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Abstract 
 

In this work, an investigation is done to identify the magnetic non-destructive testing 
techniques and their related magnetization mechanisms and, eventually, the associated 
indicators that present the most distinguishable response to changes in steel properties due to 
the onset and evolution of starting corrosion by thermal oxidation at low temperatures. This is 
found by measuring magnetic responses of Magnetic Hysteresis Cycle (MHC), Magnetic 
Barkhausen Noise (MBN), and Magnetic Incremental Permeability (MIP) at the early stage of 
corrosion. Herein, the magnetization mechanism identified by the Domain Wall Bulging (DWB) 
effect and represented by the indicator Δ|Z|MIP from the MIP response is ranked the most 
sensitive indicator by Pearson’s linear correlation coefficient (LCC). It is immediately followed by 
the Domain Wall's Irreversible Motions (DWIM) represented by the MBN coercivity indicator. 
Both mechanisms are associated with the structure and kinetic of the magnetic domains, 
respectively, under low and medium magnetic excitations. The low-temperature thermal 
oxidation process set out the constructive effect of the oxide layer in the strain relief effect on 
the overall magnetic response of the corroded specimen. Discussions and conclusions are 
provided, as well as perspectives regarding the applicability of magnetic non-destructive testing 
techniques. 
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I - Introduction 
 

Steel, an alloy of iron and carbon, is a fundamental material for various industries, including 
biomedical equipment [1], nuclear and chemical industries, construction [2], automotive, energy 
generation, and petrochemical sectors [3]. Its biodegradability, recyclability, and construction 
efficiency make it highly valuable [1]. However, steel is susceptible to corrosion, which degrades 
its properties when interacting with the environment [4]. 

Corrosion affects steel's mechanical and chemical properties, leading to equipment failures, 
production downtimes, and increased maintenance costs [4, 5]. This results in significant 
economic losses. Corrosion impacts composition, texture, thermal and electrical conductivity, 
and mechanical strength [5], causing structural damage, accidents, and environmental hazards 
[6]. The global cost of corrosion is estimated to be 3-4% of each nation's GDP [7]. 
Traditional corrosion detection methods, such as weight loss analyses [8], electrochemical 
analyses [9], ultrasonic testing, radiography, metallographic characterization, and optical sensing 
[10], have limitations. They can be time-consuming, destructive, inconsistent, and costly. 
Magnetic non-destructive testing methods (MNDTM) offer a promising alternative for 
characterizing the properties of steels. 

Various magnetic responses, including the Magnetic Hysteresis Cycle (MHC) – magnetic flux 
density as a function of magnetic excitation field B(H), Magnetic Barkhausen Noise (MBN), and 
Magnetic Incremental Permeability (MIP), have been studied [11-23]. Corrosion in carbon steel 
induces microstructural changes that correlate with magnetic and mechanical properties [24-26]. 
MNDTM has shown effectiveness in detecting rust and other corrosion forms [11, 27-37]. For 
instance, MBN features (such as; rms signals, number of pulses, peak-to-peak value, etc.) has 
been extensively used to assess corrosion damage artificially developed in a neutral salt spray 
atmosphere; either applied to a fully ferritic steel  subjected to tensile stress [34] or low-alloyed 
steels of variable tensile strength [35-36], then subjected to uniaxial tensile stress in the rolling 
and transverse directions [37]. Although these investigations reveal frank dependence of MBN 
emissions on corrosion extent and the superimposed tensile stresses, this form of corrosion tends 
to be more severe, forming grain boundary oxidation, and deeper corrosion pits, and is nowhere 
near to the targeted early-stage corrosion herein presented.  

Despite extensive research, no studies have focused on using magnetic responses to monitor 
early-stage corrosion by thermal oxidation. Recent works have demonstrated the feasibility of 
MNDTM for observing and characterizing surface treatments and defects, such as carburization 
and grinding burns [38-40]. By focusing on magnetization mechanisms, this approach shows less 
sensitivity to experimental conditions, making it suitable for early-stage corrosion assessment. 
Thermal oxidation and the chemical deterioration of metal due to heating, has been studied 
primarily at high temperatures (400°C to 1200°C) [41-44]. However, low-temperature thermal 
oxidation remains less explored, raising uncertainties about its microstructural interpretation 
and magnetic response [41]. Studies have shown varying results based on temperature and 
exposure time, highlighting the need for further investigation into early-stage corrosion 
characteristics [46-49]. 
This study aims to evaluate early-stage oxide formation and microstructural changes from a 
magnetic perspective. Six identical steel rods, along with eight pins cut from one rod, were 
subjected to physical and magnetic evaluations after progressive heat treatments at 185°C. 
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Magnetic properties and corrosion status were assessed, and Pearson’s LCC were calculated to 
determine correlations between magnetic indicators and corrosion states. 
 
II – Experimental procedure 
 
2.1 - Material heat treatment 
 

A low-carbon steel bar (hypoeutectoid ferrite-perlite) was divided into six physically identical 
rod specimens to ensure consistency in composition, treatment, and history [50]. The material 
chemical composition and physical properties (extracted from the literature) are reported in 
Table 1 and Table 2, respectively. Each rod had a length of 100 mm and a diameter of 10 mm. 
One of the rods was cut out into eight pins of 10 mm length. The rods and pins were divided into 
three groups. The first group, called “control,” was kept untreated. This group included one rod 
and one pin. The other groups were submitted to thermal oxidation treatments at low 
temperatures, leading to surface and sub-surface starting corrosion. The thermal oxidation 
process entailed placing four rods and four pins in a cold oven, heating the oven to 185°C from 
room temperature at 0.088°C·s-1 over a ramp of 31 minutes. Then, the rods and the pins were 
left to oxidize in the oven at a stable temperature of 185°C for 96 hours. After this period, the 
rods and the pins were left to cool rapidly at room temperature in open air. All the thermal 
oxidations were performed in atmospheric air. Two of the four rods and two of the four pins were 
again subjected to thermal oxidation for another 96 hours. After each session of thermal 
oxidation, magnetic tests and SEM image characterizations were carried out (on rods and pins 
respectively).  

