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A B S T R A C T

High-strength steels are mostly realized via a very fine-grained microstructure by a thermomechanical 
manufacturing process. If the temperature of the steels exceeds a critical range, e.g., due to a fire or inappropriate 
flame straightening, coarse grain formation, and thus local damage in the form of softening of the structure can 
occur. This results in a lower fatigue strength. Currently, there is no possibility to inspect the mechanical 
properties directly on the structure after thermal exposure.

To investigate the influence of thermal overloads on mechanical properties and the qualification of non- 
destructive electromagnetic testing technology for the detection of thermal damage, tensile and fatigue speci
mens of S500G1+M high-strength structural steel were subjected to different heat treatments in a preheated 
chamber furnace at temperatures of 550, 1000 and 1300 ◦C. The resulting changes in microstructure, hardness, 
yield strength, tensile strength, elastic modulus, fatigue strength and electromagnetic signals were compared to 
the initial state. The combined results show that thermal damage leading to a degradation of the mechanical 
properties can be detected using harmonic analysis of eddy current signals. Referencing the initial state in the 
impedance plane of the third harmonic, a deviation can be detected directly on the component or structure using 
rapid and non-destructive testing, thus indicating a change in the fatigue strength. In addition, the amplitudes of 
the first and third harmonics show an inverse correlation to hardness, yield strength and tensile strength.

Nomenclature:

HSS High-strength steel
HA-EC Harmonic analysis of eddy current signals
TMCR Thermomechanical-controlled rolling

1. Introduction

High-strength steel (HSS) is indispensable in certain applications. A 
defined microstructure is crucial in this respect, but thermal loads can 
alter this state. Thermal overloads can be related to different causes, e.g., 
fire, thermal loads during service, or due to processes like flame 
straightening. For instance, fire is recognized as a significant hazard that 
can occur during the service life of a structure. The use of inappropriate 

construction materials and structural systems has been shown to have 
devastating consequences during a fire event. Therefore, maintaining 
structural integrity during fire is a safety requirement in the design of 
structures. Flame straightening is used in shipbuilding, for example, to 
reduce shape deviations in sheets. If the flame straightening temperature 
exceeds a certain thermal limit, localized damage can occur in the form 
of softening of the component.

The resulting microstructure after thermal overload is often un
known. Studies have shown that various high-strength steels exhibit 
significantly reduced mechanical properties after thermal exposures 
above 600–700 ◦C, see for example [1–5]. As a result, previously 
calculated or tested strengths and fatigue strengths become obsolete. 
Instead, it is necessary to determine the current actual state. Mobile and 
time-efficient, non-destructive testing that is sensitive to changes in the 
microstructure is required.
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The aim of this feasibility study was to determine if a critical thermal 
load that degrades the mechanical properties can be identified on an 
exemplary S500M high-strength structural steel using harmonic analysis 
of eddy current (HA-EC) signals. This question has not been systemati
cally addressed in the open literature for high-strength steels in general. 
The S500M steel is increasingly being used in steel structures, hydraulic 
steel structures, mechanical engineering and storage tanks where high 
weldability is required despite the use of high-strength steels. To 
investigate the effect of heat treatments on the mechanical properties 
and to be able to analyse the relationship between microstructure, me
chanical properties and non-destructively obtained measurement data, 
specimens were examined metallographically after heat treatment. The 
mechanical properties were determined by means of tensile tests and 
vibration tests.

2. Influence of thermal exposure on mechanical properties of 
structural steels

Thermal overloads refer to the exposure of materials to high tem
peratures, either in a sustained manner or through thermal cycling, 
which can cause thermal fatigue, creep or microstructural changes and 
lead to premature failure. Thermal exposure and in particular thermal 
overloads can be related to different causes, e.g., fire, thermal loads 
during service, or due to processes like flame straightening. When steel 
is subjected to high temperatures, it can experience a number of changes 
in its microstructure and mechanical properties (i.e., strength, ductility, 
toughness, and fatigue strength). These changes can include the growth 
of grain size, precipitation of brittle phases, and the reduction of 
ductility due to a loss of dislocation mobility [6].

One of the most critical ways that thermal overloads affect the me
chanical properties of steel is through the formation of cracks and de
fects. These defects can propagate and lead to fracture, reducing the 
overall ductility and toughness of the material [7]. The severity of these 
defects is largely dependent on the cooling rate, which can affect the size 
and shape of the grains and the distribution of precipitates [8].

Research has shown that the ductility and toughness of steel can also 
be influenced by the heating rate, duration, and temperature. High 
heating rates can cause rapid thermal expansion, leading to thermal 
shock and increased susceptibility to brittle fracture [9]. Similarly, 
prolonged exposure to high temperatures can cause the formation of 
brittle phases, leading to reduced ductility and toughness [10].

