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FeCo-2V soft magnetic alloys offer attractive properties for demanding electromagnetic applications. While their
magnetic properties are well-characterised under static loading conditions, the evolution of these properties
under cyclic mechanical loading, as seen in service, remains insufficiently explored. This study examines how
fatigue deformation alters the magnetic behaviour of an FeCo-2V alloy. The investigation employed strain-

Coercivit
Core losszs controlled cyclic loading combined with Single Sheet Tester measurements across multiple frequencies. A
Fatigue modified Bertotti loss separation analysis quantified the contributions of hysteresis and eddy current losses to

total core loss. Experimental results demonstrated an increase in coercivity, and significant core loss increase
during early-stage fatigue, followed by more gradual changes at higher cycle counts. The abrupt initial property
changes correlate with rapid dislocation accumulation, while subsequent stabilisation reflects saturated defect
densities. Notably, hysteresis losses dominated the degradation, while eddy current losses remained stable
throughout cycling. These findings establish clear relationships between cyclic loading and magnetic properties
in FeCo-2V and may serve as the basis for non-destructive fatigue assessment through magnetic measurements.

1. Introduction

The global transition to low-carbon electric transport has intensified
demand for high-performance magnetic materials. In such applications,
soft magnetic materials, including Fe—Si and Fe—Co alloys, are selected
based on their saturation magnetisation, coercivity, and core loss char-
acteristics. Among these, Fe—Co alloys with 2% vanadium (FeCo-2V)
are particularly valuable due to their high saturation magnetisation (~
2.35 T) and high Curie temperature (~950 °C) [1,2]. Despite their
attractive properties, the high cost of FeCo-2V restricts its use to appli-
cations where higher performance justifies the expense, such as aero-
space and high-efficiency electric vehicles [3].

Soft magnetic components in electric motors and generators
routinely experience cyclic mechanical stress during operation. For
example, low cycle fatigue from thermal cycling (one per machine
switch-on) and high cycle fatigue from machine rotational loading and
magnetostrictive effects (which may be several thousand rpm) [4,5].
These repeated loading conditions can induce fatigue damage that de-
grades both structural integrity and magnetic performance, potentially
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leading to unexpected device failure. Fatigue is a critical degradation
mechanism in components subjected to cyclic loading and may lead to
failure at stress levels significantly below the yield point [6]. This phe-
nomenon makes fatigue particularly dangerous, as components may fail
unexpectedly during normal service conditions.

Previous studies have shown that the fatigue life of FeCo-2V alloys is
strongly influenced by microstructure, loading conditions, and defor-
mation history. Studies by Mills et al. [7] and Keller et al. [8] using
strain-controlled fatigue testing showed that FeCo-2V undergoes strain
hardening, with cracks typically initiating at surface defects and prop-
agating through transgranular cleavage. It was shown that the Coffin-
Manson relationship, linking plastic strain amplitude to the number of
cycles to failure, effectively described its low-cycle fatigue (LCF)
behaviour. However, variations in heat treatment and grain structure
can significantly alter its fatigue resistance.

The magnetic properties of ferromagnetic materials, particularly
structural steels, have been widely studied under cyclic loading condi-
tions due to their potential for non-invasive assessment of fatigue
damage. As structural components in critical applications often
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experience repeated mechanical stresses during service, early detection
of fatigue damage through changes in magnetic properties offers a
promising alternative to conventional inspection methods. This is
because magnetic parameters such as permeability and coercivity are
sensitive to microstructural changes and residual stresses induced by
cyclic deformation. For example, Deldar et al. [9] analysed changes in
magnetic permeability in AISI 1045 steel and observed a reduction in
maximum permeability with increasing stress cycles, a trend that was
more pronounced at higher stress amplitudes. Similarly, Gorkunov et al.
[10] investigated pipe steel under zero-to-tension cyclic loading and
reported an increase in coercivity and a decrease in maximum perme-
ability during the early stages of loading. These changes were attributed
to residual stress accumulation along the tensile axis, which impeded
magnetic domain wall motion. Zhang et al. [11] also identified com-
parable behaviour in ribbed steel under cyclic loading.