 
Tab. 1 - Material chemical composition. 

 
 
 

 
Tab. 2 - Physical properties of low carbon steel from literature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Element C Si Ni Mn Fe 
Mass fraction wt.% 

 0.3 0.31 0.05 0.66 Balance 

Quantity Value Unit 

Tensile Strength 400 – 550 MPa 

Yield strength 220 – 250 MPa 

Young’s Modulus 200 GPa 

Hardness 120 MPa 

Expansion Coefficient 10.8 - 12.5 *(10-6) °C-1 

Poisson's coefficient 0.29 - 

Density 7.85 Kg·m-3 

Elongation 0.76 % 

Heat capacity 0.49 kJ·kg-1·°C-1 

Electrical resistivity 10 −7 Ωm Ωm 

Thermal conductivity 17 W·m-1·K-1 
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The preference for 96-hour oxidation time steps was based on related research works [48][52], 
which highlight the influential effects of oxidation time on the oxidation kinetics at low oxidation 
temperature, 185°C.  These thermal oxidation conditions effectively produced distinguishable 
oxygen weight increment (mass gain)  and the early-stage corrosion required by this study. 

Image characterizations were done on the pins' surfaces to verify the evolution of the surface 
composition precisely. Mass evaluation versus corrosion rate calculations were performed on the 
rods to provide evidence of corrosion. The dimensions of the pins and rods are depicted in Fig. 1 
below. 

 

 
 

Fig. 1 - Rod and pin dimensions. 
 
2.2 – Corrosion characterization 
 

2.2.1 – Surface observation 
 

The surface of the untreated pin was observed under a Scanning Electron Microscope (SEM – 
Supra 55VP, Zeiss, Oberkochen, Germany) at a one hundred times (x100) magnification before 
the first heat treatment process. This image was recorded and served as a reference. The metal’s 
constitutive elements and their percentages by mass were also identified during this stage. 
Herein, a sample per heat treatment group and the reference sample were subject to the 
chemical analysis.  

The SEM images were expected to show changes in the appearance of the surface texture 
[51]. Those changes served as physical proof of the corrosion process. 

 
2.2.2 – Mass evaluation 

      
      Several approaches to the problem of predicting oxidation weight increment (mass gain) 
behavior exist in the literature [48][52]. These approaches however, differ based on the material 
type (composition and microstructure), the environmental conditions (dry or wet) and more 
importantly, oxidation temperature range (low, medium and high).  Thus, investigating on early-
stage corrosion pertains to low oxidation temperature range 100 – 300 °C.  
Although the oxidation weight increment behaviors at this temperature range suggest no 
significant difference in the early hours of oxidation,  Vernon et al [48] respectively observed a 
logarithmic and parabolic oxidation rates at temperatures below 200 °C  and above 200 °C, for 
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100 hours of  oxidation. The evidence of this empirical analysis has been further validated in 
subsequent research works [52].  

According to [48], the total mass gain (w) during isothermal oxidation at 185°C can be 
approximated as a logarithmic function of the exposure time t as: 

                                                             𝑤 = 𝑘ଶlogଵ(𝑎𝑡 + 1) + 𝑏                                                                      (1) 

Where k2, a, and b are constants. This equation is valid for a broad exposure time (up to 
1400h). The oxidation rate constant (k2) defines the oxidation rate in the logarithmic region 
below 200°C thermal oxidation and increases with increasing carbon content from 0.2 to 0.8 wt.% 
[52]. This rate constant k2 for low-carbon steel with fine pearlite is 0.1 mg·cm-2. a represents the 
inverse of the time constant (τ) that affects the shape and scale of the mass gain curve. It 
determines the rate at which the mass gain changes with respect to the logarithm of time. b is 
the additional mass gain due to the phase boundaries. It accounts for an initial film thickness of 
about 4 nm as a result of oxide formation at room temperature  before thermal exposure while 
neglecting the metal surface roughness. In this study, a was set to 0.1 hours-1, (i.e., τ =10 hours) 
and b = 0.5 µg·cm-2, when w is expressed in µg·cm-2 and t in hours.  The following conditions were 
assumed;  
_ oxidation occurs uniformly across the surface of the metal, 
_ the same projected and actual surface areas, 
_ the oxide was assumed to be adherent to the metal surface. 

Despite these assumptions aimed at minimizing uncertainty in the corrosion rate, errors due 
to time, dimensions, and mass measurements can still be sources of uncertainty. The logarithmic 
weight function effectively captures the rapid initial mass gain followed by a slowing rate as the 
oxide layer grows. It provides a realistic and useful description of the oxidation kinetics over a 
broad range of exposure times, including the first manifestations of the corrosion process. 

2.3 – Magnetic characterization 
 
In ferromagnetic materials, magnetic atomic moments are organized into regions called 

magnetic domains, each containing up to 1018 aligned magnetic moments [53, 54]. The 
orientation of these moments can change gradually over large numbers of atoms, forming 
domain boundaries or "domain walls" [55].  