2.1. Microstructure of high-strength structural steels

High-strength structural steels are a group of alloys that offer 
improved mechanical properties compared to carbon steel. They achieve 
these properties by developing specific microstructures through 
controlled thermomechanical processing. The resulting microstructure 
can be adjusted to reach optimal properties such as strength, hardness, 
ductility, and toughness. These properties are achieved through a 
combination of specific alloying elements and heat treatment. HSS 
commonly use thermomechanical-controlled rolling or quenching and 
tempering to produce microstructures with high strengths, as well as 
multiphase microstructures that balance strength and ductility.

Thermomechanical-controlled rolling (TMCR) is a technique that can 
be used to produce high-strength structural steels. This process involves 
using a combination of temperature, strain rate and deformations to 
achieve the desired mechanical properties in the final product. The 
process comprises of a series of steps including heating the steel to a 
suitable temperature to facilitate full austenite transformation, followed 
by controlled rolling under the desired temperature and strain rate. The 
steel is then cooled uniformly using a temperature and cooling rate that 
has been optimized for the specific application.

One of the advantages of TMCR is its ability to produce uniform 
microstructure, minimizing the need for expensive microstructural al
terations during the post-processing stage. Additionally, TMCR can be 

used to control the ferrite grain size and distribution, resulting in a 
microstructure that promotes toughness, ductility, and impact resistance 
within the alloy [11]. The typical microstructure of TMCR steel can vary 
depending on the specific processing parameters used; however, in 
general, the microstructure of structural steel produced by TMCR is 
characterized by a fine-grained ferrite and pearlite microstructure. This 
microstructure is often uniform and highly refined, leading to improved 
mechanical properties. TMCR can also promote the formation of other 
microstructural features, such as bainitic ferrite, which can further 
enhance the properties of the steel [12].

2.2. Effect of thermal exposure on ductility and toughness of steels

The specific effects of thermal overloads on the ductility and 
toughness of steel can vary depending on the composition and micro
structure of the material. For example, HSS alloys can be more suscep
tible to embrittlement due to the formation of brittle intermetallic 
phases at high temperatures [13]. On the other hand, low-carbon steels 
may experience improved toughness due to the formation of a tough and 
ductile bainitic microstructure [6].

In summary, thermal overloads can significantly affect the ductility 
and toughness of steel, leading to increased risk of failure. The severity 
of these effects is dependent on a variety of factors, including the cooling 
rate, heating rate, duration, and temperature, as well as the composition 
and microstructure of the steel.

A recent study by Wang et al. [14] revealed that thermal cracks 
normally initiate and propagate along the oxidized grain boundaries of 
low-alloy steel; nevertheless, crack propagation is restricted by the fine 
precipitates and lath structure of martensite.

There has been much research on deterioration of mechanical 
properties of structural steels at elevated temperatures in the context of 
fire-safe design, see e.g., Refs. [15–17] or [18]. In principle, mechanical 
properties decrease steadily with increasing temperature. Slowly at 
temperatures between room temperature and about 200 ◦C and more 
rapidly at higher temperatures [17].

Similarly, the mechanical performance of structural steels has been 
studied after exposure to high temperatures and subsequent air cooling 
to room temperature as a simulation of post-fire conditions. For 
instance, Saedi Daryan et al. [1] investigated the stress-strain behaviour 
of S235 steel after the exposure of varying temperature cycles between 
25 and 900 ◦C. Similar tests were performed by Kang et al. [2] for a Q460 
steel up to 900 ◦C, by Zeybek et al. [3] for S700MC steel up to 1200 ◦C, by 
Pandey and Young [19] for 900MH and 960MH up to 900 ◦C and by 
Qiang et al. [4] for S460 and S690 steel after the exposure to tempera
tures up to 1000 ◦C. It is found that the mechanical properties of HSS are 
significantly affected by the exposure to high temperatures. For S460 
and S690 steel, a reduction in mechanical properties is observed for 
temperatures above 600 ◦C [4], and for S700MC steel also above 600 ◦C 
[3]. Wang et al. [5] showed that after heat treatment at 700 ◦C, the yield 
stress of the quenched and tempered high-strength steel Bisalloy80 is 
reduced by an average of 37% and of Bisalloy400 by 61%. For 
ultra-high-strength steels, this transition temperature is found at lower 
temperatures, e.g., 300 ◦C for Grade 1200 steel [20].

The effect of flame straightening on the mechanical properties of 
steels is a matter of debate and depends on several factors like the type of 
steel and the degree of straightening. Some studies have suggested that 
flame straightening can have detrimental effects on the mechanical 
properties of steel [21], including reduced toughness and increased 
susceptibility to fatigue crack growth in the affected areas. However, 
other studies have reported that mechanical properties are not affected, 
or even improved, e.g., by flame straightening. Assessing the effect of 
flame straightening on microstructural, mechanical and fracture prop
erties of S235JR, S460ML and S690QL structural steels, Lacalle et al. 
[22] came to the conclusion that it is not possible to establish general 
recommendations for flame straightening processes. It is, therefore, 
essential to note that any heat-based straightening method could 
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potentially reduce the material properties of a steel structure. This is 
typically related to microstructural changes that are caused by either to 
high temperatures (in a similar range as previously stated) or due to 
rapid cooling.

