ∆T, (3)

where c is the specific heat capacity (J/(kg·K)), m is the material quality (kg), and ∆T is the temperature
change (K). The BT40-SF06-90 and BT40-SF10-90 tool holders were selected for the experimental test.
Physical photos and a structural diagram of these shrink-fit tool holders are shown in Figure 2 and the
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parameters of the shrink-fit tool holders are listed in Table 1. The clamping part of the tool holder can
be approximated as a cylinder with a certain taper, where m can be obtained as:

m = ρmaterial ×

{
1
3
· π · h · [(

D1

2
)

2
+ (

D2

2
)

2
+

D1

2
·

D2

2
] − π · h · (

dm

2
)

2}
, (4)

where ρmaterial is the density of 4Cr5MoSiV1 (which is about 7850 kg/m3). The value of m was calculated
to be 178.5 g for the BT40-SF×10-90 tool holder, based on the Equation (4). Therefore, c was about
0.55 kJ/(kg ◦C) at 300 ◦C, the heat required to raise the tool holder from 20 ◦C to 300 ◦C was obtained
by Equation (3), and Q was about 27,489 J.
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Table 1. The parameters of the shrink-fit tool holder.

Model TaperNo. dm (mm) D1 (mm) D2 (mm) L (mm) H (mm) Screw Material

BT40-SF×06-90 40 6 20 27 90 36 SO06014C 4Cr5MoSiV1
BT40-SF×10-90 40 10 24 32 90 42 SO06014C 4Cr5MoSiV1

The value (D2–D1) was equal to 8 mm for the BT40-SF×10-90 tool holder; the critical frequency of
induction heating is defined as the heating frequency when (D2–D1) is approximately equal to four
times the penetration depth, so the value of δ was 2mm. According to the design principle of the
induction heating device, the clamping part of the tool holder can be regarded as a through-heating
workpiece, at this time. Based on Equation (2), the critical frequency (f c) could be obtained as:

fc = 16ρ/[π× µ0 × µr × (D2−D1)
2], (5)

where ρwas about 36 × 10−6 Ω·m and µr was 450 at 300 ◦C. Thus, f c was calculated to be about 5.0 kHz.
The current frequency was designed to range from 5 kHz to 20 kHz for the shrink-fit tool holder, and δ
was (1/8–1/4)(D2–D1).

3. Establishment of Electromagnetic Field Mode and Electromagnetic Field Simulation

3.1. Establishment of Electromagnetic Field Model of Shrink-Fit Tool Holder

In the induction heating structure shown in Figure 1,
→

H(r) and
→

E(r) are defined as the magnetic
field strength vector and electric field strength vector, respectively, at a certain point from the axial
radius r of the workpiece. If the edge effect is neglected, the medium is isotropic and uniform and
the internal magnetic field intensity of the coil is a harmonic function of time. Then, the time-varying
magnetic field is written as:

∇×
→

H(r) =
→

J (r) = σ
→

E(r) (6)

∇×
→

E(r) = −µ
∂
→

H(r)
∂t

(7)
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→

H(rt) =
→

H(r)e− jωt, (8)

where
→

J (r) is the current density vector, with r ∈ (0, D2 /2); σ is the conductivity; and µ and ω are the
permeability and angular frequency, respectively.

Considering the symmetry of the magnetic field distribution in a cylindrical workpiece,
the cylindrical co-ordinate system (r, z, θ) was used to analyze the magnetic field distribution
in the shrink-fit tool holder. The equations can be obtained as:

→

H(r) = H(r)
→
e z (9)

∇×
→

H(r) = −
dH(r)

dr
→
e θ (10)

∇
2
×
→

H(r) =
[
−

1
r

dH(r)
dr

−
d2H(r)

dr2

]
→
e z, (11)

where the
→
e z and

→
e θ are the unit vectors of the respective column co-ordinates.

Based on Equations (6)–(11), Equation (12) can be obtained as:

d2H(r)

d(kr)2 +
1
kr

dH(r)
dkr

−H(r) = 0, (12)

where k2 = jωσµ. Equation (12) is a Bessel function and, so, the general solution of Equation (12) can be
written as:

H(r) = AI0(kr) + BK0(kr), (13)

where I0(kr) is the first type of zeroth-order Bessel function, K0(kr) is the second type of zeroth-order
Bessel function, and A and B are undetermined coefficients. The boundary conditions are given as:{

I0(0) = 0 and K0(0)→∞when r→ 0
H(R) =H0 when r→ R

, (14)

where H0 is the magnetic field strength of the workpiece surface and R = D2/2. Then, A = H0/I0(kR)
and B = 0, based on Equations (13) and (14).