Magnetization mechanisms in ferromagnetic materials involve complex interactions such as 
exchange interactions between neighbouring atomic moments [56], the direction of the applied 
magnetic field, anisotropy degrees [57], thermal effects [58], and magneto-elastic contributions. 
These mechanisms are characterized by the movement and behaviour of domain walls in 
response to the applied magnetic field [38]. Initially, domains aligned with the applied field grow, 
while those unfavourably aligned shrink. The magnetization within the domains then rotates 
coherently toward the applied field direction. 

The magnetization process, illustrated in Fig. 2, involves overlapping mechanisms during a 
magnetization cycle. These mechanisms can be categorized as follows: 
Magnetization mechanisms related to magnetic domain dynamics [38]: 
_ Domain Wall Bulging (DWB, [21]): Reversible bending of domain walls under low magnetic 
excitation. 
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_ Domain Wall Irreversible Motion (DWIM): Irreversible movement of domain walls under 
medium magnetic excitation. 
_ Domain Wall Dynamic Answer (DWDA): Frequency-dependent response associated with 
microscopic eddy currents. 
_ Domain Nucleation and Fusion (DNF): Formation and merging of domains under high magnetic 
excitation. 
Magnetization mechanisms related to atomic magnetic moments: 
_ Magnetization Rotation (MR): Rotation of magnetic moments under high and very high 
magnetic excitation. 
Macroscopic magnetization mechanisms: 
_ Macroscopic Eddy Currents (MEC): Currents induced under dynamic magnetic excitation. 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 - Schematic illustration of the magnetization process. (a) Demagnetized state (b) Magnetization 
onset (c) Domain wall motions (d) Magnetization rotation (e) Magnetization saturation. In practice, 

these mechanisms can coincide [59]. 

2.3.1 – Magnetic experimental characterization setup 
 
 Magnetic excitation 

Two U-shaped FeSi 3 wt.% yokes make up the magnetic inductor. The yokes have legs of 
dimensions 37 x 37 mm, designed 69 mm apart. Two steel spacers ensure the magnetic continuity 
between the tested rods and the yokes. A continuous excitation coil is wound around the yokes 
and supplied by a power amplifier (HSA 4014, NF Corporation, Yokohama, Japan) driven by a 
frequency generator (Agilent 33220A, Santa Clara, Ca, USA). 
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 Magnetic sensors 

The rods for magnetic tests are slipped through 3D-printed support on which is wound two 
identical n = 330 turns sensor coils and a Hall element sensor (SS94A, Honeywell, 12 Charlotte, 
NC, USA). The Hall sensor measures the tangent magnetic field Hsurf locally on the surface of the 
specimens. Both sensors plugged in series are used for magnetic measurement of Ba(Hsurf) major 
hysteresis cycles (where Ba is the flux density averaged through the specimen cross-section) and 
Magnetic Incremental Permeability (MIP). Magnetic Barkhausen Noise (MBN) is measured by 
plugging the sensors in series opposition for natural filtering of the low-frequency signal 
contribution. 

 
2.3.2 – Ba(Hsurf) major hysteresis cycle 

 
The voltage drop due to the magnetization variations is measured using the in-series wound 

coils and recorded with a Sirius® acquisition card (Dewesoft, Trbovlje, Slovenia). Ba is calculated 
using Eq. 2, after which drift correction is done to eliminate the undesirable effect of interference 
noise and errors due to integration calculations. 

                                                           𝐵 = −
ଵ

ଶ
∫ 𝑒(𝑡)𝑑𝑡
௧


                                                                      (2) 

Where n is the coil number of turns, S is the cross-section area, and e is the electromotive 
force. 

 
 

 

 

 

 

 

Fig. 3 - Excitation coil, yoke, spacers, steel bar sample, and sensors disposition. 

2.3.3 – MBNe(Hsurf) hysteresis cycle 
 

From prior research on the correlation between MBN and surface and subsurface material 
properties [60], its use in the search for changes due to heat treatment is justified. Nevertheless, 
Magnetic Barkhausen Noise (MBN) is stochastic [61]; thus, its pattern may be analyzed 
statistically but not precisely predicted. MBNe (Eq. 3) obtained through integration over an entire 
period is much more reproducible and is recommended for deep analysis. Plotted as a function 
of Hsurf, it gives rise to a hysteresis cycle depending on external mechanical conditions, 
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temperature, microstructural properties, and fatigue [60]. In this study, MBNe was obtained in 
two steps:  
_ The sensor coil electromotive force VMBN was collected, filtered, and amplified using a Stanford 
Research SR650 (Sunnyvale, CA, USA). The cut-off frequencies were set to 1 and 50 kHz, and the 
gain to 90 dB·dec-1.  
_ The square sensor coil electromotive force VMBN

2, its integration, and its drift correction were 
computed numerically using Matlab software. 
NB: Data collection was done over five excitation periods. 

                                                        𝑀𝐵𝑁(t) = ∫ 𝑠𝑖𝑔𝑛 ቀ
ௗுೞೠೝ

ௗ௧
ቁ𝑉ெே

ଶ 𝑑𝑡
௧


                                                           (3) 

[62] explains how MBNe is not precisely energy but can be assimilated to an image of domain 
walls’ kinetic energy. 

