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A B S T R A C T

Ferritic–martensitic P91 steel is widely used in high-temperature power plant components due to its excellent 
creep resistance and mechanical stability. However, long-term service exposure and improper heat treatment can 
lead to progressive microstructural degradation, resulting in a reduction of mechanical properties and compo
nent lifetime. Reliable, non-destructive methods capable of detecting such microstructural changes are therefore 
essential for condition monitoring and life assessment. In this study, the influence of controlled heat treatment at 
temperatures ranging from 200 ◦C to 600 ◦C on the eddy current (EC) response of P91 steel was investigated. 
Eddy current measurements were performed over a range of probe operating frequencies, and changes in 
resistance and reactance components were quantitatively analyzed. The EC results were correlated with detailed 
microstructural observations, revealing a strong relationship between electromagnetic response and recovery 
and tempering phenomena, including dislocation density reduction, martensite lath degradation, and carbide 
coarsening. The findings demonstrate that eddy current testing is highly sensitive to thermally induced micro
structural evolution in P91 steel and shows significant potential as a non-destructive tool for assessing thermal 
exposure and material degradation in power plant components.

1. Introduction

Ferritic–martensitic steels containing 9–12 wt% chromium play a 
critical role in modern fossil-fuel and combined-cycle power plants, 
where increasing operating temperatures and pressures are required to 
improve thermal efficiency and reduce emissions [1]. Among these 
materials, P91 steel (9Cr–1Mo–V–Nb) has been extensively adopted for 
high-temperature components such as boiler tubes, superheater and 
reheater pipes, headers, and steam lines. Its widespread use is primarily 
attributed to its favorable combination of high creep strength, good 
oxidation resistance, and acceptable weldability, achieved through a 
carefully controlled tempered martensitic microstructure [2].

The superior high-temperature performance of P91 steel is strongly 
dependent on the stability of its microstructure. In the normalized and 
tempered condition, P91 steel consists of a fine lath martensite structure 
with a high density of dislocations, strengthened by a dispersion of 
M23C6 carbides along lath and prior austenite grain boundaries, as well 
as fine MX precipitates within the laths [3]. This microstructure provides 

effective resistance to dislocation motion and creep deformation. 
However, exposure to elevated temperatures during service, as well as 
deviations from recommended heat treatment procedures, can trigger 
microstructural recovery and tempering processes that progressively 
degrade this strengthening mechanism [4].

Thermal exposure of P91 steel leads to a sequence of microstructural 
changes, including annihilation and rearrangement of dislocations, 
coarsening and redistribution of carbide precipitates, degradation of 
martensite lath morphology, and relaxation of internal stresses [2–5]. At 
sufficiently high temperatures or long exposure times, these processes 
may result in over-tempering, significantly reducing creep strength and 
increasing the susceptibility to premature failure. In practical power 
plant operation, such degradation may occur locally due to overheating, 
non-uniform temperature distribution, or long-term service beyond 
design conditions [6]. Early detection of these microstructural changes 
is therefore essential for ensuring safe operation and for implementing 
condition-based maintenance strategies.

Conventional techniques used to assess the microstructural condition 
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of power engineering steels include destructive metallographic exami
nation [7], hardness measurements [8], and surface replication [9]. 
While these methods provide valuable insight into material state, they 
suffer from several limitations. Destructive testing requires material 
removal and is therefore not suitable for in-service inspection of critical 
components. Hardness testing provides only indirect information and 
may not be sensitive to early-stage microstructural recovery [6]. Replica 
techniques are restricted to surface regions and may not adequately 
represent bulk material degradation. These limitations have driven 
increasing interest in non-destructive testing (NDT) methods capable of 
detecting subtle microstructural changes in ferromagnetic steels.

Eddy current (EC) testing is an electromagnetic NDT technique 
traditionally used for detecting surface and near-surface defects, mate
rial sorting, and conductivity measurements [10–13]. In ferromagnetic 
materials, the EC response is governed not only by electrical conduc
tivity but also by magnetic permeability, both of which are strongly 
influenced by microstructural features [14,15]. Dislocation density, 
precipitate size and distribution, internal stresses, and phase 
morphology affect electron scattering mechanisms and magnetic 
domain wall motion, thereby altering the resistance and reactance 
components of the EC signal [16]. As a result, EC testing has the po
tential to serve as a sensitive probe of microstructural evolution in steels 
subjected to thermal and mechanical degradation.