Based on Equations (6) and (9),
→

H(r) and
→

J (r) can be obtained as:
→

H(r) = H0
I0(kr)
I0(kR)

→
e z

→

J (r) = σ
→

E(r) = kH0
I1(kr)
I1(kR)

→
e θ

. (15)

It can be seen, from Equation (15), that the variation law of the electromagnetic field is same as the

eddy current density in the workpiece. When r approaches R,
→

H(r),
→

E(r) and
→

J (r) increase rapidly

with increasing r and, when r = 0,
→

H(r),
→

E(r), and
→

J (r) are close to zero, which indicates the skin effect
of the eddy current. This shows that, in the induction heating process, the closer the heated workpiece
is to the surface layer, the greater the eddy current density is, and more eddy current heat is generated.
Furthermore, the electromagnetic field, electric field, and eddy current density distribution in the
workpiece have almost the same change rule; thus, the higher the coil operating frequency, the more
obvious the skin effect is.

3.2. Electromagnetic Field Simulation

The efficiency, strength, and accuracy of electromagnetic induction heating are related to certain
parameters, such as the size, shape, and spacing of the coil. Generally, the electromagnetic induction
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heating coil is made of one or several turns of copper tubes, based on the current of the system.
The structural optimization and design of induction heating coil was carried out using ANSYS Maxwell
simulation analysis [25,26]. For electromagnetic induction heating, the cutter is inserted into the
top of the tool holder, and the coil is sleeved outside the tool holder. In order to improve heating
efficiency and reduce heating loss, it is necessary to enhance the electromagnetic field strength of the
coil, both around the surface of the tool holder and the top of the coil. It is possible to approximate
the coils with equal lengths of copper blocks and to observe the electromagnetic field distribution of
different winding structures, based on simulations using the ANSYS Maxwell software.

First, a classic coil structure was designed for testing and simulation, which was composed of
four layers, each layer wound tightly in a circle and another circle. The load applied after modeling
was a 30 A, 20 kHz current. The simulation results are shown in Figure 3. From Figure 3a, it can be
seen that the electromagnetic field generated by the coil around the clamping part was the strongest
and the simulated magnetic field strength (H) was about 3.841 × 102 A/m; however, there is obvious
electromagnetic field leakage outside the coil. As the coil has a certain taper, the simulated distribution
of the magnetic field was not uniform. It can be seen, from Figure 3b, that the electromagnetic field
strength of the clamping part was relatively strong from top to bottom and, as a result, the heating
effect of the clamping part from top to bottom is very fast and obvious [27].
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Then, the classical structure was modified, with a layer of copper strands tightly wound around
the bottom layer and a plurality of copper strands tightly wound in the middle of the 2–4 layers.
The modified structure of the coil is shown in the Figure 4a. An alternating current at the same operating
frequency and current intensity as in the first winding mode was used, and the electromagnetic field
simulation results are shown in Figure 4b,c. Similar to the first structure, the electromagnetic field
around the clamping part shown in Figure 4b was the strongest, but the electromagnetic field strength
was increased to about 8.1000 × 102 A/m. The electromagnetic field leakage outside the coil was
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relatively obvious, as well. It can be seen, from Figure 4c, that the electromagnetic field strength of the
clamping part was relatively strong at the top, middle, and bottom, where the heating effect of the
clamping part was very fast and obvious. As a result, the temperature field of the clamping par was
non-uniform from top to bottom.
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Figure 4. The two–four layer intermediate winding coil and simulated electromagnetic field:
(a) structural diagram; (b) X–Y section of the magnetic field; and (c) X–Z section of the magnetic field.