In large engineering structures like ships, flame straightening is often 
performed by a combination of a torch to heat the plate on spots or along 
lines and water spraying for cooling at other locations. Due to constrains 
during heat expansion and shrinkage in previously expanded regions, a 
distribution of residual stresses is created, which leads to the desired 
permanent deformation [23]. Clearly, spraying water onto a hot steel 
plate can cause significant cooling rates. It thus needs to be controlled to 
avoid the formation of martensite. In addition, in order to prevent the 
formation of tertiary cementite in low carbon ferritic-pearlitic steels, 
cooling times longer than 100 s between 400 and 600 ◦C should also be 
avoided [22]. It is typically recommended to avoid temperatures above 
600–650 ◦C during flame straightening due to the aforementioned ef
fects on mechanical properties, see Ref. [24]. Gyura et al. [21] showed in 
a systematic investigation that hardness and Charpy V-notch impact 
toughness may be significantly reduced for heating temperatures above 
800 ◦C and rapid water cooling. While the effect on a mild S355J2 steel 
was limited, the effect became more pronounced for XAR400 and 
S960QL steel.

In general, there is plenty of research on mechanical behaviour of 
steels at high temperatures or after thermal overloads; however, the 
investigations of the effect of thermal overloads in combination with 
cooling rates achieved, e.g., during flame straightening are rare. Thus, 
further research is needed to fully understand and mitigate these effects 
in order to improve the performance and reliability of steel components 
subjected to thermal overloads.

2.3. Effect of thermal exposure on fatigue strength

Thermal exposure and thermal overloads can have a significant 
impact on the fatigue strength of steels. In general, thermal overloads 
tend to reduce the fatigue strength of a material. This is because they can 
introduce microstructural changes in the material that can lead to crack 
initiation and propagation. The extent of the reduction in fatigue 
strength depends on several factors, including the magnitude and 
duration of the thermal overload, the material’s composition and 
microstructure, and the loading conditions the material experiences, c.f 
[6,7,9].

One of the primary mechanisms through which thermal overloads 
reduce fatigue strength is by inducing residual stresses in the material. 
These stresses can result from thermal expansion or contraction, or from 
differential cooling rates across the material. Residual stresses can create 
microstructural changes in the material that make it more susceptible to 
cracking. In addition, thermal overloads can lead to changes in the 
material’s grain structure, including grain growth or recrystallization. 
These changes can alter the material’s fatigue properties and reduce its 
overall strength.

Another factor that can influence the impact of thermal overloads on 
fatigue strength is the material’s temperature sensitivity. Some mate
rials are more sensitive to changes in temperature than others, meaning 
that they are more prone to microstructural changes or cracking under 
thermal overloads. The loading conditions the material experiences can 
also affect its fatigue strength under thermal overloads. For example, 
materials that undergo cyclic loading at high stress levels are more 
susceptible to cracking than those that experience lower stress levels 
[25].

The influence of thermal overloads on the fatigue strength of mate
rials has been studied mainly for low-cycle fatigue properties [26–28]. 
The effect of thermal overloads on fatigue strength depends on several 
factors, including the material’s composition, microstructure, and 
thermal history. For instance, materials with high thermal conductivity 
and low thermal expansion coefficients tend to be more resistant to 
thermal fatigue than materials with low thermal conductivity [29].

Furthermore, the severity of the thermal overload, including the 
temperature and duration of exposure, also plays a significant role in 
determining the fatigue strength reduction. In general, as the tempera
ture and duration of exposure increase, the fatigue strength of materials 
decreases [30].

Several mechanisms have been proposed to explain the reduction in 
fatigue strength due to thermal overloads, including microstructural 
changes such as grain growth, precipitation, and phase transformations, 
as well as the formation of cracks and defects.

Various testing methods, such as thermal cycling fatigue tests, have 
been developed to study the effect of constant thermal loads on fatigue 
strength. Additionally, predictive models, such as the Coffin-Manson 
equation [31] and the Smith-Watson-Topper model [32], have been 
developed to estimate the fatigue life of materials under thermal loads. 
However, the effects of short-term and unexpected thermal overloads, e. 
g. due to fire or improper flame straightening, on fatigue strength have 
not been adequately investigated, as in practice this can only be done by 
destructive testing.

The only study that investigated the effect of thermal overloads and 
rapid cooling was performed by Guo et al. [33] for post-fire hysteretic 
and low-cycle fatigue behaviours of Q345 carbon steel. Their test results 
showed that water cooling with a rapid cooling speed from temperatures 
of 750 ◦C or 1000 ◦C have a significant impact on the cyclic behaviour of 
the Q345 steel. They related this effect to the formation of martensite 
during cooling, which results in a decrease in the ductility and a sharp 
reduction of the fatigue life.

