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KEYWORDS ABSTRACT

Stress induction, In this research, the induction of high-frequency alternating stresses in steel parts using an
Alternating magnetic field, alternating magnetic field has been investigated experimentally. This treatment, in addition to the
Natural frequency. induction of alternating stresses, can increase the temperature of the part and facilitate the release

of residual stresses. Residual stresses caused by the welding process in the area around the weld
line are a good example of the applications of this method. This method is very fast, and it can be
used for small or large parts without space limitations. Also, the necessary equipment can be
prepared easily at low costs. This study uses a small coil with an iron core to induce the magnetic
field, and a simple and cheap electric board to create an oscillating current in the coil. The electric
board employs a high-frequency electronic switch in a DC circuit to generate a rectangular
waveform voltage. The obtained experimental results show that the steel part can resonate at
frequencies close to the first longitudinal natural frequency or its subharmonics, and in this case,
normal stresses in the order of 100 MPa are induced in the part. By upgrading the electrical
equipment prepared in this research, it is possible to increase the induced stresses several times.
Hence, employing appropriate equipment, the high-frequency magnetic induction method can be
used as an alternative method for stress relief of welded joints.

Extended Abstract

1. Introduction

he induction of dynamic stresses in mechanical parts can release residual stresses. Different dynamic

methods can be classified into three general categories: impulse methods, large-amplitude and low-

frequency methods (relative to the natural frequency of the part), and small-amplitude and high-frequency
methods. In the third method, small periodic forces of a frequency close to the part’s natural frequency are applied
to it, and by creating resonance, they induce large stresses into the part. Induced stresses can accumulate with
residual stresses and release residual stresses by causing local plastic deformations.

The method of magnetic stress relief is a relatively new technique. In the late 1980s, reports were published
that showed a significant increase in the lifespan of mechanical parts that underwent pulsed magnetic treatment.
Initial observations revealed that this process causes changes in residual stress, density of dislocations, and
discontinuities [1-6]. Since then, numerous studies have been conducted on stress relief through alternating
magnetic induction on different materials, most of which were experimental and in the form of pulse or low
frequency. For example, references [7-23] can be cited. All the experimental tests conducted by researchers
indicate that the magnetic method has a high potential and can be a viable alternative to other stress relief methods.
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Based on both experimental results and simulations [8,24], it has been found that the maximum residual stress
caused by welding is longitudinal and perpendicular to the welding line. This residual stress typically measures
approximately half of the yield stress of the part. Therefore, to effectively release these residual stresses at room
temperature, induced stresses must be greater than half of the yield stress. The study mentioned in reference [24]
demonstrated that by using a small coil with an iron core and a current of 1 ampere, it is possible to induce stresses
of several tens of MPa in small steel parts. The present study aims to qualitatively evaluate the results of reference
[24] by combining finite element simulations and experimental tests to assess the possibility of inducing large
mechanical stresses with a small magnetic field of high frequency.

In this research, an alternating magnetic field is used to create high-frequency dynamic stresses in steel
components. This magnetic field increases the temperature of the components and helps to release residual stresses
more effectively, especially in the weld line area. This method is advantageous because it is fast and can be applied
to components of any size without space limitations. Additionally, the equipment needed for this method is easy
to prepare and relatively inexpensive. High-frequency magnetic stress relief has not been studied in the range of
natural frequencies until now, making these results novel with no similar cases published.

2. Equipment and test method

In this study, we aim to apply extensive longitudinal stresses in a steel piece by exciting it at a frequency close
to its first longitudinal natural frequency. A tensile testing device with a fixed and movable jaw is employed to
measure the induced stresses. The movable jaw is adjusted using a power screw to subject the test specimen to a
constant pretension. The fixed jaw of the machine is attached to a Lascaux-STC500kg load cell utilized to measure
the tensile force induced in the test part during the experiment. Two holes were drilled on either end of the
specimen, to secure it in the machine's jaws with two screws. The load cell's output port is connected to a BSWA-
MC3022 audio card, which ensures highly precise measurements. However, the pre-tension effect and plastic
deformation cannot be directly measured since the sound card filters out the output DC signal.