Building on this understanding, various non-destructive characteri-
sation methods have been explored to assess fatigue damage in cyclically
loaded components [12,13]. Magnetic techniques, in particular, have
received growing attention due to the well-established link between
magnetic and mechanical behaviour in ferromagnetic materials [14,15].
For instance, Barkhausen noise analysis has been employed to evaluate
mechanical deformation in high-purity iron by Augustyniak et al. [16],
and to assess fatigue damage in steels by Sagar et al. [17]. Despite these
advancements, limited studies have explored the use of coercivity and
power loss as fatigue indicators, especially in FeCo-2V alloys. Further-
more, the specific effects of cyclic loading on the magnetic properties of
FeCo-2V remain largely underexplored.

To address this gap, the effects of cyclic loading on the magnetic
properties of FeCo-2V alloys, focusing on core loss and coercivity, are
investigated in this study. A combination of mechanical testing, mag-
netic Single Sheet Tester (SST) analysis, and loss separation methods is
employed to characterise the changes in magnetic behaviour following
cyclic deformation. This knowledge serves as a foundation for optimis-
ing these materials in magnetic applications where cyclic loading is a
critical factor, and for developing magnetic-based indicators to monitor
fatigue damage in service conditions.

2. Experimental procedures
2.1. Sample preparation and heat treatment

Vacodur 49 (nominal composition: 49 wt% Fe, 49 wt% Co, 2 wt% V)
was supplied by Vacuumschmelze as cold-rolled sheets with dimensions
of 0.2 mm (thickness) x 30 mm (width) x 300 mm (length). Before
processing, the samples were cleaned in acetone to eliminate surface
contaminants.

The samples were heated under flowing Hy to 750 °C at a rate of
15 °C/min, followed by a 3-h isothermal hold to facilitate uniform
recrystallisation and relieve internal stresses [18,19]. Cooling was per-
formed at a controlled rate of 100-300 °C/h until ambient temperature
was reached. This procedure followed standard commercial practices for
mechanically optimised FeCo-2V [20].

This annealing route produces the mechanically optimised condition
of FeCo-2V, which is widely used in commercial components that
require a balance between high magnetic performance and adequate
mechanical strength. While a magnetically optimised condition is
sometimes preferred for applications demanding exceptionally low
coercivity, it provides reduced strength and is less suitable for load-
bearing rotating machinery. For context, a representative stress-strain
curve for the mechanically optimised condition is provided in Fig. 1.

2.2. Cyclic loading pre-deformation
Cyclic deformation of the FeCo-2V samples was performed using an

Instron 100 kN uniaxial servo-hydraulic mechanical testing system [21]
equipped with hydraulic grips and an 8800MT controller on beamline
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Fig. 1. Stress-strain curves of mechanically optimised FeCo-2V alloy.

[12-JEEP at Diamond Light Source. The tests were conducted under
strain-controlled conditions, following parameters derived from previ-
ous fatigue studies on FeCo-2V alloys by Mills et al. [7] and Keller et al.
[8]. A fully reversed sinusoidal waveform with a strain amplitude of
0.15%, frequency of 10 Hz, and stress ratio (R) of 0.1 was applied. Ten
individual samples were tested, each subjected to a different pre-
determined cycle count: 0, 100, 500, 1000, 5000, 10,000, 25,000,
35,000, 50,000, and 75,000 cycles. Critically, a new sample was used for
each cycle count, ensuring no cross-influence between datasets. These
cycle counts represent 0% to 75% of the material’s expected fatigue life
under the applied test conditions [8]. These cycle counts were chosen to
represent a range of fatigue states, with an emphasis on early-stage
deformation, where previous research has indicated notable changes
in magnetic properties [8]. This selection enabled the systematic
investigation of how cyclic loading influences magnetic behaviour.