In conclusion, the influence of thermal overloads on the fatigue 
strength of materials is a complex phenomenon that depends on several 
factors. The main problem in predicting the effect of thermal exposure 
on fatigue strength lies within the determination of the actual temper
atures reached and the cooling times, as these are the two parameters 
that mainly influence microstructural changes. As these parameters are 
not known after unexpected thermal damage, it is not possible to make a 
reliable prediction of the remaining service life. Non-destructive testing 
directly on the respective structure as a tool for assessing thermal 
damage can therefore provide a solution.

3. Characterization of microstructure using electromagnetic 
testing

Besides mechanical material properties, thermal overload also af
fects electrical and magnetic material properties. This can be captured 
by non-destructive, electromagnetic testing techniques. The harmonic 
analysis of eddy current signals is a powerful method for characterizing 
the mechanical properties of ferromagnetic materials, especially steels. 
This technique is based on the generation and detection of eddy cur
rents, which are produced by electromagnetic induction in conductive 
materials. The higher the magnetic permeability and electrical con
ductivity of the material, and the higher the test frequency, the lower the 
penetration depth of the eddy currents. The basic structure of an eddy 
current sensor consists of an exciter coil, which generates an alternating 
magnetic field, and a receiver coil, which detects the changes in the 
magnetic field caused by the induced eddy currents. The measured 
signals contain information about the electrical conductivity and the 
magnetic properties of the material [34].

During harmonic analysis, the measured eddy current signals are 
broken down with a Fast-Fourier-Transformation into their frequency 
components. The result of this transformation provides amplitude and 
phase values, or real and imaginary parts, of the harmonics contained in 
the measurement signal. These are odd multiples of the test frequency 
due to the non-linear transmission behaviour or rather the magnetic 
hysteresis. It also enables a detailed analysis of the signal characteristics 
and the identification of harmonic frequencies that are influenced by 
various material properties. Analysing the harmonic components pro
vides valuable information about stresses, hardness, impurities and 
other mechanical properties of the steel. A key advantage of harmonic 
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analysis is its ability to perform non-invasive and fast tests. For instance, 
harmonic analysis of eddy current signals can be used to characterize 
and differentiate the microstructure and stress distribution in the ma
terial [35–38].

This technique is also used to analyse the effects of heat treatments 
and mechanical stresses on material properties. For instance, the phase 
transformation of ferrite, martensite and bainite during cooling from the 
austenite region can be sensitively detected. In addition, changes in the 
microstructure can be detected as a result of tempering processes 
[39–43]. It is also possible to correlate mechanical properties such as 
hardness with characteristic values from the harmonic analysis [44–46]. 
The data obtained are of great importance for the development of new 
steel alloys and the optimisation of manufacturing processes. The har
monic analysis of eddy current signals therefore makes an important 
contribution to improving materials science and materials engineering.

4. Materials and methods

4.1. Specimen preparation and heat treatment

The specimens for the tensile tests and vibration tests were cut out of 
a rolled S500G1+M sheet (t = 10 mm) using water jet cutting. The sides 
of the test area of the specimens were milled in order to reduce the 
roughness and generally improve the surface quality. No further surface 
treatment was carried out. The geometries can be seen in Figs. 2 and 3. 
The specimens were then heat-treated in a THERMCONCEPT KM 10/13 
chamber furnace in furnace atmosphere. The chamber furnace has a 
thermocouple and temperature control to ensure the required temper
ature is guaranteed. All specimens were subjected to simultaneous 
heating and cooling, depending on the specific heat treatment, to ensure 
the comparability of the results. The heat treatments differed in tem
perature, duration and type of cooling. The parameters and the 
respective number of specimens can be found in Table 1. The aim of the 
heat treatment tests was to achieve a wide range of different 
microstructures.

In order to achieve a more precise classification of the heat treat
ments in terms of the resulting temperature in the relevant near-surface 
area of the vibration specimens, a type K thermocouple was inserted into 
a bore with a diameter of 1.5 mm and a depth of 2 mm in the centre of an 
exemplary vibration specimen. This procedure enabled the respective 
time-temperature curve to be recorded in order to determine the near- 
surface specimen temperature, particularly for short heat treatment 
times of 2 min. The corresponding curves for 550, 1000 and 1300 ◦C are 
shown in Fig. 1.

As demonstrated in Fig. 1, the near-surface area of the vibration 
specimen exhibited a temperature of 520 ◦C after 10 min at 550 ◦C 
chamber furnace temperature, 1021 ◦C at 1000 ◦C chamber furnace 
temperature, and 1311 ◦C at 1300 ◦C chamber furnace temperature. 

Thus, it was observed that the lowest chamber furnace temperature did 
not result in the target temperature being reached within 10 min of the 
surface-area. On the other hand, the higher chamber furnace tempera
tures were exceeded because the chamber furnace lost temperature 
when the specimens were inserted and had to be reheated. It is impor
tant to note that the system is inert, meaning that slightly higher 
chamber furnace temperatures are only reached for a brief period. 
Additionally, the observed deviation may be due to the accuracy of the 
two different thermocouples.