A coil with a U-shaped layered iron core induces dynamic stresses in the target part. A high-frequency
MOSFET switches the DC power supply on and off periodically, generating an alternating current in the coil.
Figure 1a displays a view of the tension specimen and the positioning of the iron core next to it. Figure 1b provides
the dimensions of the test specimen and the iron core in millimeters. The steel component has a thickness of 2 mm,
and the iron core has a thickness of 10 mm. The test specimen is made of St37 construction steel.
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Figure 1. a) The configuration of the cored coil and the steel piece under the treatment b) Dimensions of the steel piece and the coil
core in centimeters

The iron core is placed in contact with the steel part at its center. The DC component of the electric current
causes the iron core to stick to the steel part. When an electric current is induced in the coil, it creates symmetrical
forces that apply to both sides of the specimen’s center part, causing it to be put under tension. By switching the
coil current on and off alternately, these forces stimulate the steel specimen with a frequency that could be one or
two times the switching frequency, depending on the material of the core and part.
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To limit the coil current to a suitable range for the electrical board and, at the same time, to provide enough
current (about 1 ampere) for sufficient stress induction, a coil with 100 turns of lacquered wire of 0.45 mm diameter
is used in series with an electrical resistance of 5 ohms. A constant voltage of 15 volts powers the electric circuit.
It is worth mentioning that as the excitation frequency increases, the impedance of the coil increases, causing the
passing current to decrease as well.

3. Experimental and simulation results

After fixing the tensile sample in the tensile testing machine, the coil core was placed in contact with it, and
alternating voltages of specific frequencies were applied to the coil. Each experiment lasted for 5 seconds and was
carried out once the steel part had cooled to room temperature. The frequencies applied started from 1.5 kHz and
increased in 100 Hz steps up to 22 kHz. The obtained results showed that in the frequency range of 1.5 to 10 kHz,
the amplitude of the output signal measured by the audio card remained in an almost identical range, and then
decreased dramatically beyond that range.
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Figure 2. The load cell output signal measured by the sound card in response to different excitation frequencies

When using a square excitation voltage, the force signal measured by the load cell will contain the odd
harmonics of the excitation frequency if the induced electric current is the same. However, in practice, the induced
current in the coil is not a square signal due to the coil impedance and the vibrations of the steel piece and coil
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core. The experimental results demonstrate that the output signal of the load cell contains both the odd and even
superharmonics of the excitation frequency. The existence of these harmonics shows a possibility of resonance in
odd and even subharmonics of excitation frequency. This issue can answer why the amplitude of the response
signal in almost the entire range below half the natural frequency is in the same order as the response signal of the
steel piece near the natural frequency. As an instance, Figure 3 shows the power spectrum of the data logger output
signal for the excitation frequency of 6 kHz.
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Figure 3. Power spectrum of the measured signal at the excitation frequency of 6 kHz

To examine how excitation frequency affects the load-cell response signal, Figure 4a displays changes in signal
power spectrum amplitude at the fundamental frequency (1x frequency component). The graph shows that as the
excitation frequency increases, the amplitude of the signal power in the first harmonic gradually increases until it
reaches its peak at a frequency of 20.1 kHz, which is close to the first longitudinal natural frequency of the steel
part. After this, the amplitude decreases rapidly. Figure 4b shows the induced current in the coil at a constant
voltage of 15 volts. As seen in the figure, the increase in the electrical impedance of the circuit has caused a
significant reduction in the induced current.
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Figure 4. a) Power spectrum amplitude of the measured signal in the 1x harmony, b) Induced current in the coil circuit with a
constant supply voltage of 15 volts and different excitation frequencies

To estimate the stress induced in the part, we need to establish the relationship between the output voltage of
the load cell and the amplitude of the power spectrum. It's important to note there is a data logger between the load
cell and the computer, which may alter the measured signal. For this purpose, we connected the data logger to a
signal generator and applied different voltages with different frequencies to study the power spectrum values and
amplitudes at different excitation frequencies. We conducted several tests and found that there is an almost linear
relationship between the power spectrum and the square of the amplitude, as well as between the amplitude of the
measured signal and the voltage received by the data logger:

Z=Kz\PS, V=KvZ, (1)
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where Z is the signal amplitude, PS is the power spectrum amplitude, V is the load cell voltage (data logger
input), and Kz and Kv are the conversion coefficients. According to the measurements, the conversion coefficients
are Kz=0.723 and Kv=0.0003625 (1/mV). According to the manufacturer catalog, the relationship between the
force applied to the load cell and the output voltage is also linear:

Kp=V /P. 2)

Here, P is the measured force, and V is the output voltage of the load cell. According to the load cell catalog,
at the maximum load of 500 kg, the load cell yields a voltage of 2 mV per one volt of supply voltage. Since the
power supply of the load cell in this test is 5 volts, the output voltage at a force of 500 kg is equal to 10 millivolts.
Therefore, we will have Kp=10/500=0.02 (mV/kg). Using the obtained conversion coefficients and the final
relationship P=VPS/(Kz*Kv*Kp), the force applied to the load cell at the excitation frequency of 20.1 kHz is
estimated to be 50.79 kg or 497.7 N. As a result, the average stress applied to the support of the part (section
adjacent to the hole) is 19.1 MPa.