It has been proved experimentally that the electromagnetic fields generated by the above two
structures could not meet the strength requirements for the replacement of the cutter. Combined with
the previous simulation results and analysis, the final determined coil structure is shown in Figure 5a,
where the bottom layer was tightly wound one turn and one turn of copper wire, two layers were
wound around the top of the coil by n turns of copper wire, and three layers were wound around
the bottom of the coil by n+1 turns of copper wire. An alternating current at the same operating
frequency and current intensity as in the first winding mode was used. The results are shown in
Figure 5b,c. From Figure 5b, it can be seen that the electromagnetic field strength around the clamping
part was the strongest, which was increased to 2.5126 × 103 A/m and was much larger than the first
and second cases; additionally, the distribution of the electromagnetic field was more regular and the
electromagnetic field leakage was improved. The X–Z section of the magnetic field shown in Figure 5c
was relatively strong at the top and bottom; as a result, the heating effect of the clamping part was very
fast and obvious at the top and bottom. In order to further improve the heating effect and achieve the
goal of replacing the cutter successfully, the surface and top electromagnetic field of the clamping part
generated by the coil should be further enhanced [28]. The coil shown in Figure 5a was wrapped in
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a magnetic slot, as shown in Figure 6a, covered by a magnetic ring on the top of the coil, as shown
in Figure 6b. The magnetic ring shown in Figure 6b was composed of a magnetic core at the bottom,
an intermediate heat-radiating body, and a heat-insulating protective cover. The electromagnetic field
simulation was performed again under the same conditions, and the simulated results are shown
in Figure 7. Compared with Figure 5b, the magnetic field in the X–Y plane shown in Figure 7a
was increased by one order of magnitude around the surface of the tool holder with the addition
of the magnetic slot, and the magnetic leakage showed good improvement. It can be seen that the
electromagnetic field strength in the middle of the coil, as shown in Figure 7b, was greatly increased,
to 2.312 × 104 A/m, by the addition of the magnetic ring covering the top of the coil, with which the
inner wall of the clamping part achieved the fastest heating.
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and (b) X–Z section of the magnetic field.

It has been shown that the electromagnetic field interacts with the temperature field in the process
of induction heating, which is a bi-directional nonlinear coupling of the electromagnetic field and
the temperature field [29,30]; the multi-field solver has been widely used to solve this problem in
the ANSYS workbench. The calculation process of magneto-thermal coupling analysis is shown in
the Figure 8. The molding structure of the induction heating established in the ANSYS workbench
is shown in Figure 9a. First, the magnetic field solution type is set to eddy current, the structural
model of the coil and the tool holder are established, the corresponding material parameters and the
excitation parameters (such as heating time, current, and frequency) are added in the ANSYS Maxwell
software, and the magnetic field simulation is performed. Secondly, the simulated magnetic field is
sent to the transient thermal function of the ANSYS Workbench, the magnetic permeability, resistivity,
and specific heat capacity (as a function of temperature) are introduced into the material manager of
the ANSYS Workbench, and the tool holder is meshed and subjected to bi-directional magneto-thermal
coupling analysis. The distribution of the three-dimensional temperature field based on the ANSYS
workbench transient thermal analysis is shown in Figure 9b [31]. It can be seen, from Figure 9b,
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that the temperature distribution was consistent with the electromagnetic field distribution and the
induction heating energy was concentrated at the top area of shrink-fit tool holder clamping part
without diffusing to the bottom, which met the shrink-fit tool holder clamping part thermal expansion
demands and verified the correctness of the coil design process. The highest temperature obtained by
the simulation was about 370 ◦C, at the top of the clamping part.
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temperature field.

4. Design and Implementation of Tool Holder Heat-Loading Equipment

The overall framework of the tool holder heat-loading equipment is shown in Figure 10.
A three-phase alternating current (AC) input is connected to a rectifier module to generate a 514 V
direct current (DC) output. A phase AC input supply is reduced to 15 V by a step-down transformer
and connected to the power management module, in order to generate an appropriate DC supply for
each module of the control circuit and the STM32 microcontroller unit (MCU). The heating parameters
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of the tool holder can be adjusted through the buttons on the control module. Based on the set heating
parameters, including tool holder diameter, heating time, and frequency, a pulse width modulation
(PWM) wave is generated by the control module to drive the inverter circuit, composed of an insulated
gate bipolar transistor (IGBT). The driving circuit drives the inverter circuit to generate a high-frequency
AC current, which is connected to the induction heating coil. The STM32 advanced timer of TIM1
is used to generate the PWM wave [32]. As the equipment uses a full-bridge inverter structure and
two IR2213 driver chips, four PWM waves are required for the drive signal. Ausbond-192AB type
potting compound is poured into the gap between the electromagnetic field collecting groove and the
coil, which enhances the heat dissipation ability of the coil. Furthermore, in order to protect against
overheating, a bimetal thermostat connected to the microcontroller unit is buried in the coil. The overall
heat shrinking machine is shown in Figure 11.
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Figure 11. Tool holder heat-loading equipment.