Furthermore, after a heat treatment time of 2 min, the near-surface 
temperature reached 840 ◦C at 1000 ◦C chamber furnace temperature 
and 1259 ◦C at 1300 ◦C chamber furnace temperature. Consequently, 
divergent maximum temperatures and holding times could be achieved 
using these heat treatments, thus leading to the realization of differing 
thermal damage.

4.2. Electromagnetic characterization with harmonic analysis of eddy 
current signals

The testing system used was developed in-house. It consisted of a PC 

Table 1 
Heat treatments and number of specimens used.

Heat 
treatment

Temperature, 
◦C

Time, 
min

Cooling Specimens 
for tensile 
tests

Specimens 
for 
vibration 
tests

1A As delivered – – 1 3
1B 550 10 Free 

convection
1 3

1C 1000 10 Free 
convection

1 3

1D 1300 10 Free 
convection

1 2

2B 1000 2 Free 
convection

1 3

2C 1300 2 Free 
convection

1 2

3B 1300 10 Quenching 1 2

Fig. 1. Temperature curve of the near-surface area of an exemplary vibration 
specimen for the heat treatment temperatures 550, 1000 and 1300 ◦C.

Fig. 2. HA-EC-Sensor used and fatigue test specimen 2B
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with a measuring card, a power amplifier and a tactile sensor. The sensor 
shown in the illustration was operated at a test frequency of 3200 Hz 
with an excitation current of 0.5 A. This test frequency examines the 
area close to the surface. For the measurement, the specimens were 
positioned 10 times with the test area on the measuring spot of the 
sensor to include positioning effects. A potentially existing scale layer 
was not removed for the test. The same test setup was used for the tensile 
specimens and the fatigue specimens.

4.3. Mechanical characterization

Tensile testing at room temperature was performed under quasi- 
static conditions according to ISO 6892-1 [47] in a Zwick Roell Z250 
test machine with makroXtens II type P. For this purpose, standard 
tensile tests with the typical specimen size of t = 10 mm and b = 25 mm 
and extensometer gauge length of 71.5 mm were machined. The tensile 
test specimen geometry is presented in Fig. 3a).

The fatigue tests were carried out under force-controlled tension 
loading on a Schenk resonance fatigue testing machine equipped with 
hydraulic clamps with a stress ratio R = σmin/σmax = 0 and at a test 
frequency of around 32 Hz. The stress amplitudes were determined 
based on the static material properties. However, it was not possible to 
conduct testing at the same stress amplitudes due to significant changes 
in material properties. Tests exceeding 10 million cycles were termi
nated and classified as run-outs. The fatigue test specimen geometry is 
presented in Fig. 3b). In order to prevent failure in the clamping area, a 
notched specimen geometry was used with a stress concentration factor 
of 1.44 obtained from finite element simulations, see Ref. [48].

4.4. Microstructure characterization

To visualise changes in the microstructure, Klemm III colour etching 
was used for the micrographs. Additionally, Adler and HNO3 etching 
was conducted. However, the Klemm III etching exhibited the most 
pronounced microstructural differences. The metallographic specimens 

were taken a few millimetres from the fracture surface of the fatigue test 
specimens. The fatigue fracture consistently occurred approximately in 
the centre of the specimens. The micrographs, taken using an optical 
microscope, were obtained from the surface area of the specimen, which 
was freely exposed to the furnace atmosphere during the heat treatment.

In addition to the colour etching of the different microstructures, 
microhardness tests according to Vickers and standard DIN EN ISO 6507 
were carried out on the same metallographic specimens. The first 
indentation was positioned as close as possible to the surface with a 
distance of 0.2 mm. The indentations were then made automatically in a 
vertical direction from the top to the bottom of the specimen in 0.2 mm 
increments. The hardness curve across the specimen was analyzed in 
order to investigate the homogeneity of the heat treatment, particularly 
in the case of short heat treatment times. Due to the small differences in 
the hardness curve, a mean value in HV0.5 including the standard de
viation was calculated.

5. Results and discussion

5.1. Metallographic analysis of microstructural changes

The micrographs shown in Fig. 4 were etched with a Klemm III so
lution. The Vickers microhardness tests were carried out vertically along 
the microsection surface.

Fig. 4a) shows a ferritic-pearlitic microstructure with minimal pro
portions of grain boundary cementite in the initial state of S500G1+M. 
The ferrite grains here have a white to light brown and in the following a 
blue colour. The dark brown and purple etched grains, on the other 
hand, are pearlitic and show ferritic grains with linear cementite 
structures, whereby the typical lamellar morphology is recognisable.

In Fig. 4b), the heat treatment at 550 ◦C results in a higher proportion 
of lamellar pearlitic grains and grain boundary cementite compared to 
the initial state, which simultaneously increases the hardness by 24 
HV0.5.