In stress relief, we try to bring the stress to the plastic limit in the desired area without causing unwanted
deformation in other areas. We also prefer to treat the piece freely without the use of any fixture. In the following,
we assume that the steel part is operated under free boundary conditions, and we need to estimate the induced
stresses in its center point. For this purpose, we use finite element simulations to estimate the force induced by the
magnetic field in the previous experimental tests. Then, with the help of the estimated force, we simulate the
treatment procedure under the free boundary conditions and estimate the induced stress in the center of the part.
With this aim, in the finite element model, we first impose fixed boundary conditions on the steel part at the drilled
holes. Then, we apply two opposite point forces to the two sides of the component area located between the two
arms of the iron coil, which represent the induced magnetic forces (Fig. 5). To model the misadjustments, we
assume that the iron coil is inclined to one of the piece ends by 5 mm. considering these assumptions, a finite
element model of the steel part was prepared in COMSOL. The mass density of the steel part was considered as
7800 kg/m”3, Young's modulus as 200 GPa, and Poisson's ratio as 0.33. In addition, a damping ratio of 0.001 was
used for the first and second longitudinal natural frequencies.
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Figure 5. The point forces applied to the piece and the boundary conditions simulated in the FEM model

The steel part was simulated in COMSOL, and by restricting it to in-plane displacements, the harmonic
response to the applied forces was investigated at different frequencies. In this simulation, we set the amplitude of
the applied force to 1 N and studied the frequency range of 1~22 kHz at a frequency step of 100 Hz. In the first
natural frequency (17879 Hz), the maximum displacement occurs in the x direction (longitudinal direction of the
piece) in the midpoint of the part, whereas, in the second natural frequency (34700 Hz), the displacement of the
part midpoint is equal to zero. According to the simulations, in the first natural frequency, the longitudinal stress
in the part midpoint is close to zero, and the maximum longitudinal stresses occur in the two supports. In the
second natural frequency, in the part midpoint and the supports, the longitudinal stresses reach local maximums.

Figure 6a shows the frequency response curve of the part in the middle section (section B, Figure 5) and the
support section (section A, Figure 5). To measure the stress in the middle section, we select the midpoint of this
section, and for the support section, we choose the center of the hole's upper part. At these two points, the
longitudinal stress is almost equal to the average stress in the entire section. According to the graph, at the
excitation frequency of 17800 Hz, the stress in the support section is 800 kPa, and in the middle section is 88 kPa.
At the excitation frequency of 34 kHz, the longitudinal stress in the support section and middle section are 7.6 and
17 MPa, respectively. Therefore, at the excitation frequency close to the second natural frequency, much larger
longitudinal stresses can be achieved. However, the equipment prepared for this research limits the study to
frequencies lower than 22 kHz. Therefore, we limit our analysis to the first natural frequency. In the experimental
part of this study, the stress value of 19.1 MPa was obtained for the support section, which is approximately 23.9
times the value obtained in the finite element simulation (800 kPa) for the excitation force amplitude of 1 N. Thus,
using a proportional approximation, the amplitude of the excitation force in the experimental study can be
estimated as 23.9 N.
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Figure 6. The frequency response diagram of the steel part in the middle and support sections corresponding to an excitation force of
1 N amplitude, a) clamped boundary condition, b) free boundary condition

Now consider the piece in free boundary conditions. In this case, the first natural frequency is 9852 Hz. Figure
6b shows the frequency response curve in the middle and support sections. According to the figure, the maximum
longitudinal stress is 4 MPa and occurs in the middle section of the part. If we assume that the amplitude of the
actual excitation force is 23.9 N, as predicted previously, we can expect a longitudinal stress of 95.6 MPa in the
middle section. Obviously, by upgrading the prepared equipment, it is possible to boost the amplitude of the
induced stress to several hundreds of MPa, which is high enough to release the residual stresses.

4. conclusion

In this research, the induction of dynamic and high-frequency stresses in a steel piece through alternating
magnetic fields was investigated using the experimental and FEM analysis. In the experimental part, the steel piece
was subjected to periodic stresses by employing simple and inexpensive electrical equipment and a coil with a U-
shaped core. The frequency analysis of the results indicates that the induced current's non-harmonicity may cause
the target component to experience mechanical resonance at its natural frequency or subharmonics. Hence, it is
possible to apply large stresses to the part at its natural frequency, as well as within a wide range of excitation
frequencies below half of the natural frequency. The experiments also demonstrate that the steel piece experiences
significant stress, which can be increased by upgrading the equipment, providing sufficient stress for the stress-
release process.

Finally, we used FEM analysis and the experimental data to estimate the net force induced by the coil in the
part under test. The estimated induced force was then used to simulate the case of free boundary conditions and to
estimate the induced stresses under these conditions. Simulation results show that significantly large stresses are
induced in the middle section of the part with these assumptions.
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