 
2.3.4 – ZMIP(Hsurf), MIP butterfly loop 

 
For ferromagnetic materials (including the low carbon steel studied in this work), the Magnetic 

Incremental Permeability (MIP) signature is measured by the superposition of a gradually 
changing high amplitude magnetic excitation to an Eddy Current Testing (ECT) characterization 
[23]. The butterfly loop refers to the measured incremental permeability plotted as a function of 
the quasi-static magnetic excitation field, which typically brings out a butterfly shape [23]. MIP is 
given by: 

                                                                    𝜇ெூ =
ଵ

ఓబ
·

௱ೌ

௱ுೞೠೝ
                                                                     (4) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4 - Magnetic experimental setup. 
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Where µ0 represents the vacuum permeability, ΔHsurf a small variation of Hsurf, and ΔBa the 
relative variation of Ba. Figure 4 depicts an overall schematic representation of the magnetic 
characterization setup. MIP characterization is done by measuring the in-series connected coil 
sensor impedance through an LCR meter (LCR E4980AL precision meter, Keysight). The root mean 
square current passing through the coil sensor is kept at 10 mA. Data collected from the LCR 
meter at increasing frequencies (0.5 – 100 kHz) include the sensor coil impedance modulus, 
phase, and real and imaginary parts. This frequency range was set to assess the frequency that 
ensures significative penetration depth while keeping a usable signal. 
 

2.3.5 – Magnetic indicators 
 

A list of magnetic indicators read on the magnetic signatures (Ba(Hsurf), MBNe(Hsurf), 
|Z|MIP(Hsurf)) were selected for their privileged relationship with the magnetization mechanisms 
described above. Readers should refer to [38-40] for details about these relationships. All the 
coupled magnetization mechanisms/indicators are given in Table 3.  
      While the broad magnetization mechanisms (domain wall motion, pinning, hysteresis) are 
fundamentally similar, their response to different types of corrosion on low carbon steel can vary:  
     Under low-temperature thermal oxidation (generally below 250°C), the corrosion process 
often results in the formation of thin, stable oxide layers, such as ferrite (α-Fe₂O₃) and potentially 
minor amounts of cementite. These oxides can alter the mechanical and magnetic properties of 
the material. Still, lower thermal energy levels lead to minimal changes in the material's 
microstructure and less aggressive degradation. Although the domain wall motion is still 
influenced by pinning sites created by microstructural anomalies,  its impact on the 
magnetization mechanisms is deemed to be more subtle. 
     On the other hand, conventional corrosion takes place under more aggressive conditions, 
forming thicker oxide layers and more significant degradation of the microstructure. Herein, the 
pinning sites introduced by microstructural changes (such as oxidation of grain boundaries or 
increased porosity) are more pronounced. This leads to a more significant hindrance to domain 
wall motion, resulting in higher coercivity and more energy dissipation. Due to deeper structural 
degradation, the material's magnetic response may become more brittle, with increased 
hysteresis loss and a more pronounced impact on magnetic properties.  
    In summary, while the basic magnetization mechanisms (DWB, DWDA and DWIM) remain the 
same, their response to corrosion can differ in magnitude and nature depending on whether it is 
low-temperature or conventional thermal corrosion. Finally, there is no fundamental difference 
in the magnetization mechanisms' response; the differences lie more in how strongly these 
mechanisms are affected by the specific type of corrosion. 
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Tab. 3 - Magnetization mechanisms and their specific indicators [38]. 
 

Magnetization 
Mechanism Definition 

Magnetic Indicator 
Associated 

Domain Wall Bulging 
- DWB 

Domain wall bulging is a magnetization mechanism 
where the boundaries between magnetic domains, 

known as domain walls, expand or contract in response 
to a low-amplitude external magnetic field, causing 

limited and reversible changes in the overall 
magnetization of the material. 

ΔZ –  (MIP)  

Domain Wall's 
Irreversible Motions - 

DWIM 

 
Domain wall irreversible motions refer to a 

magnetization mechanism where the boundaries 
between magnetic domains move permanently in 

response to an external magnetic field, leading to lasting 
changes in the material's magnetization. 

  

Coercivity – Ba(Hsurf), 
MBNe.(Hsurf), and |Z|MIP(Hsurf) 

 
 
 
 

  

Domains’ Nucleation 
and Fusion – DNF 

Magnetic domain nucleation and fusion is a 
magnetization mechanism where new magnetic domains 

are formed (nucleation), and existing domains merge 
(fusion) in response to an external magnetic field, 

altering the material's overall magnetization. 

- 

Domain Wall 
Dynamic Answer – 

DWDA 

Domain wall dynamic response, or frequency 
dependency, is a magnetization mechanism where the 

movement of domain walls in a magnetic material varies 
with the frequency of the applied magnetic field, 

influencing the material's magnetic properties and 
behavior. 

max(MBNe.) – (MBN) 
 
 
 
 

  

Magnetization 
Rotation – MR 

Magnetization rotation is a magnetization mechanism 
where the direction of magnetic moments within a 
domain rotates in response to an external magnetic 

field, changing the overall magnetization of the material. 

μr(sat) – (Ba(Hsurf)) 
 
 
 
 

  

Macroscopic Eddy 
Currents – MEC 

Macroscopic eddy currents are a magnetization 
mechanism where circulating currents are induced in a 
conductive material in response to a changing magnetic 
field, generating their own magnetic fields and affecting 
the overall magnetization and energy dissipation within 

the material. 
  