In Fig. 4c), the heat treatment at 1000 ◦C generally results in disor
dered grain growth and a lower proportion of cementite, which reduces 
the hardness to a minimum of 199 HV0.5. In Fig. 4d), the coalescence of 
smaller grains into significantly larger grains can also be observed.

In Fig. 4e), the short-term heat treatment has resulted in a finer- 
grained microstructure compared to the initial state, whereby the 
pearlitic content and the proportion of cementite have increased. This is 
also reflected in the hardness of 249 HV0.5.

In Fig. 4f), grain growth can be seen due to the higher temperature 
than in Fig. 4e), resulting in a low hardness similar to the heat treatment 
in Fig. 4c).

A different microstructure is seen in Fig. 4g) and also a significantly 
higher hardness is seen here due to the quenching process in water. This 
resulted in a needle-like martensitic microstructure at room temperature 
with a hardness of 347 HV0.5. Due to the low carbon content of 0.06 wt.- 
%, the hardness is lower for a martensitic structure.

5.2. Comparison of mechanical properties in tensile tests

The specimens were characterized by means of tensile testing. The 
results of each test are presented in Figs. 5 and 6 a comparison of all tests 
is presented.

Comparing the results, a couple of interesting effects are observed. 
First of all, the tensile strength σTS is only slightly affected with the 
exception of series 3B. In comparison, the 0.2% offset yield strength and 
the fracture strain are significantly affected after thermal exposure. In 
addition, the elastic moduli are also significantly affected. Fig. 6 shows 
the values of yield strength, tensile strength and static elastic moduli 
depending on the heat treatment.

When comparing the mechanical properties of the specimens heat- 
treated with different parameters, it becomes clear that parameters 1B 
and 2B have hardly any effect on the characteristic values compared to 

Fig. 3. Schematic illustration of a) the tensile test specimen geometry and b) 
the fatigue test specimen geometry.
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the initial state (1A). Although the critical temperature range between 
600 and 700 ◦C, as outlined in the literature, is exceeded during heat 
treatment 2B, the holding time is a maximum of approximately 1 min (c. 
f. Fig. 1), which does not result in any significant microstructural 
changes. Parameters 1C, 1D and 2C significantly reduce the yield 
strength and the elastic modulus, while the tensile strength remains 

almost unchanged. The yield strength after heat treatment 1C is only 
75% of the original yield strength, while after 1D it is 79%, and after 2C 
it is 71%.

Compared to the initial state, 1C retains 77%, 1D retains 67% and 2C 
retains only 63% of the elastic modulus. The elastic modulus of steel is 
subject to change after exposure to high temperatures. As Qiang et al. 
demonstrated, the elastic modulus decreases with increasing tempera
ture, particularly above 600 ◦C. It was also observed, that higher 
changes for high-strength steel S690 occur compared to S460 steel [4]. 
The extent of this change depends on exposure time, temperature range, 
steel grade and whether permanent microstructural changes occur.

The heat treatment parameters 3B, which result in martensitic for
mation, greatly increase both the yield strength (141%) and tensile 
strength (156%), but reduce the elastic modulus compared to the initial 
state (81%).

5.3. Comparison of fatigue strength in vibration tests

Fatigue tests were conducted in a Schenk resonance fatigue testing 
machine equipped with hydraulic clamps. These tests were carried out at 
room temperature under a constant force range, with an average fre

Fig. 4. Micrographs of the different heat treatment states: a) 1A, b) 1B, c) 1C, d) 1D, e) 2B, f) 2C, g) 3B, h) results of hardness measurement.

Fig. 5. Tensile test results.
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quency of approximately 32 Hz. The nominal stress ratio was set to R =
0. Each test continued until specimen failure, with the corresponding 
number of cycles recorded as N. Tests were terminated at N = 1⋅ 107 

cycles. Such specimens were classified as run-outs and subsequently 
retested at a higher nominal stress range Δσ.

Based on Fig. 7, it becomes evident that the fatigue strength is 
influenced both by the temperature and duration of severe thermal 
exposure. The fatigue strength of the test series 1B and 2B is identical to 
the initial state (1A); however, all other states show a significant 
reduction in fatigue strength.

Theoretically, coarse-grained materials are more prone to fatigue 
crack initiation compared to fine-grained materials. Consequently, 
reducing grain size increases fatigue crack initiation life while simulta
neously decreasing crack propagation life [49]. Microstructures with 
finer features demonstrate greater resistance to crack initiation than 
their coarser counterparts, primarily due to the higher density of slip 
bands [50]. In midly-notched components, as tested in the present study, 
the fatigue life is largely defined by crack initiation, see Ref. [48]. As the 
tensile strength of materials is linearly correlated to the microstructure 
and the fatigue crack initiation behavior [51], it is thus reasonable to 
assume a relation between fatigue strength of the tested specimens and 
their tensile strength/microstructure after thermal exposure. Thus, the 
fatigue test results are normalized by yield and tensile strength in 
Fig. 8a) and b), respectively. This is done to further analyse the effect of 
changing microstructures during thermal exposure on the fatigue 
strength.