2.3. Magnetic properties testing

The magnetic properties of the FeCo-2V alloy were measured using a
Single Sheet Tester (SST). First, the AC magnetisation was applied to the
samples using a waveform generated by a National Instruments DAQ
PCI-6120, which was controlled by a LabVIEW interface to conform with
IEC 60404-3 standards [22]. This waveform was then amplified via a
Europower EP4000 amplifier and passed through an isolation trans-
former to eliminate any DC offset. The coil current (for H-field estima-
tion) was derived from the voltage across a 0.49 Q shunt resistor [23].
Simultaneously, the B-field (magnetic flux density) was measured using
a sensing coil wound directly around the sample. The acquired data were
processed in the control software to extract magnetic loss and perme-
ability values from the resulting hysteresis loops [24,25].

For cyclic deformation studies, ten FeCo-2V strips were subjected to
controlled fatigue loading before being mounted in the SST setup be-
tween yoke pairs. The frequency-dependent response was characterised
by testing at eight frequencies ranging from 50 Hz to 800 Hz (50 Hz, 60
Hz, 70 Hz, 100 Hz, 200 Hz, 400 Hz, 600 Hz, and 800 Hz), enabling
analysis of loss mechanisms. It should be noted that all magnetic mea-
surements were performed ex situ, after the completion of cyclic loading.
The fatigue tests were run continuously to the target cycle count without
interruption, after which the pre-deformed samples were removed from
the rig and directly tested in the SST.

2.4. Loss — Separation analysis

The total magnetic loss in FeCo-2V alloy was separated into three
primary components: hysteresis loss (Py,), eddy current loss (Peq), and
excess loss (Pex) assuming the linear combination of the components:

Piotal = Pp + Peq + Pex (1)
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The Bertotti model [26] was employed to express these losses as
functions of flux density (B) and frequency (f):

Plolal = kthf + kexBS/2f3/2 + kedefz (2)

In which, ky, keq and k., represent the material-specific coefficients
for hysteresis, excess, and eddy current losses respectively, while n, the
Steinmetz exponent, generally ranges from 1.5 to 2 for soft magnetic
materials [26].

To simplify the parameter fitting, Eq. 2 was modified:

Pft}‘al = knB" + kexBYf/2 + keaB*f ®)

This change enabled improved separation and extraction of each loss
component during the fitting procedure [27,28].

2.5. EBSD - Kernel average Misorientation (KAM)

To characterise microstructural changes due to fatigue, EBSD was
performed on the samples exposed to cyclic loading for 0, 35,000, and
75,000 cycles. Sample preparation consisted of successive grinding with
SiC paper (grits: 600, 1200, and 2500), followed by multistep polishing
using diamond suspensions of decreasing size (6 pm, 3 pm, 1 pm) fol-
lowed by final polishing with colloidal silica (0.25 pm). During diamond
polishing, an oil-based lubricant was applied to minimise oxidation, and
samples were subsequently stored in a desiccator.

EBSD measurements were carried out using a Zeiss Gemini SEM 300
and an Oxford Instruments Symmetry detector, operating under 20 kV
acceleration voltage, with a 60 pm aperture, 0.5 pm step size, and 4 ms
per pixel dwell time. The working distance was 17.5 mm, and scans were
performed on a 500 ym x 500 pm region, with the stage tilted at 70°.
The collected data were analysed using MATLAB’s MTEX toolbox to
compute KAM values, providing a measure of fatigue-induced defor-
mation across the three loading conditions.

3. Results
3.1. Magnetic properties testing

The magnetic response of FeCo-2V following cyclic loading demon-
strated clear changes in hysteresis behaviour. Hysteresis loops from the
samples that were subjected to 0, 5000, and 50,000 cycles are presented
in Fig. 2 to illustrate representative changes. After 0 cycles, corre-
sponding to the initial condition, the hysteresis loop exhibited a narrow
profile with minimal area, indicating low energy loss during magnet-
isation. As the number of cycles increased, two notable changes were
observed: a clockwise rotation of the loops and an expansion in their
width. These modifications reflected increased resistance to magnet-
isation, as indicated by larger loop areas and greater coercivity.