The material of the coil shown in Figure 11 is solderable polyurethane enameled round copper
wire, the specification is 0.2 mm*100, the copper core cross-sectional area is 3.1416 mm2, and the
resistivity is 5.772 Ω/km. The highest heat-resistant temperature is 155 ◦C and the highest withstand
voltage is 1600 V. The measured impedance of the coil by the RLC (Resistance Inductance Capacitance)
measuring instrument, as a function of frequency, is shown in Figure 12; the real part of the impedance
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is about 0.38 Ω, but the inductive reactance is proportional to frequency and is much larger than
real part.Energies 2019, 12, x FOR PEER REVIEW 12 of 17 
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The software program of the equipment was composed of four modules, an initialization module,
a key and display module, a PWM wave generation module, and an analog–digital (AD) sampling
module. The flow chart of the program is shown in Figure 13.
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The main point of the design and writing of the key-display modules is the logical relationship
between the keys:

(1) When the "Start" key is detected, the OLED (Organic Light-Emitting Diode) sends the parameter
to the STM32 through the IIC (Inter-Integrated Circuit), thereby outputting a different PWM wave.

(2) When the "*" key is first detected, the OLED enters the modified parameter mode. Then, the “*”
button is pressed to modify the caliber parameter; the “*” button is pressed twice to modify
the time parameter; the “*” button is pressed three times to modify the frequency parameter.
When modifying the parameters, the path parameter modification step is 1.0 mm; the time
parameter modification step is 0.2 s; and the frequency parameter modification step is 0.5 kHz.
When the "*" key is pressed four times, the modified aperture parameter is returned.

(3) When the system does not detect the "*" key press, directly detecting the "+" key press,
the parameter pre-existing in the OLED is made variable, with the caliber as the variable,
and a parameter larger than the currently displayed caliber size is called, if direct detection
is performed. When the "-" key is pressed, the parameter pre-existing in the OLED is made
variable, and a parameter smaller than the currently displayed aperture size is called. At the same
time, the frequency parameter is used as a limiting condition, where the frequency is limited to
between 8–20 kHz.

5. Experiment and Analysis

A UT305A non-contact infrared thermometer was used to measure the temperature of the shrink-fit
tool holder. The measured temperature range of the non-contact infrared thermometer is −50–1550 ◦C
and the highest measurement accuracy is ±1.8 ◦C, which met the measurement requirements of the
experiment. First, the heating time was fixed to 7.1 s. All experiments were repeated several times,
one group of the measured temperatures (i.e., before and after heating) for each of the shrink-fit tool
holders are listed in Tables 2 and 3, respectively.

Table 2. Experimental results of the BT40-SF06 tool holder.

DC Voltage (V) Starting Temperature
(◦C)

Heating Frequency
(kHz)

Heating Temperature
(◦C)

202.4 24.9 20 208.9
205.5 28.0 18 221.4
207.3 27.4 16 228.8
205.1 26.0 14 237.7
201.7 25.0 12 252.1
223.7 23.0 20 254.7
225.2 24.7 18 269.9
228.3 25.6 16 280.7
225.0 26.1 14 294.4
224.4 25.1 12 316.1
256.4 25.3 20 318.4
264.1 25.2 18 342.5
248.7 26.8 16 356.9
249.9 24.4 14 370.1
251.8 24.8 12 387.3
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Table 3. Experimental results of BT40-SF10 tool holder.

DC Voltage (V) Starting Temperature
(◦C)

Heating Frequency
(kHz) Final Temperature (◦C)

205.5 27.6 18 211.4
207.3 27.4 16 219.3
205.1 25.7 14 226.6
203.6 25.5 12 239.9
223.7 23.2 20 248.8
225.2 24.2 18 259.1
228.3 25.0 16 270.0
225.0 25.9 14 284.9
256.4 25.1 20 304.9
264.1 25.3 18 333.5
248.7 26.5 16 347.0
249.9 24.9 14 359.7
250.1 25.5 12 370.1

It can be seen that the heated temperatures of the BT40-SF06 were larger than those of the
BT40-SF10, under the same heating conditions. The inserting and pulling out temperature was about
270 ◦C for BT40-SF06 but, for the BT40-SF10, the temperature was about 285 ◦C. When the heating time
was set to 7.1 s, the insertion and removal of the tool could be completed, as long as the frequency was in
the range of 12–20 kHz and the DC voltage was 245–255 V. When the DC voltage was substantially the
same and the heating frequency was lowered, the heating effect was better; when the heating frequency
was substantially constant and the DC voltage was increased, the heating effect was also better.