Previous studies have demonstrated the applicability of eddy current 
and other magnetic methods for monitoring tempering, thermal ageing, 
and creep damage in ferritic steels [17,18]. Mercier et al. [17] employed 
EC technique for evaluation of steel decarburizing. Ghanei et al. [18]
proposed EC methodology for dual phase steels. Rabung et al. [19] and 
Kuskov et al. [20] reported application of EC for evaluation of micro
structural changes induced by thermo-mechanical fatigue in ferritic and 
ferritic/martensitic steels. Kukla et al. [21] developed EC methodology 
in the non-direct measurement of martensite during plastic deformation 
of SS316L. Changes in EC impedance, Barkhausen noise, and magnetic 
hysteresis parameters have been correlated with recovery processes and 
mechanical property degradation [22]. Nevertheless, the majority of 
published work focuses on either service-exposed materials with com
plex degradation histories or on limited frequency ranges and single EC 
parameters. Systematic investigations that combine controlled heat 
treatments, frequency-dependent EC measurements, and detailed 
microstructural characterization of P91 steel remain relatively limited.

A comprehensive understanding of the relationship between specific 
microstructural features and EC response is essential for developing 
reliable diagnostic criteria applicable to industrial inspection. In 
particular, distinguishing between early recovery, intermediate 
tempering, and advanced over-tempering stages based on EC parameters 
would significantly enhance the usefulness of the technique for power 
plant applications. Such an approach requires correlating quantitative 
changes in EC resistance and reactance with well-defined microstruc
tural states. Therefore, the present work aims to address this need by 
systematically investigating the influence of heat treatment temperature 
on the eddy current response and microstructure of P91 boiler steel. 
Samples subjected to controlled thermal exposure at temperatures be
tween 200 ◦C and 600 ◦C were examined using eddy current testing over 
a range of probe operating frequencies. Changes in resistance and 
reactance components were quantitatively analyzed and correlated with 
microstructural observations obtained by metallographic examination. 
By linking EC parameters to specific recovery and tempering phenom
ena, this study seeks to evaluate the capability of eddy current testing as 
a non-destructive tool for assessing thermal exposure and microstruc
tural degradation in P91 steel used in high-temperature power plant 

components.

2. Materials and methods

P91 samples were prepared in the form of 20mmx20mmx60mm 
cuboids. As received material with chemical composition presented in 
Table 1 was then subjected to heat treatment in air conditions at tem
perature of 200, 400 and 600 ◦C for 12 h. The temperature was selected 
based on operating conitions. In a power plant, water economizers 
typically operate at 200 ◦C, boiler water-wall sections and steam headers 
reach approximately 400 ◦C, and superheater tubes along with high- 
pressure turbine blades are subjected to extreme conditions of 600 ◦C.

Eddy current testing was performed using a probe incorporating a 
single coil with a cup core, mounted in a wooden holder (Fig. 1). This 
design facilitates probe handling and enables precise inspection. 
Impedance measurements were carried out using a Keysight E4980A 
precision LCR meter with an accuracy of ±0.05%. The device was 
connected to a measurement fixture terminated with Kelvin clips, which 
were attached to the probe supply leads. Measurement results were 
displayed on a computer screen in real time using the Keysight Bench
Vue software. Prior to the measurements, the instrument was calibrated 
using a high-precision resistor. Subsequently, a measurement mode with 
an extended integration time was selected to ensure outlier correction. 
Preliminary measurements were conducted over the probe operating 
frequency range from 20 Hz up to the resonance frequency, which was 
approximately 180 kHz. At the lowest frequencies (20–80 Hz), the 
measured impedance values were relatively small, resulting in a sig
nificant influence of noise and other undesirable factors. Consequently, 
the results were characterized by a large measurement error and pro
nounced oscillations. In contrast, for measurements performed at higher 
frequencies (above 25 kHz), the probe sensitivity was unsatisfactory, 
and the results obtained for different specimens were very similar. For 
these reasons, the final measurements were performed at 30 discrete 
frequency values ranging from 100 Hz to 20 kHz. Each impedance 

Table 1 
Chemical composition of X10CrMoVNb9–1 (P91) steel (wt%).