Interestingly, normalizing by either yield or tensile strength shows 
different trends. While normalizing by yield strength shows a similar 
scatter as in the non-normalized state, normalizing by tensile strength 
results in a reduced scatter. This seems to be related to the fact that the 
thermal exposure has a different effect on yield and tensile strength. In 
addition, the normalized fatigue strength is quite close for all test series 
except for series 3B. In this case, however, the microstructure and static 
strength was significantly different from the other test series. This is 
related to the needle-like martensitic microstructure after quenching.

5.4. Interpretation and correlation of HA-EC signals

Fig. 9 shows the results of the electromagnetic testing in conjunction 
with the results of the mechanical test. Fig. 9a) and b) show the 
measured values of the amplitude of the first and third harmonics above 

Fig. 6. Comparison of mechanical properties after heat treatments, a) yield strength and tensile strength, b) static elastic modulus, FC = free convection, Q 
= quenching.

Fig. 7. Fatigue test results.
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the yield strength. An inverse linear correlation, accompanied by a high 
coefficient of determination, is observed between the measured values 
and the yield strength, for both the amplitude of the first harmonic and 
of the third harmonic.

A less pronounced correlation with a lower coefficient of determi
nation can be seen in the diagrams c) to f), in which the non- 
destructively determined measured values are plotted against the ten
sile strength and hardness. Regarding diagrams c) and d), it can be seen 

Fig. 8. Fatigue test results normalized by a) yield and b) tensile strength. For each test series the measured yield and tensile strength results from Section 5.1 were 
used for normalizing.

Fig. 9. a) Amplitude of 1st Harmonic vs. Yield Strength, b) Amplitude of 3rd Harmonic vs. Yield Strength, c) Amplitude of 1st Harmonic vs. Tensile Strength, d) 
Amplitude of 3rd Harmonic vs. Tensile Strength, e) Amplitude of 1st Harmonic vs. Hardness, f) Amplitude of 3rd Harmonic vs. Hardness.
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that heat treatment 3B results in a significantly higher tensile strength. 
With regard to Fig. 4g), this can be explained by the martensitic 
microstructure. In contrast, the other heat treatments show a linear 
correlation. This indicates that within a specific microstructure, in this 
case a ferritic-pearlitic microstructure, it is possible to make a reliable 
statement about the non-destructive measured values for tensile 
strength. Furthermore, a higher number of specimens with different 
properties across the entire tensile strength range should be tested and 
used for any regression models. A key factor is the expected cooling rate 
after thermal exposure. If rapid cooling by water is possible, different 
martensitic microstructures must be included in the regression model. 
On the other hand, if only air cooling is realistic, the focus should be on 
the ferritic-pearlitic microstructure. Regarding the elastic modulus, no 
correlation with the measured values could be observed.

As illustrated in diagrams e) and f), a linear relationship is evident 
between the amplitude of the first and third harmonic and the hardness. 
This correlation can be further enhanced by employing multidimen
sional regression models that consider multiple frequencies and har
monics components, as for example demonstrated in Ref. [45].

Fig. 10a) shows the results of the cyclic fatigue tests as a function of 
the heat treatment. As described in Section 5.3, heat treatments 1C, 1D, 
2C and 3B significantly reduce the fatigue strength compared to the 
initial state. Heat treatments 1B and 2B have hardly any influence. The 
heat treatment states of specimens 1C, 1D, 2C and 3B differ significantly 
from those that exhibit fatigue strength as in the initial state.

The findings from the cyclic fatigue tests are reflected in the 
impedance plane of the 3rd harmonic, see Fig. 10b). The initial state 1A 
and the heat treatments 1B and 2B have similar physical and mechanical 
properties, which is why the measuring points in the impedance plane 
are close to each other, as highlighted by the green circle. On the other 
hand, changes in the microstructure due to thermal overload can be 
clearly distinguished from the initial state, as can be seen from the 
measurement points of 1C, 1D, 2C and 3B. A hard magnetic behaviour 
due to martensite formation at 3B leads to a lower amplitude compared 
to the initial state. A softer magnetic behaviour, e.g., due to coarse grain 
formation or a higher proportion of ferrite, leads to a higher amplitude 
of the 3rd harmonic.

Consequently, in the context of a feasibility study, it was successfully 
demonstrated that the detection of thermal damage on the exemplary 
S500G1+M TMCR structural steel is possible directly on the component 
using the HA-EC signals.

In addition to simply detecting thermal overload, harmonic analysis 
can be used to estimate the absolute change in yield strength, tensile 
strength and hardness of S500M. A similar correlation has already been 
successfully tested in industrial applications in steel sheet production for 
on-line monitoring of mechanical properties [52,53]. Consequently, the 
testing technique can also be used in harsh environmental conditions. 

Other studies on low-alloy steels have also shown that yield strength can 
be predicted from eddy current signals with an error of between 10 and 
15% [54]. Harmonic analysis was also used to correlate the tensile 
strength of a car body structure after hot forming, with a deviation of 
only 3% [46].