Remanence – Ba(Hsurf), 
MBNe.(Hsurf), and 

 |Z|MIP(Hsurf)  

NB DNF is not visible to human-scale magnetic characterization equipment [12].  
 
 
 
 
 
 
 
 

H 

μ 

Δ|Z| 

H 

Hc 

MBNe. 

Max(MBNe.) 
H 

B 

H 

μr(sat

μ 

H 

μ at H = 0 
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III – Experimental results 
 
3.1 – Corrosion characterization 
 

3.1.1 – SEM observations 
 

SEM images show the surface microstructure of all the specimen groups before and after 
different heat treatment exposure times, i.e., untreated (reference), 96 h, and 192 h heat-treated 
specimens (Fig. 5). The surface of the untreated specimen (or reference sample) has a 
hypoeutectoid ferrite-perlite microstructure. The SEM analysis revealed the characteristic ferrite 
and pearlite features. The light and dark phases, respectively, were the ferrite and the pearlite. 
More precisely, the ferrite appears as relatively featureless light regions, and pearlite displays 
distinct bands (lamellar structure) of alternating ferrite and cementite. Iron carbide, rich in 
carbon, gives the dark appearance of Fig. 5a. 

Then, after 96 h exposure time to 185 °C thermal oxidation, the early formation of a micaceous 
oxide film is observed at the surface of the 96 h heat-treated specimen. This oxide film consists 
of an outer layer of α-Fe2O3 overlying a very thin cubic oxide film (with a parameter structure 
appropriate to ϒ-Fe2O3 or Fe3O4 [48, 49]). The thickness of this trigonal oxide (α-Fe2O3), as well 
as the sizes of flakes (grain size), increase as the heat exposure time increases to 192 h as more 
oxygen ions diffuse through the oxide film, hence, more oxidation (Fig. 5c)[42]. 

Unlike the uniformly distributed oxide film and flakes observed after 96 h exposure, further 
exposure (2x96 h) to thermal oxidation results in inhomogeneity in the oxide film. Indeed, the 
formation of oxides at particular spots on the surface of the specimen releases electrons from 
one spot to another while reducing the oxygen level at the spots. This results in a relatively 
compacted oxide layer acting as a wear protection against further oxide formation.  

The thermal oxidation is propagated predominantly by the diffusion of oxygen ions inwards 
(in the cubic oxide). This leads to a structure increasingly deficient in iron with increasing distance 
from the metallic base [48]. The virtual consistency of the film-derived oxides aligns with the 
sequence of colors, from the initial (reference) dull gray through straw (1 x 96 h) to deep straw 
(2 x 96 h). 

As regards to the microstructural characterization, the nital attack and optical observation 
were used to identify the hypoeutectoid ferrite-perlite microstructure of the low-carbon steel 
pins at room temperature. Herein, the samples’ pins were etched with 2–3% nital for 
quantification of constitutive elements under optical microscopy. The respective mass fraction 
wt.% distribution of the constitutive elements per sample heat treatment group is captured in 
Fig. 5d.  The rising percentage mass fraction of oxygen content  with respect to the  heat 
treatment time attest of the corrosion initiation and propagation in the samples.   
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Fig. 5 – SEM images of all the specimens (at 100X); (a) Reference sample, (b) 1 x 96h heat treatment, (c) 
2 x 96h heat treatment and (d) Mass fraction wt.% evolution per sample heat treatment group 

 
3.1.2 – Mass evaluation 

 
Fig. 6 presents mass gain (µg.cm-2) evolution for thermal oxidation performed in a laboratory 

furnace in dry air at 185°C. This figure reveals close agreement with the logarithmic weight 
increment function in Eq. 1 for an oxide-free surface [48].  

Likewise, the oxidation-time curve shows a fast rise at early stages (t < 100h) of oxidation 
followed by a gentle increase at higher exposure time, confirming the earlier discussed oxide 
microstructure. The oxide depths per specimen versus exposure times are set out in Table 4. The 
highest corrosion depth occurs after 2 x 96 h of thermal oxidation (3.6919 µm). 

 

(c) 2 x 96h heat treatment (b) 1 x 96h heat treatment (a) Reference sample 

1 µm 
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Fig. 6 - Mass gain and oxide thickness curves obtained during isothermal oxidation at 185°C. 
 

Tab. 4 – Corrosion thickness with respect to exposure time. 
 

 
 

 
 
 

 
 
 
 
 
3.2 – Magnetic characterization 
 

The magnetic characterization of the different groups of specimens was performed using the 
experimental setup described in section 2.3.1 above (see Fig. 4). Herein, the three magnetic NDT 
methods (MHC, MBN, and MIP) were implemented for the same driving magnetic field strength 
(Hsurf) and performed without any specific order. Using the same amplitude of Hsurf ensures that 
the material reaches the same level of magnetic saturation in each test. This uniform saturation 
effectively resets the material's magnetic state, erasing any prior magnetic history or memory. 
Consequently, the order in which these tests are conducted becomes irrelevant, as each test 
starts with the material in a comparable magnetic state, ensuring consistent and repeatable 
results.  

Fig. 7 below shows the magnetic signatures for all the samples with respect to the MHC and 
MBN methods. Each magnetic NDT method presents noticeable differences between each 
treatment group as reflected by their common magnetic indicators, such as the coercive field 
(Hc) and remanence field (Br).  
      A detailed analysis of these magnetic indicators’ dependence on early-stage corrosion with 
respect to the magnetic NDT method is presented and further enhanced by the Pearson’s LCC. 