The variation of coercivity as a function of loading cycles was
quantified across all tested frequencies and is shown in Fig. 3. Coercivity
increased progressively with the number of cycles, particularly in the
early stages of cyclic loading. Across all frequencies, a sharp initial rise
in coercivity was followed by a gradual increase, reaching a peak at
75,000 cycles. This trend was consistent with the observations from the
hysteresis loop evolution.

Core loss results, displayed in Fig. 4, revealed a similar cycle-
dependent behaviour. An increase in core loss was observed with ris-
ing cycle count, indicating higher energy dissipation in samples sub-
jected to greater deformation. This pattern remained consistent across
the full range of test frequencies, further emphasising the influence of
cyclic loading on the magnetic performance of FeCo-2V alloys. For
example, at 400 Hz (the frequency commonly used on aircraft fixed
frequency generators) the loss increased by 31.4% at 50% of fatigue life
compared with its start of life properties.

To further analyse the trend, linear regressions were applied to both
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Fig. 2. Hysteresis loops of the FeCo-2V samples subjected to 0, 5000 and
50,000 loading cycles (test frequency = 50 Hz). H denotes the applied magnetic
field strength (A-m™!), and B denotes the magnetic flux density (T).
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Fig. 3. Coercivity of FeCo-2V against number of loading cycles at different
frequencies.

the coercivity and core loss data, segmented into two intervals: 0-5000
cycles and 5000-75,000 cycles. As shown in Figs. 3 and 4, the trendlines
fitted to the 0-5000 cycle range exhibited steeper slopes than those
fitted to the 5000-75,000 cycle range at all frequencies.

3.2. Loss-separation analysis

To investigate the contributions of different energy loss mechanisms
in relation to cyclic loading, a loss-separation analysis was performed.
The modified Bertotti equation (Eq. 3) was used to plot total loss per
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Fig. 4. Core loss of FeCo-2V against number of loading cycles at different
frequencies.

P 24) against the square root of frequency (f!/2), producing a

frequency (

quadratic relationship expressed as y = ko + k1x + kox?. A quadratic fit
was applied to each dataset at a constant magnetic flux density of 2 T. An
example of this fitting process is presented in Fig. 5, with the fitting
coefficients ko, k; and ko subsequently extracted for further analysis.
The hysteresis loss coefficient (ky,), excess loss coefficient (kex) and
the eddy current loss coefficient (k.q) were derived from the fitting pa-
rameters ko, kyand k; respectively. These coefficients were then plotted
against the number of loading cycles, as illustrated in Fig. 6. An
increasing trend in the hysteresis loss coefficient was observed over the
course of cyclic loading, with values rising from 0.10 to 0.15 between
0 and 75,000 cycles, respectively (Fig. 6a). Furthermore, the hysteresis
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Fig. 5. Example of loss separation analysis plot of the FeCo-2V sample at 0
cycle B =2T).

Journal of Magnetism and Magnetic Materials 638 (2026) 173752

T IO TR

a) T

0.15 {»

0.14 - -

0A3 =

0.1 -

1 vl o1l o O e W

5 2 4 6 P 2 4 6 3 4 4 6
10 10 10
Cycles
b) T T T T T T T L
200 x10° [ m .
o .
£ o180k ---- o ey e A,
‘TCD
X L |
S 160 T H
N -
[0}
< 140p -
,2 46 2 48 2 4%
10 10 10
Cycles
c) 1 g -I- I_I T Illll_ ~ _I _I—-I'I I'ILII- . 1 I_I I_II_
[
' -3 | |
N e 8H ]
s 6H A
2 :
S | ]
g’m 4
310 E
6: 4
| AT R TTT] B SR T TT] BT SR E .
,2 46 2 46 2 46
10 10 10
Cycles

Fig. 6. Plots of loss coefficients of FeCo-2V against number of loading cycles.
Red dash line represents value at O cycle. (a) hysteresis loss coefficient (b) eddy
current loss coefficient and (c) excess loss coefficient. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

loss coefficient was significantly larger than both the eddy current and
excess loss coefficients.