C Mn Cr Mo V Ni Cu Si S P Fe

0.1 0.40 8.30 0.80 0.30 0.20 0.15 0.25 0.006 <0.001 Bal.

Fig. 1. General view of the eddy current probe positioned on the specimen 
surface (a) and schematic representation of the probe–specimen interaction (b).
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measurement was repeated three times, and the arithmetic mean was 
taken as the final result. In the first step, the impedance values Z0 = R0 +

jX0 were measured at room temperature (20 ◦C) with the probe posi
tioned in air. Subsequently, the probe was placed on the tested specimen 
and the impedance Z = R + jX. was measured. To reduce the error 
associated with the measurement method, the analysis was based on 
parameters describing changes in the impedance components, namely 
the change in resistance ΔR = R - R0 and the change in reactance ΔX = X 
- X0.

3. Results and discussion

In order to quantitatively evaluate the influence of heat treatment on 
the eddy current response of P91 steel, the relative changes in the 
resistance and reactance components of the probe impedance were 
calculated. These parameters are defined by Eqs. (1) and (2), respec
tively. Eq. (1) describes the relative change in the resistance component 
of the eddy current signal: 

δR =
ΔR − ΔR20◦C

ΔR20◦C
⋅100% (1) 

where ΔR is the value of the resistance change measured for the spec
imen after heat treatment at temperature T, and ΔR20 is the corre
sponding change in resistance for the as-received material measured at 
room temperature (20 ◦C). The parameter δR expresses the percentage 
difference in resistance changes relative to the reference state. This 
formulation allows for direct comparison of EC resistance changes 
induced by thermal exposure, independent of absolute signal amplitude, 
which may vary with probe characteristics, lift-off conditions, or mea
surement setup. As a result, δR provides an effective indicator of 
microstructural evolution associated with recovery and tempering 
processes.

Eq. (2) defines the relative change in the reactance component of the 
eddy current signal: 

δX =
ΔX − ΔX20◦C

ΔX20◦C
⋅100% (2) 

where ΔX is the value of the reactance change measured after heat 
treatment at temperature T, and X20 is the change in reactance obtained 
for the as-received material at room temperature. The parameter δX 
represents the percentage difference in reactance changes with respect 
to the initial microstructural state. The use of a normalized reactance 
change is particularly justified for ferromagnetic materials such as P91 
steel, in which the reactance component is strongly influenced by 
magnetic permeability. Since magnetic permeability is highly sensitive 
to dislocation density, residual stresses, and precipitate-induced domain 
wall pinning, δX serves as a sensitive metric for detecting thermally 
induced microstructural recovery and tempering effects [23].

The change in resistance ΔR of the eddy current signal exhibits a 
clear and systematic dependence on heat treatment temperature for both 
investigated probe frequencies (Table 2, Fig. 2). For the as-received 

material, the highest resistance changes are observed, reflecting the 
high density of lattice defects characteristic of the tempered martensitic 
microstructure of P91 steel. At 100 Hz, the change in resistance de
creases from 76.91 to 55.49 with increasing heat treatment temperature 
from room temperature to 600 ◦C, corresponding to a total reduction of 
approximately 28%. A similar but less pronounced trend is observed at 
1 kHz, where the change in resistance decreases by about 15% over the 
same temperature range. The monotonic nature of these changes in
dicates that the EC resistance component is sensitive to thermally 
induced microstructural recovery processes [19].

From a physical perspective, the reduction in resistance can be 
attributed primarily to changes in electrical conductivity associated 
with microstructural evolution [24]. Heat treatment promotes annihi
lation and rearrangement of dislocations, reduces internal stresses, and 
alters the size and distribution of carbide precipitates [25]. These pro
cesses decrease electron scattering at lattice defects and phase bound
aries, leading to an increase in effective electrical conductivity and, 
consequently, a reduction in the resistive component of the EC signal.

The stronger relative changes observed at the lower operating fre
quency are related to the greater penetration depth of the eddy currents 
at 100 Hz, which allows for a more representative sampling of the bulk 
material. At higher frequencies, the EC response becomes increasingly 
dominated by near-surface regions, where microstructural gradients and 
surface conditions may partially mask bulk recovery effects.