Specimens Exposure time (h) Oxide thickness (µm) 
1 0 0 
2 96  2.6557 
3 96  2.6997 
4 2 x 96  3.6120 
5 2 x 96  3.6919 
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This coefficient measures the linear correlation between the measured corrosion depth (or oxide 
thickness) and the derived magnetic indicators for a given set of specimens. Indeed, the Pearson’s 
LCC, r, is essentially a normalized measurement of the covariance of the magnetic indicator 
vector A and  the corrosion depth vector B, each of N scalar observations (or specimens) such 
that the result always lies between −1 and 1. It is expressed as follows: 

                                                  
1

1
( , )

1

N
i i

iN

 
 

    
        

 A B

A B

A B
r A B                                                (5) 

                                                        
cov( , )

( , )
 


A B

A B
r A B                                                                           (6) 

Where, λA and σA are the mean and standard deviation of A, respectively, and λB and σB are the 
mean and standard deviation of B.  Note that only the magnitude of the Pearson’s LCC, r, was 
considered hereafter for comparative analysis purpose. 
 
 Ba(Hsurf) magnetic indicators analysis  

Fig. 8 depicts the evolution of the Ba(Hsurf) indicators per specimen treatment group vs. the 
corrosion depth and their respective Pearson’s LCC. It is obvious that the coercive field (Hc-
Ba(Hsurf)) accounts for the most correlated Ba(Hsurf) indicators to the measured corrosion depth 
with the highest Pearson’s LCC of 0.752. 

 
 MBNe(Hsurf) magnetic indicators analysis 

Fig. 9 shows the evolution of the MBNe(Hsurf) indicators per specimen treatment group vs. the 
corrosion depth and their respective Pearson’s LCC. In [63], it is explained that MBNe is not 
precisely energy but can be assimilated to an image of domain walls’ kinetic energy. Hence, its 
privileged relationship with the Domain Wall Dynamic Answer (DWDA), here represented by the 
max(MBNe) indicator (Fig. 9c), spans the magnetization mechanisms of the MBN method. Unlike 
the Ba(Hsurf) indicators analysis, two indicators – Rem(MBNe(Hsurf)) and max(MBNe) – present the 
most correlated response to the starting corrosion profile with Pearson’s LCC of 0.812 and 0.758, 
respectively. It is worth noting that the MBNe(Hsurf) indicators derived from the MBN response 
provide a higher average Pearson’s LCC  of 0.73 compared to 0.60 for the Ba(Hsurf) indicators.  

 
 |Z|MIP(Hsurf) magnetic indicators investigation  

The MIP response allowed DWB (Domain Wall Bulging) measurement under low AC MIP signal 
amplitude to avoid DWIM (Domain Wall's Irreversible Motions). The observed increase in the 
impedance modulus (Fig. 9 and 10) with the development of an oxide or corrosion layer can be 
attributed to the contrasting effects of corrosion on electrical conductivity and magnetic 
properties. Specifically, corrosion reduces the material’s electrical conductivity, leading to an 
increase in the real part of the impedance. While the degradation in magnetic properties from 
surface oxidation could reduce the reversible domain wall motion (potentially lowering the 
imaginary component of impedance), the dominant effect on the impedance modulus arises 
from the increased real component due to the conductivity decrease. This combined effect 
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results in an overall rise in impedance modulus, with conductivity degradation having a more 
substantial impact than the magnetic changes alone. 

MIP measurements are commonly carried out at 50 kHz alternative contribution (according to 
the literature recommendation [63, 64]), although it has limited scanned depth due to 
electromagnetic skin effect (usually few μm for permeabilities in the range of the MIP measured 
ones). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 7 - (a) Ba(Hsurf) and (b) MBNe.(Hsurf) respectively for all tested rods. 
 
 
 
 
 
 
 
 
 
 
 

 

Key: 
Reference sample 
1x96h heat-treated samples 
2x96h heat-treated samples 
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Fig. 8 - Comparison of the Ba(Hsurf) indicators and Pearson’s correlation coefficients with respect to the 
corrosion depth. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 - Comparison of the MBNe(Hsurf)  indicators and Pearson’s correlation coefficients vs. the corrosion 

depth. 
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 Fig. 10 - |Z|MIP(Hsurf) curves at (a) 0.5 kHz and (b) 50 kHz for all the specimens. 

Hence, an increasing frequency analysis of the MIP alternative contribution was performed to 
determine the ideal low-frequency MIP response to extend the skin effect limit above the 
measured corrosion depth. Fig. 10 and 11, respectively, depict the MIP magnetic signatures and 
the MIP indicators’ dependence on corrosion depth at 0.5 kHz and 50 kHz AC contributions. 

The obvious dealignment of the magnetic signatures and the corresponding indicators’ profile 
versus measured corrosion depth at 0.5 kHz and 50 kHz AC contributions tells of the intrinsic 
difference in scanning depth of the MIP measurements. Besides, MIP measurements at 0.5 kHz 
closely adhere to the MHC and MBN measurements above.  

Likewise, the MIP indicators and Pearson’s LCC dependency on the alternative contribution 
were evaluated for frequencies ranging from 0.5 to 100 kHz. The results are captured in Table 5. 

One can conclude from the Pearson’s LCC of increasing frequency analysis that only low-
frequency (f ≤ 1 kHz) alternative contributions allow to meet scanning depths beyond the 
measured corrosion depth. Thus, the MIP response perfectly accounts for the say “multiple-
layer” that makes up the heat-treated specimens. This consists of the heat-induced surface 
hematite layer overlying the cubic oxide layer (upper layer) and the untreated sublayer of the 
specimen (below the measured corrosion depth).  
 

