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On the macroscopic scale, mechanical and magnetic properties of ferromagnetics are closely related. Under
mechanical stress, ferromagnetics are subject to deformations alongside the changes in magnetization. Stresses
and strains lead to changes of interaction forces acting between adjacent atoms and lead to a change in the
magnetization distribution in domains, which in turn results in a change of the magnetic properties. Generally,
these phenomena are referred to as magnetomechanical effects. As a part of this research study, specimens of P91
steel were tested after being subjected to diverse heat treatment procedures affecting their microstructure. The
samples were subjected to periodically pulsed tensile cyclic loads with different values of the active stress induced
in the part of the sample used in the measurements. For each of the tested combinations of applied stresses and
microstructures, the magnetization changes followed a different pattern although certain similarities were reported,
too. The greatest changes in the value of the sample magnetization were registered in the initial load cycles. There
were significant differences in the magnetization process between samples with a different microstructure. Potential
applications of the self-magnetic flux leakage value to analyses of active stresses in the sample were explored.
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1. Introduction and aims of the study

Experimental and theoretical determination of magne-
tization versus active and residual stresses while taking
into account the microstructure of the sample, the re-
sult of heat treatment, is one of the fundamental tasks
of magnetic studies. This issue is highlighted in the ba-
sic model of the Jiles–Atherton–Sablik [1, 2] with later
extensions [3]. From the standpoint of potential applica-
tions, the correlation between magnetization and active
stress, which in the present case is restricted to the cor-
relation between self magnetic flux leakage (SMFL) mea-
sured on the surface of the sample and active stresses, can
be used for identification of stress and strain state inverse
problems in non-destructive testing [4–10]. This study
aims at a qualitative and quantitative analysis of mag-
netization versus periodically pulsed tensile cyclic loads
with different values of the active stress acting upon the
P91 steel samples subjected to various heat treatment
processes. P91 boiler steel (X10CrMoVNb9-1) is increas-
ingly used in the power industry in the form of pipes,
sheets, forgings, and bars, replacing standard grades such
as 13HMF and 14MoV6-3. It is categorized as high-alloy
and high-temperature boiler steel because of increased
content of chromium and small amounts of less frequently
used alloy additives.
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2. Experimental procedure

Testing was done on plate samples of P91 steel
(X10CrMoVNb9-1) with a narrowed section in the mid-
dle part. The samples were subjected to various heat
treatment processes. Sample 1 is the steel in delivery
state, its microstructure composed of highly dispersed
martensite with numerous coagulated fine carbides and
few small irregular ferrite area, with revealed visible grain
boundaries of primary austenite. Sample 2 is obtained
after oil quenching from 1060 ◦C (furnace, air) and after
tempering at 750 ◦C (furnace, air). Its microstructure is
composed of martensite with a small amount of resid-
ual austenite and irregular fine ferrite areas with visible
grain boundaries of primary austenite. Sample 3 is nor-
malized at 1060 ◦C (furnace, air), and then cooled in the
furnace. Its microstructure is fine ferrite grains with nu-
merous fine coagulated carbides, also spotting few fine
ferrite grains without precipitates and ferrite areas along
grain boundaries and beyond.

Each sample was subjected to 10 cycles of pulsating
tensile stress loads with a maximum load value applied in
a smaller sample cross-section with the maximum stresses
of the cycles of 100, 200, and 400 MPa, respectively. Be-
fore the tests, the samples were demagnetized. This pro-
cess was repeated before each increase in the maximum
tensile force.

SMFL measurements in the middle regions of the
tested sample were taken with a SpinMeter3D sensor
manufactured by “Micro Magnetics Sensible Solutions”.
The measuring range of the sensor is ±1000 µT, afford-
ing the sensitivity of 0.1 µT≈ 0.08 A/m. The sensor was
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duly calibrated in a tube made from Mu-Metal, which
ensures a high damping level, and inside which the mag-
netic field strength becomes zero. The sensor was placed
with 3 mm lift-off on one side of the sample positioned in
the cylinder head in order to measure the magnetic field
in the middle point of the sample.

Measurements were taken for three components of
SMFL on the surface of the samples: Hx — tangential
component measured in the direction parallel to the load
applied, Hy — tangential component measured in the di-
rection perpendicular to the load applied, Hz — normal
component. The triaxial magnetometer reads off other
diagnostic symptoms: magnitude of the magnetic field
vector, angle of deviation of the vector’s tangent com-
ponent from the axis of the specimen Φ1, the inclination
angle of the vector with respect to the sample surface Φ2.

3. Measurement results and analysis

According to the model of the Jiles–Atherton–
Sablik [1, 2], the change in magnetizationM due to stress
can be described by the following equation:

dM

dσ
=

σ

Eξ
(1− c) (Ma −Mirr) + c

dMa

dσ
, (1)

where ξ is a relaxation factor, c is material constant, E is
Young‘s modulus, Mirr is irreversible magnetization, and
Ma is an anhysteretic magnetization.