The change in reactance ΔX shows an even more pronounced 
sensitivity to heat treatment temperature than resistance ΔR (Table 3, 
Fig. 3). At 100 Hz, the change in reactance decreases from 315.62 in the 
as-received condition to 258.87 after heat treatment at 600 ◦C, corre
sponding to an 18% reduction. At 1 kHz, the relative decrease reaches 
nearly 9%. Unlike resistance, reactance in ferromagnetic materials is 
strongly influenced by magnetic permeability, which is highly sensitive 
to microstructural features such as dislocation density, internal stress 

Table 2 
Maximum values of the δR coefficient of the eddy current signal measured at 
probe operating frequencies of 100 Hz and 1 kHz for P91 steel in the as-received 
condition and after heat treatment at different temperatures.

Frequency f Sample ΔR = R − R0 [Ω] δR

100 Hz 20 ◦C 76.91 ± 0.08 –
100 Hz 200 ◦C 63.48 ± 0.06 17.5
100 Hz 400 ◦C 58.40 ± 0.06 24.1
100 Hz 600 ◦C 55.49 ± 0.06 27.8
1 kHz 20 ◦C 896.31 ± 0.90 –
1 kHz 200 ◦C 840.54 ± 0.84 6.2
1 kHz 400 ◦C 799.05 ± 0.80 10.9
1 kHz 600 ◦C 764.69 ± 0.76 14.7

Fig. 2. Relative change in the resistance component ΔR of the eddy current 
signal as a function of probe operating frequency for P91 steel subjected to 
different heat treatment temperatures.

Table 3 
Maximum values of the δX coefficient of the eddy current signal measured at 
probe operating frequencies of 100 Hz and 1 kHz for P91 steel in the as-received 
condition and after heat treatment at different temperatures.

Frequency f Sample ΔX = X − X0 [Ω] δX

100 Hz 20 ◦C 315.62 ± 0.32 –
100 Hz 200 ◦C 286.10 ± 0.29 9.4
100 Hz 400 ◦C 277.02 ± 0.28 12.2
100 Hz 600 ◦C 258.87 ± 0.26 18.0
1 kHz 20 ◦C 1499.84 ± 1.50 –
1 kHz 200 ◦C 1425.12 ± 1.43 5.0
1 kHz 400 ◦C 1403.61 ± 1.10 6.4
1 kHz 600 ◦C 1371.52 ± 1.37 8.6

G. Tytko et al.                                                                                                                                                                                                                                   Journal of Magnetism and Magnetic Materials 655 (2026) 174312 

3 



state, and precipitate-induced domain wall pinning. The observed 
decrease in reactance change with increasing heat treatment tempera
ture therefore reflects a progressive increase in magnetic domain wall 
mobility [26]. At lower heat treatment temperatures (200 ◦C), the 
reduction in reactance change is modest, indicating early stages of re
covery characterized by partial stress relaxation and limited dislocation 
rearrangement. As the temperature increases to 400 ◦C and 600 ◦C, the 
decrease in reactance change becomes more pronounced, consistent 
with advanced tempering processes involving significant lath martensite 
degradation and carbide coarsening. The higher sensitivity of changes in 
reactance compared to changes in resistance suggests that magnetic 
effects dominate the EC response in P91 steel during thermal exposure. 
This observation is particularly relevant for practical diagnostics, as 
magnetic parameters often respond earlier to microstructural degrada
tion than purely electrical ones.

The eddy current response of X10CrMoVNb9–1 steel is intrinsically 
linked to the evolution of its tempered martensitic microstructure during 
thermal exposure. Each heat treatment temperature corresponds to a 
distinct stage of recovery and tempering, which manifests in a charac
teristic electromagnetic signature. In the as-received condition (Fig. 4a), 
P91 steel exhibits a refined lath martensite microstructure with a high 
density of tangled dislocations within the laths, along with a dense 
distribution of M23C6 carbides along lath and prior austenite grain 
boundaries and fine MX precipitates within the laths [27]. This micro
structural state is associated with significant internal stresses and a large 
number of lattice defects.