Key: 
Reference sample 
1x96h heat-treated samples 
2x96h heat-treated samples 
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Fig. 11 - Comparison of the |Z|MIP(Hsurf) indicators at (a) 0.5 kHz and (b) 50 kHz and Pearson’s 
correlation coefficients with respect to the corrosion depth. 

Other sublayers may be unveiled, to wit, a “mixed region” iron with minimum oxide nuclei 
(transition layers) as observed in [47]. The postulate of a resultant “multiple-layer” in the heat-
treated specimen is equally validated by the change in slope visible on the |Z|MIP(Hsurf) curves in 
Fig. 10. This sudden local change in slope appeared to be highly correlated to the metal treatment 
processes as described in [38] for carburization treatment of steel parts. Hence, one may 
conclude that the MIP increasing frequency analysis could eventually be used to determine the 
thickness of the oxide layer during the corrosion process. 

Tab. 5 – |Z|MIP(Hsurf) indicators and Pearson’s LCC vs. the corrosion depth for different alternative 
contribution frequencies. 

 

 
 
3.3 – Analysis of the Pearson’s correlation coefficients and magnetization mechanism derived indicators 
with vs. corrosion depth 
 

Magnetic 
Indicators: 

r: Pearson’s LCC 

0.5 kHz 1 kHz 10 kHz 50 kHz 100kHz 

Hc-|Z|MIP(Hsurf) 0.726 0.732 0.532 0.644 0.356 

Rem.-|Z|MIP(Hsurf) 0.723 0.707 0.255 0.46 0.572 

Δ|Z|MIP 0.846 0.667 0.055 0.133 0.409 

Pearson’s grading 
  r < 0.5 
  0.5 ≤ r < 0.6 
  0.6 ≤ r < 0.7 
  0.7 ≤ r < 0.75 
  0.75 ≤ r < 0.8 
  0.8 ≤ r  
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A summary of the Pearson’s LCC and magnetization mechanisms derived indicators vs. 
corrosion depth is presented in Table 6. This table allows us to compare the magnetic responses 
of each MNDTM as observed from their respective magnetization mechanisms. It also enables us 
to identify the most sensitive indicator per magnetization mechanism from the Pearson’s LCC vs. 
corrosion depth analysis, as illustrated in Fig. 12. 

 
Tab. 6 – Pearson’s LCC and magnetic indicators vs. corrosion depth. 

 

Magnetization Mechanism Magnetic Indicator 
Associated 

r: Pearson’s LCC 

Domain Wall Bulging - DWB ΔZ – |Z|MIP(Hsurf) 0.846 

Domain Wall's Irreversible Motions - 
DWIM 

Coercivity – Ba(Hsurf) 0.752 

Coercivity – MBNe(Hsurf) 0.812 

Coercivity – |Z|MIP(Hsurf) 0.726 

Domains’ Nucleation and Fusion – DNF - - 

Domain Wall Dynamic Answer – DWDA max(MBNe) – MBNe(Hsurf) 0.715 

Magnetization Rotation – MR μr(sat) – Ba(Hsurf) 0.348 

Macroscopic Eddy Currents – MEC 

Remanence – Ba(Hsurf) 0.574 

Remanence – MBNe(Hsurf) 0.758 

Remanence – |Z|MIP(Hsurf) 0.723 
 

Herein, the magnetization mechanism identified by the Domain Wall Bulging (DWB) effect and 
represented by the indicator Δ|Z|MIP from the MIP response is ranked the most sensitive indicator 
by the Pearson’s LCC vs. corrosion depth at 0.5 kHz AC contribution. It is immediately followed 
by the Domain Wall's Irreversible Motions (DWIM) represented by the MBN coercivity indicator 
(Hc-MBNe(Hsurf)). These magnetization mechanisms are associated with the structure and kinetics 
of the magnetic domains, respectively, under low and medium magnetic excitations.  
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Fig. 12 - Most sensitive magnetic indicators, magnetization mechanisms, Pearson’s LCC, vs. corrosion 
depth. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 13 - |Z|MIP(Hsurf) slope (dIZIMIP/dHsurf) at the inflecƟon point due to slope change. 

      The domain walls’ motion is generally subjected to microstructural impediments attributed 
to microstructural anomalies. These microstructural impediments act as pinning sites that hinder 
the smooth movement of domain walls, requiring higher applied magnetic fields to overcome 

Key: 
Reference sample 
1x96h heat-treated samples 
2x96h heat-treated samples 
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these obstacles. The interaction between the domain walls and these defects leads to energy 
dissipation and affects the overall magnetic properties of the material, such as coercivity and 
hysteresis loss. The coercivity per sample treated group, hence, the average pinning field, 
decreases as the exposure time increases (see Figures 8a, 9a, and 11a). This is because thermal 
oxidation at higher exposure time enhances the formation of oxides of lamellar pearlite. 

Pearlite is a stable microconstituent lamella combination of alternate layers of predominantly 
ferrite (or α-Fe2O3) and little cementite, which respectively exhibit magnetically soft properties 
and magnetic inclusions to the pinning of domain walls at low temperatures (below 250°C)[65].  