With regard to the relationship between the eddy current signals and 
the fatigue strength of TMCR structural steels, however, further inves
tigation is required. The results presented have shown that it is possible 
to qualitatively distinguish between different fatigue strengths in the 
impedance plane. Starting from the initial condition, three different 
directions can be observed in the impedance plane, see Fig. 10b). 
Further investigation is therefore required to determine the cause of 
these different positions. Moreover, the use of additional testing fre
quencies can be helpful, especially when setting up an AI model as part 
of a larger statistical validation. In addition, more detailed information 
about the microstructure and the electrical and magnetic properties can 
provide more insight into the different testing signals.

Further, it has been shown that significant thermal damage can be 
detected. Heat treatments in the range where microstructural changes 
occur also need to be investigated in more detail. With regard to the 
literature [1–5], temperature ranges between 600 and 700 ◦C with 
different holding times should therefore be investigated in order to 
examine the sensitivity of the testing technique to the slightest un
wanted microstructural changes. Similarly, the question needs to be 
answered if the identified correlations are also present for other 
high-strength steels, especially if these are not thermomechanically 
rolled but quenched and tempered.

6. Conclusions and future work

To investigate the qualification of non-destructive electromagnetic 
testing technology for the detection of thermal damage, tensile and fa
tigue specimens of S500G1+M high-strength structural steel were sub
jected to various heat treatments. The resulting changes in 
microstructure, hardness, yield strength, tensile strength, elastic 
modulus, fatigue strength and electromagnetic signals were compared to 
the initial state. The main findings are. 

• Harmonic analysis of eddy current signals can be used to detect 
thermal damage on S500M high-strength structural steel directly on 
the component.

• Thermal damage leading to reduced fatigue strength can be detected 
non-destructively using the impedance plane of the third harmonic.

• The amplitudes of the first and third harmonics show an inverse 
correlation to hardness, yield and tensile strength. This enables 
changes from the initial state to be detected and a statement to be 

Fig. 10. a) Number of cycles vs. Stress range, b) Real part vs. Imaginary part of the 3rd Harmonic.
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made about the mechanical properties that are present after thermal 
exposure.

Future work should focus on further qualifying the testing technol
ogy for use on real components and structures. In addition to suitable 
sensors, testing concepts must also be developed that are suitable for 
identifying suitable reference measuring points and compensating for 
potential interferences such as geometric influences and scaling.
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[53] Heingärtner J, Born M, Hora P. Online acquisition of mechanical material 
properties of sheet metal for the prediction of product quality by eddy current. 
10th European conference on non-destructive testing (ECNDT 2010). 2010. p. 1–7.

[54] Li K, Qiu P, Wang P, Lu Z, Zhang Z. Estimation method of yield strength of 
ferromagnetic materials based on pulsed eddy current testing. J Magn Magn Mater 
2021;523:1–9. https://doi.org/10.1016/j.jmmm.2020.167647.

R. Gansel et al.                                                                                                                                                                                                                                  Journal of Materials Research and Technology 36 (2025) 4020–4030 

4030 

https://doi.org/10.1515/htm-2021-0006
https://doi.org/10.1515/htm-2021-0006
https://doi.org/10.1063/1.1302008
https://doi.org/10.1063/1.1302008
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref45
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref45
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref45
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref46
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref46
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref46
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref46
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref47
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref47
https://doi.org/10.3390/met12040615
https://doi.org/10.1016/j.matdes.2024.113122
https://doi.org/10.1016/j.ijfatigue.2009.10.005
https://doi.org/10.1007/s11665-008-9225-5
https://doi.org/10.1007/s11665-008-9225-5
https://doi.org/10.3233/JAE-2004-606
https://doi.org/10.3233/JAE-2004-606
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref53
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref53
http://refhub.elsevier.com/S2238-7854(25)00942-1/sref53
https://doi.org/10.1016/j.jmmm.2020.167647

	Investigation of the influence of thermal overloads on mechanical properties of S500 high-strength structural steel using e ...
	1 Introduction
	2 Influence of thermal exposure on mechanical properties of structural steels
	2.1 Microstructure of high-strength structural steels
	2.2 Effect of thermal exposure on ductility and toughness of steels
	2.3 Effect of thermal exposure on fatigue strength

	3 Characterization of microstructure using electromagnetic testing
	4 Materials and methods
	4.1 Specimen preparation and heat treatment
	4.2 Electromagnetic characterization with harmonic analysis of eddy current signals
	4.3 Mechanical characterization
	4.4 Microstructure characterization

	5 Results and discussion
	5.1 Metallographic analysis of microstructural changes
	5.2 Comparison of mechanical properties in tensile tests
	5.3 Comparison of fatigue strength in vibration tests
	5.4 Interpretation and correlation of HA-EC signals

	6 Conclusions and future work
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