From an eddy current perspective, this microstructure strongly im
pedes both charge carrier transport and magnetic domain wall motion. 
The high dislocation density and fine precipitate dispersion act as 
effective scattering centers for conduction electrons, resulting in the 
highest measured resistance values. Simultaneously, dislocations, re
sidual stresses, and fine carbides provide numerous pinning sites for 
magnetic domain walls, leading to reduced magnetic permeability and 
elevated reactance [28]. The combination of these effects explains the 
pronounced EC response observed for the as-received material.

After heat treatment at 200 ◦C (Fig. 4b), the overall martensitic lath 
morphology remains largely intact; however, subtle microstructural 
changes are already detectable. At this temperature, thermally activated 
recovery processes lead primarily to partial annihilation and rear
rangement of mobile dislocations, accompanied by relaxation of internal 
stresses. Carbide morphology and distribution remain essentially un
changed. These early recovery processes have a limited but measurable 
influence on the EC signal. The moderate decrease in resistance reflects a 
slight reduction in electron scattering due to lower dislocation density 
and stress fields. In contrast, the reactance exhibits a more noticeable 

decrease, indicating enhanced magnetic domain wall mobility resulting 
from stress relaxation. This observation highlights the higher sensitivity 
of magnetic parameters to early-stage microstructural recovery, even 
when conventional metallographic changes are difficult to detect.

The microstructure after heat treatment at 400 ◦C (Fig. 4c) shows 
clear evidence of advanced tempering. Martensite laths become less 
distinct due to progressive recovery, and a significant reduction in 
dislocation density is observed. At the same time, M23C6 carbides un
dergo noticeable coarsening and partial redistribution along boundaries, 
while the effectiveness of MX precipitates in stabilizing the lath struc
ture diminishes [29]. These microstructural transformations result in 
pronounced changes in both EC resistance and reactance. The reduction 
in resistance is driven by a substantial decrease in defect-related electron 
scattering as the lattice becomes more ordered. However, the most 
significant effect is observed in the reactance component. Coarsened 
carbides provide fewer effective pinning points per unit volume, and the 
reduction of internal stresses allows magnetic domain walls to move 
more freely under the applied alternating magnetic field [30]. Conse
quently, magnetic permeability increases, leading to a marked decrease 
in reactance.

This stage represents a critical transition in the degradation process, 
where the microstructure loses much of its original strengthening ar
chitecture. The EC response at this stage clearly distinguishes the ma
terial from both the as-received and mildly recovered conditions, 
demonstrating the capability of the method to identify intermediate 
tempering.

At 600 ◦C (Fig. 4d), the microstructure is characterized by extensive 
recovery and advanced tempering. The original lath martensitic struc
ture is severely degraded, with lath boundaries becoming blurred or 
partially eliminated. Dislocation density is drastically reduced, and 
carbide precipitates are significantly coarsened, resulting in a sparse 
distribution of large particles with limited strengthening capability.

This microstructural state produces the most pronounced changes in 
EC response. The resistance reaches its lowest values, reflecting minimal 
electron scattering due to the near-elimination of lattice defects and 
internal stresses. More importantly, the reactance decreases strongly, 
indicating a substantial increase in magnetic permeability. The reduced 
number of dislocations and coarse carbide particles offer little resistance 
to domain wall motion, allowing magnetic domains to respond readily 
to the applied electromagnetic field. From a physical standpoint, the 
drastic reduction in dislocation density and internal stresses allows for 
increased magnetic domain wall mobility, while the loss of fine carbide 
dispersion reduces pinning efficiency [31]. These effects dominate the 
EC reactance signal, explaining its higher sensitivity compared to 
resistance at this stage of degradation. The observed relationship be
tween EC parameters and microstructure can be understood by consid
ering the distinct physical mechanisms governing resistance and 
reactance in ferromagnetic steels. The resistance component is primarily 
controlled by electrical conductivity, which depends on electron scat
tering at lattice imperfections such as dislocations, precipitates, and 
stress fields. As heat treatment progresses, the systematic reduction in 
these defects leads to a monotonic decrease in resistance. In contrast, the 
reactance component is dominated by magnetic permeability, which is 
extremely sensitive to microstructural features that influence domain 
wall motion. Dislocations, fine carbides, and residual stresses act as 
strong pinning centers, suppressing permeability. Their gradual elimi
nation during recovery and tempering results in disproportionately large 
changes in reactance, particularly at lower probe frequencies where bulk 
material contributes most strongly to the signal.