The eddy current loss coefficient (Fig. 6b) displayed only minor
fluctuations across the full range of loading cycles, with values
remaining between 1.50 x 10~ and 1.85 x 10™* and no discernible
upward or downward trend. Similarly, the excess loss coefficient
(Fig. 6¢) showed no systematic variation, fluctuating slightly between
0.8 x 1072 and 2.5 x 1072 over the same cycles.

3.3. EBSD - Kernel average Misorientation (KAM)

Electron Backscatter Diffraction (EBSD) was employed to assess the
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microstructural change of FeCo-2V samples subjected to 0, 35,000, and
75,000 cycles of cyclic loading. The EBSD data were processed using the
MTEX toolbox to generate Kernel Average Misorientation (KAM) maps,
with the resulting misorientation angle distributions illustrated as violin
plots in Fig. 7. In these plots, red diamond markers denote the mean
values, while black contours depict the spread of misorientation angles
within each sample.

The results revealed that increased cyclic loading led to broader
distributions of misorientation angles, indicating greater microstruc-
tural heterogeneity. Higher cycle counts corresponded to both elevated
average misorientation angles and a higher number of high angle mis-
orientations. Specifically, the mean misorientation angles increased
from 0.38° at O cycles to 0.74° at 35,000 cycles and 0.81° at 75,000
cycles.

4. Discussion

The findings of this study provide insights into the effect of cyclic
loading on the magnetic properties of FeCo-2V alloys. While all tested
samples exhibited similarly shaped hysteresis loops, noticeable differ-
ences were observed with increasing loading cycles. Specifically, the
hysteresis loop of the sample subjected to 50,000 loading cycles dis-
played a significantly larger area compared to those cycled at 0 and
5000 cycles, indicating higher magnetic energy dissipation. This
observation was consistent with core loss measurements, where the
highest core losses was recorded after 75,000 loading cycles.

The increase in total core loss with additional loading cycles can be
attributed primarily to a rise in hysteresis loss, as supported by the
coercivity data. Coercivity exhibited a gradual and consistent rise with
increasing loading cycles, indicating a greater resistance to magnet-
isation. This trend is attributed to fatigue-induced hardening, as coer-
civity is known to indirectly correlate with microstructural
strengthening mechanisms, particularly dislocation accumulation,
which impedes domain wall motion and increases the energy required
for magnetisation [29].

These observations are consistent with the results of the loss-
separation analysis. The hysteresis loss coefficient (k) increased
steadily with the number of loading cycles, while the eddy current loss
coefficient (keq) and excess current loss coefficient (kex) remained rela-
tively unchanged. Although k; shows a clear rise and exceeds the
magnitudes of both k.q and ke, in this study, it is important to note that
classical eddy current loss typically scale with the square of frequency
and are often the dominant contribution at higher frequencies [30,31].
However, in this case, keq remained nearly constant, consistent with the
fact that eddy current loss is primarily governed by sample geometry,

20F T
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Fig. 7. A violin distribution plot of average misorientation angle against
number of loading cycles.
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thickness, and electrical resistivity, all of which were minimally affected
by the fatigue loading. The relatively stable k.q values therefore confirm
that the observed increase in total core loss was predominantly driven
by a rise in k.