The intensity of RMF near the ferromagnetic object
can be expressed by

H (r) = Ha (r) +Hd (r) , (2)
where Ha is external magnetic field strength, and Hd is
magnetic field strength associated with magnetization of
the ferromagnetic. Hd is referred to as the demagnetiza-
tion field and it is described by the equation

Hd (r) =
1

4π

∫
V

−∇ ·M(s)

|r − s|3
(r − s) dV (s)

+
1

4π

∫
S

n ·M(s)

|r − s|3
(r − s) dS(s), (3)

where M is magnetization, V is the volume, S is the sur-
face area of the ferromagnetic, and s is the vector plot-
ted for any inner point or a point on the surface of the
magnetometer, r. The values and distribution of magne-
tization M(s) results in a unique distribution and values
of magnetic field strength H(r).

Time profiles of SMFL were obtained for three com-
ponents on the surface of the tested samples — selected
results are shown in Fig. 1 (sample 2 — maximum stress
400 MPa). The most significant changes were registered
for the tangential component Hx measured in the direc-
tion parallel to the load applied. In the next part of
study, the main focus is on changes in the value of Hx

component and the value of calculated vector magnitude
H. These results were correlated with the stress changes
and the halves of the magnetomechanical hysteresis loop
were derived accordingly. In all next figures, for the first
three cycles, the blue color determines the measurements

Fig. 1. Time profile of components of SMFL.

obtained during loading the sample and the red color
during unloading. The black line is the results for the
last 10 cycles of load changes. As a representative of all
measurements cycle 0 to 400 MPa was chosen and the
results of the measurement are shown in Figs. 2 and 3.
Figure 2a–c presents relationship between active stress
and tangential component parallel to the load applied
Hx and Fig. 3a–c — between stress and magnetic field
strength vector module H.

The greatest increase in SMFL is registered in the
first cycle of loading, and in each subsequent cycle the
change decreases. This conclusion concerns mainly irre-
versible changes in magnetization, with relatively stable
reversible changes. After stabilization of the magnetome-
chanical hysteresis loop, the registered variability of mag-
netization due to stress variations are mostly reversible
changes. The influence of the sample microstructure on
magnetization patterns is readily apparent. The magne-
tization plot for sample 3 with a ferritic microstructure
is clearly different from samples 1 and 2 with a dominant
martensitic microstructure. Figures 2 and 3 and other
test results, not included in this publication, show that
for each combination of microstructure and the maximum
stress value, the variability pattern of SMFL will be dif-
ferent and so will be its maximum and minimum values.
The increase in the maximum cycle stress causes the in-
crease of both maximum and minimum (SMFL) values.
The increase in the maximum cycle stress in all samples
causes an increase in the maximum values of the Hx com-
ponent, whereas the maximum value Hx for the samples
with martensitic microstructure is registered for stress
levels below the maximum value in the cycle. Analysis
of the variability patterns of H (see Fig. 3) reveals that
for samples with a martensitic microstructure, the most
intensive changes occur in the initial stage of the load-
ing cycle (sample 1: 0–200 MPa, sample 2: 0–100 MPa).
For the sample with a ferritic microstructure the most
intensive changes occur in the mid-stage of the load-
ing cycle (sample 3: 100–300 MPa). In qualitative
terms, the experimental results are consistent with those
reported in [3]. Stress-induced variations of the deviation
angle of the tangent component of the vector H from
the axis of the specimen Φ1 were found to be negligible.



692 M. Roskosz, A. Złocki, J. Kwaśniewski

Fig. 2. Half of magneto-mechanical hysteresis loop — tangential component parallel to the load applied Hx, cycle
0–400 MPa: (a) sample 1, (b) sample 2, (c) sample 3.

Fig. 3. Half of magneto-mechanical hysteresis loop, magnetic field strength vector magnitude H, cycle 0–400 MPa:
(a) sample 1, (b) sample 2, (c) sample 3.

Changes of the inclination angle of the vector H to the
surface of the sample Φ2 were of the order of several de-
grees for sample 3 with a ferritic microstructure and in
excess of ten degrees for samples 1 and 2, with a marten-
sitic microstructure.

4. Summary

Previous studies [4, 5, 8, 10] have shown that when
deriving quantitative diagnostic correlations based on
measurements of magnetic properties, it is required that
a number of impact factors should be taken into account.
These include geometry of the element (thickness and in-
fluence of magnetic field disturbances near the edge of the
element), state of stress (active and residual) acting upon
the sample, feasibility of identifying the direction of prin-
cipal stress and surface condition (roughness, coatings).

The results summarized in this study clearly demon-
strate both the influence of the microstructure and the
effect of the maximum load cycle stress on the observed
changes in SMFL caused by variable loads. The mi-
crostructure of the controlled object is rather constant
(excluding changes due to thermal, fatigue, and ionizing
radiation degradation) and identifiable, yet the full his-
tory of the loading process may be unknown. The results
lead us to the conclusion that identification of the active
stress state in a controlled object on the basis of SMFL

measurements may involve certain difficulties when the
full history of the loading process is unknown. For that
very reason, the quantitative analysis of experimental re-
sults could not be conducted.
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