The frequency-dependent behavior observed in this study further 
supports this interpretation. Lower frequencies provide greater pene
tration depth, enabling the EC response to capture volumetric micro
structural changes rather than surface-limited effects. This is especially 
relevant for power plant components, where thermal degradation typi
cally develops over extended volumes rather than as localized surface 
damage. It is worth mentioning that the present results are consistent 

Fig. 3. Relative change in the reactance component ΔX of the eddy current 
signal as a function of probe operating frequency for P91 steel subjected to 
different heat treatment temperatures.
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with previous studies showing that the eddy current response of steels is 
mainly governed by microstructure rather than residual stress when 
identical heat treatment conditions are applied [32]. Because micro
structure is controlled by chemical composition, particularly carbon 
content, EC response may be indirectly influenced by composition. In 
ferromagnetic steels, permeability effects dominate the EC signal, 
leading to a decrease in impedance with increasing carbon content. 
Additionally, the literature reports show that increasing carbon content 
and hardness result in decreasing inductive reactance and increasing 
resistance [33]. These effects are attributed to pearlite and carbide 
morphology, where cementite lamellae hinder magnetic domain wall 
motion and increase electron scattering. As a result, harder micro
structures exhibit lower reactance and higher resistance, confirming the 
sensitivity of eddy current testing to microstructural evolution in steels.

The results clearly demonstrate that different stages of microstruc
tural evolution in X10CrMoVNb9–1 steel produce distinct and mono
tonic changes in EC parameters. Resistance changes are mainly 
governed by electron scattering mechanisms related to lattice defects 
and precipitate density, whereas reactance changes are predominantly 
controlled by magnetic permeability variations linked to stress state and 
domain wall pinning. Importantly, the EC method integrates the 
response from multiple microstructural features over the effective 
penetration depth, making it particularly suitable for assessing bulk 
degradation rather than localized surface effects. This is crucial for 
power plant components, where overheating and long-term service 
exposure often result in gradual, volume-averaged microstructural 
changes.

The higher sensitivity of reactance to thermal exposure suggests that 

Fig. 4. Microstructure of X10CrMoVNb9–1 steel: (a) as-received condition, (b) after heat treatment at 200 ◦C, (c) after heat treatment at 400 ◦C, and (d) after heat 
treatment at 600 ◦C.
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EC techniques focusing on magnetic parameters are especially prom
ising for detecting early tempering, over-tempering, and creep-related 
degradation in ferritic–martensitic steels. As such, eddy current testing 
can serve as a valuable complementary technique to metallographic 
replication and hardness measurements in condition-based maintenance 
strategies for high-temperature power plant components. It should be 
stressed, however, that the EC response of ferromagnetic P91 steel is 
related not only to microstructural evolution, but also by electromag
netic factors including magnetic anisotropy, residual stresses, disloca
tion substructure orientation, and magnetic domain wall pinning effects 
[14,15,23]. In tempered martensitic steels, dislocations, carbide pre
cipitates, and internal stress fields simultaneously affect electrical con
ductivity and magnetic permeability, thereby influencing both the 
resistive and reactive components of the EC signal [16,27,28]. Conse
quently, the measured impedance should be interpreted as an integrated 
electromagnetic response rather than a direct measurement of an indi
vidual microstructural parameter. Nevertheless, in the present study all 
specimens were characterized by identical geometry, surface condition, 
chemical composition, and probe configuration, while the only inten
tionally varied parameter was the heat treatment temperature. There
fore, the systematic monotonic variations observed in ΔR and ΔX can be 
primarily attributed to thermally induced recovery and tempering 
phenomena, including dislocation annihilation, stress relaxation, 
martensite lath degradation, and carbide coarsening [25–31]. Further
more, although conventional high-frequency EC measurements may be 
dominated by near-surface geometry and topological effects due to the 
skin effect, the relatively low operating frequencies applied in this work 
(100 Hz–20 kHz) provided increased penetration depth and enhanced 
sensitivity to bulk material degradation. The strongest signal differen
tiation observed at low frequencies further supports the interpretation 
that the measured EC response reflects volumetric microstructural 
evolution rather than superficial geometrical effects [14,15,19]. 
Therefore, despite the inherently multiparametric nature of electro
magnetic interactions in ferromagnetic steels, the obtained results 
demonstrate that low-frequency EC measurements can provide reliable 
and physically meaningful information regarding the degradation state 
of thermally exposed P91 steel.