The mechanical properties of the lamellar pearlite are, thus, intermediate between those of 
ferrite (soft and ductile) and cementite (hard and brittle) [66]. The low-temperature thermal 
oxidation process set out the constructive effect of the oxide layer in the strain relief effect, 
resulting in softer steel both mechanically and magnetically. In addition, thermal noise at low 
heat treatment temperatures makes it easier to overcome pinning energy barriers due to the 
little decomposition of cementite, reducing the pinning field [67]. The magnetic responses and 
coupled indicators reveal this constructive effect of the oxide layer in the strain relief effect at 
low temperatures. 

 

 
Fig. 14 - |Z|MIP(Hsurf) slope (dIZI/dHsurf) at point of inflecƟon vs. corrosion depth. 

Tab. 7 – Pearson’s LCC for dIZI/dHsurf vs. corrosion depth at 1kHz at point of inflecƟon. 
 

 
 
 
 

 
Moreover, the |Z|MIP(Hsurf) curves at a low applied magnetic field (0 < Hsurf < 200 A.m⁻¹, see 

Fig. 10a) show a sudden local change in slope (rising point of inflection) for all the specimens. It 
is further observed that these slope changes follow a downward trend from the untreated 
specimen to the longest heat-treated specimen. Hence, by drawing a line common to all the 
specimen groups, a new indicator, d|Z|MIP/dHsurf, is derived, where Hsurf is defined as the applied 

New Indicators: r: Pearson’s LCC at 1 kHz 

d|Z|MIP/dHsurf at point of inflection 0.917 

Key: 

Reference sample 
1x96h heat-treated samples 
2x96h heat-treated samples 
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magnetic field measured at the rising point of inflection due to the sudden change in slope 
observed on all the specimens (see Fig. 13). 

Low excitation magnetic field during the magnetization process is associated with the Domain 
Wall Bulging (DWB) effect, characterized by a high time constant and reversible local distortion 
of the magnetic domain walls. This mechanism, enhanced by the increasing oxygen content due 
to surface oxidation (see Fig. 5d), triggers a sudden bump in the measured impedance 
proportional to the extent of the microstructural anomalies (oxidized surface or corrosion depth). 
The inflection point around Hsurf ≈ 100 A.m⁻¹ corresponds to the approximate coercivity of the 
softer, uncorroded inner material, while the corroded surface layer, being magnetically harder, 
has a higher coercivity around 700 A.m⁻¹ (see Fig. 13). The impedance change at this low magnetic 
field primarily reflects the combined response of these layers, with each layer's influence 
depending on its thickness and magnetic properties. This results in an inflection point at very low 
applied magnetic fields (0 < Hsurf < 200 A.m⁻¹). 

Thus, the low-frequency MIP signature is more of a stimulus for the DWB effect throughout 
the entire magnetization cycle, where Δ|Z|MIP and d|Z|MIP/dHsurf at the point of inflection are fair 
indicators of this effect. The observed inflection point represents the combined magnetic 
responses of the corroded and uncorroded layers, which vary with the extent of oxidation. The 
evolution of this new indicator with respect to the corrosion depth per specimen heat treatment 
group and its respective Pearson’s LCC are presented in Fig. 14. The d|Z|MIP/dHsurf at this point 
of inflection due to the sudden change in slope stands out as the most linearly correlated 
indicator vs. corrosion depth according to the Pearson’s LCC (i.e., 0.917). 
 
IV – Conclusions 
 

This work focused on detecting the onset of early-stage corrosion and studying its evolution 
on low-carbon steel. Cylindrical-shaped rods treated at different heat corrosion durations at 
185°C were tested using various magnetic signatures. Testing a broad set of magnetic 
characterization methods was essential for collecting comprehensive magnetic information. 
Magnetic indicators were determined as key representatives of the magnetization mechanisms 
of the characterized MNDTM and tested against corrosion depth. By using specimens from the 
same steel bar; ensuring identical composition, treatment and history, and emphasizing on 
magnetization mechanisms, the study achieve more reliable detection regardless of variations in 
testing environments or conditions. 

The key findings include: 
_ First of all, emphasizing on magnetization mechanisms as new impetuses to derived magnetic 
indicators led to more reliable detection, regardless of variations in testing environments or 
conditions. 
_ Then, linear correlations between magnetic indicators and corrosion depth have identified 
Δ|Z|MIP from the low-frequency MIP signature as the most correlated indicator (0.846). This 
indicator is associated with Domain Wall Bulging, a magnetization mechanism highly linked to 
the measured surface oxidation (or corrosion depth) and hence, the microstructural evolution of 
the steel samples. 
_ Further investigation of |Z|MIP(Hsurf) curves led to the development of a new indicator, 
dIZIMIP/dHsurf at the point of inflection, with the highest Pearson’s LCC of 0.917. 
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Other implications of these findings can be listed as: 
_ This study establishes low-frequency MIP as a powerful magnetic signature for early-stage 
corrosion evaluation of steel parts. 
_ Despite identifying low-frequency MIP as a highly responsive magnetic signature, the limited 
specimen set and number of tests necessitate further investigation across diverse specimen types 
and geometries. 

Future work should address the following points:  
_ Exploring different thermal oxidation configurations, ranging from early-stage corrosion strain 
relief at low thermal oxidation to oxide layer flaking at high temperatures due to stress from 
thermal expansion differences. 
_ Considering other corrosion-induced processes, such as electrolysis, to validate the derived 
indicators in new configurations. 

Finally, future applications of this research include: 
_ The magnetic signatures and indicators derived from MIP increasing frequency analysis could 
potentially determine the thickness of the oxide layer. 
_ Estimating the heat treatment trajectory during the corrosion process. 
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