The DC voltage was set to 250 V and insertion and removal of the cutter was observed under
different times and frequencies. The experiments were repeated several times, and one group of
experimental results are shown in Table 4.

Table 4. Experimental results of BT40-SF06/ BT40-SF10 under DC 250V.

Starting
Temperature (◦C)

Heating
Frequency (kHz) Heating Time (s)

Heating
Temperature (◦C)

BT40-SF06

Heating
Temperature (◦C)

BT40-SF10

23.3 20 5 251.1 245.1
26.3 20 6 286.3 276.3
26.4 20 7 318.4 304.9
24.1 20 8 341.8 332.2
25.5 18 5 287.2 281.3
25.2 18 6 313.8 307.2
24.2 18 7 334.1 333.5
24.3 18 8 365.4 363.7
23.9 16 5 307.7 298.6
24.0 16 6 331.6 330.4
25.1 16 7 350.9 347.0
24.7 16 8 378.2 375.4
25.6 14 5 311.2 304.7
25.0 14 6 342.3 330.3
25.5 14 7 370.1 359.7
24.8 14 8 398.5 385.1
24.6 12 5 341.7 322.3
26.1 12 6 370.0 351.5
24.7 12 7 389.3 370.1
24.9 12 8 412.1 397.2

Finally, the optimal parameters of the two tool holders (at 250 V) were obtained, and those for the
BT40-SF06 tool holder were found to be superior. The induction heating parameters for the BT40-SF06
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are as follows: DC voltage 250 V, heating time 5 s, and heating frequency 16 kHz. For the BT40-SF10
tool holder, the induction heating parameters are as follows: DC voltage 250 V, heating time 6 s,
and heating frequency 18 kHz.

6. Conclusions and Future Work

Based on the principle of electromagnetic induction heating technology and a high-speed
machining tool system, hot-loading equipment to be used for a shrink-fit tool holder was designed
and implemented in this paper. The designed equipment was based on the STM32F103RBT6 control
circuit as the main chip, as well as an IGBT drive protection circuit based on the IR2213. The ANSYS
Maxwell software was used to simulate coils with different winding modes to study the difference
in electromagnetic field effect. The distribution of the coil structure was, finally, designed for the
equipment. After the entire heat-installing equipment was built, the two handles of the BT40-SF06
and BT40-SF10 were used for experimental testing. In the heating experiment, the three parameters of
voltage, heating time, and frequency were adjusted, and, finally, the optimal heating parameters of the
whole equipment were determined. Through the experiment, the tool holder heating equipment was
shown to be able to achieve the pre-determined functional target. The following conclusions have
been drawn, based on the theoretical analysis and experimental results:

(1) The magnetic field in the X–Y plane generated by the proposed coil was increased by one order of
magnitude around the surface of the tool holder by the addition of the magnetic slot; furthermore,
the magnetic leakage was improved. The electromagnetic field strength in the middle of the coil
was greatly increased, to 2.312 × 104 A/m, by the addition of a magnetic ring covering the top of
the coil.

(2) The simulated distribution of the three-dimensional temperature field was consistent with the
electromagnetic field distribution. The highest temperature obtained by the simulation was about
370 ◦C, on the top of the clamping part, which was consistent with the measured result.

(3) Under the same heating conditions, the heated temperatures of the BT40-SF06 were larger than
those of the BT40-SF10. The inserting and pulling out temperature was about 270 ◦C for the
BT40-SF06, but about 285 ◦C for the BT40-SF10, as determined experimentally. When the DC
voltage was substantially the same and the heating frequency was lowered, or when the heating
frequency was substantially constant and the DC voltage was increased, the heating effect
was better.

In future work, the thermal fatigue problem of the tool holder during heating requires further
study. A large number of repeated experiments and uncertainty analyses should be carried out to verify
the reliability of the implemented heating equipment. The function of the heating coil in detecting the
tool diameter is also to be further developed.
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