Additionally, it should be mentioned, that quasi-static magnetic 
methods and eddy current techniques probe related but not identical 
electromagnetic phenomena. Quasi-static approaches are primarily 
sensitive to magnetization processes and are therefore often used to 
characterize domain-wall dynamics, magnetic anisotropy, and perme
ability changes associated with microstructural degradation. Eddy cur
rent measurements, in contrast, are influenced simultaneously by 
magnetic permeability and electrical conductivity, providing a com
bined electromagnetic response to microstructural evolution. Although 
eddy current measurements can be affected by surface geometry under 
certain conditions, such effects are expected to be negligible in the 
present study because all specimens were manufactured from the same 
material batch and subjected to identical machining and surface prep
aration procedures. Consequently, the observed differences in imped
ance response are attributed mainly to heat-treatment-induced 
microstructural changes rather than variations in surface condition. The 
obtained trends are consistent with reports from quasi-static magnetic 
techniques, which also demonstrate increased magnetic permeability 
and enhanced domain-wall mobility during recovery and tempering of 
ferritic–martensitic steels [22,23,27,30].

Nevertheless, it should be emphasized that the effectiveness of the 
proposed methodology was confirmed even under conditions where the 
heat treatment parameters differed slightly from the reference process. 
In the case of power engineering steels designed to withstand long-term 
exposure to elevated temperatures, the resulting microstructural 
changes are often subtle and may be difficult to detect using conven
tional techniques. Nevertheless, the proposed methodology demon
strated sufficient sensitivity to reliably monitor these minor variations in 
microstructure. Consequently, it can be regarded as a robust and reliable 

indicator of microstructural evolution occurring in power engineering 
components during service, offering valuable potential for the assess
ment of material degradation and remaining service life.

4. Conclusions

Based on the experimental results and their correlation with micro
structural observations, the following conclusions can be drawn: 

1. Controlled heat treatment of P91 steel in the temperature range of 
200–600 ◦C produces systematic and monotonic changes in both 
resistance and reactance components of the eddy current signal.

2. The resistance component decreases with increasing heat treatment 
temperature due to reduced electron scattering associated with 
dislocation recovery, stress relaxation, and carbide coarsening.

3. The reactance component exhibits higher sensitivity to thermal 
exposure than resistance, reflecting strong changes in magnetic 
permeability caused by increased domain wall mobility and reduced 
pinning.

4. Eddy current measurements performed at lower probe frequencies 
show greater sensitivity to bulk microstructural degradation, high
lighting the importance of frequency selection in practical 
applications.

5. The observed EC signal variations correlate directly with micro
structural evolution, from early recovery at 200 ◦C to advanced 
tempering and martensite lath degradation at 600 ◦C.

6. Eddy current testing demonstrates strong potential as a non- 
destructive technique for assessing thermal exposure and degrada
tion state of ferritic–martensitic P91 steel in high-temperature power 
plant components.

Further work is needed to achieve greater probe sensitivity, enabling 
the detection of even slight structural changes. Several ideas that could 
significantly improve the effectiveness of eddy current inspections are 
considered. In the first step, the sensitivity of the measurement system 
will be increased by designing a probe consisting of several coils oper
ating in a transmitter-receiver configuration. Next, a magnetic field 
sensor will be used to assist the probe's operation. This solution will 
enable the measurement and analysis not only of impedance compo
nents but also of magnetic field strength. In the final step, the prepared 
measurement system will be tested using pulsed eddy current (PEC). 
Analysis of the obtained results will be used to select the most effective 
probe design, which will be applied to perform measurements at high 
temperatures using a furnace connected to an LCR analyzer.
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Daniela Schob, Robert Roszak, Jakub Kawałko, Andrzej Zagórski, Mateusz Kopec, 
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