Hysteresis loss coefficient (k},) is influenced by domain wall mobility
[31], its increase implies restricted domain wall movement, likely due to
the accumulation of dislocations. This interpretation is supported by the
EBSD-KAM results, which show an increase in the average misorienta-
tion angle with more loading cycles, consistent with a rise in dislocation
density. These dislocations act as pinning sites, impeding domain wall
motion and leading to increased hysteresis loss, higher coercivity, and
greater total core loss, consistent with previous studies [24,32-36].

A limitation of the present methodology is that SST measurements
were performed on the full strip length, including the grip regions. Grip
indentation may therefore introduce a minor secondary contribution to
the measured magnetic response. However, EBSD-KAM analysis con-
ducted within the gauge section shows clear and progressive increases in
misorientation with cycle count, consistent with dislocation accumula-
tion. These trends align directly with the observed increases in coer-
civity and Thysteresis loss, indicating that fatigue-induced
microstructural evolution in the gauge region is the dominant contrib-
utor to magnetic degradation, rather than grip effects.

Prior to loading, the dislocation density in the material was low, as
expected following the annealing heat treatment. However, during the
early stages of fatigue, rapid plastic strain accumulation led to a sub-
stantial increase in dislocation density. This is evidenced by the EBSD-
KAM results, which show a notable rise in the misorientation angle
between the sample at O cycles and the one at 35,000 cycles. Similar
observations have been reported by Gorkunov et al. [10] and Devine
et al. [37], who found a sharp increase in coercivity during the early
stages of fatigue in ferromagnetic steels. The increase in dislocation
density was identified as the primary factor contributing to the initial
rise in coercivity.

This rapid magnetic degradation in the early fatigue stage is further
supported by linear regression analysis of coercivity and core loss data,
which was segmented into two regions: 0-5000 cycles and 5000-75,000
cycles. The trendlines fitted to the early stage (0-5000 cycles) consis-
tently exhibited steeper gradients than those in the later stage
(5000-75,000 cycles) across all test frequencies. The steeper initial slope
reflects a faster rate of increase in magnetic losses and coercivity.

Supplementary monotonic loading tests were performed to assess
whether single-step plastic deformation could produce magnetic
changes comparable to cyclic loading. Monotonic straining to 0.3%
resulted in only modest increases in coercivity (~120 A-m™1) and core
loss (~10 W-kg ™), whereas cyclic loading produced substantially larger
changes under the same peak strain amplitude. This confirms that pro-
gressive fatigue damage, rather than monotonic plastic deformation, is
the primary mechanism responsible for the magnetic degradation
observed in this study.

Further support for this behaviour can be found in the study by
Makowska et al. [38]. In their study, an increase in Barkhausen noise
was reported during early fatigue in ferromagnetic steels, reflecting
heightened domain wall pinning. Since Barkhausen noise originates
from discontinuous domain wall motion and is highly sensitive to
changes in microstructure and local stress state of the material [39], its
rise is also indicative of increased dislocation activity and microcrack
development [40].

In the mid-stage of fatigue life, only marginal increases in plastic
strain were observed. By this stage, the dislocation density had almost
reached a stable, saturated level, resulting in minimal further accumu-
lation. This is reflected in the EBSD-KAM results, which showed only a
slight increase in the misorientation angle between the samples at
35,000 and 75,000 cycles. As a result, both coercivity and core loss
exhibited no significant increases during this phase. This trend is further
supported by the reduced gradient in the linear regression fits beyond
5000 cycles, indicating a slower rate of magnetic property degradation.
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These findings are consistent with previous observations in ferromag-
netic steels [10,37].

Zhang et al. [11] similarly reported pronounced changes in mag-
netisation during the early stage of fatigue, followed by stability in the
mid-life period. Their study also indicated a significant change in
magnetisation in the final fatigue stage due to magnetic flux leakage at
fatigue cracks. In this phase, crack expansion leads to accumulation of
magnetic fields and the formation of leakage magnetic fields, which
disturb the local magnetic field at the cracks and produce abrupt vari-
ations in magnetisation. However, this phenomenon was not observed in
the current study, as the samples were only tested up to 75% of their
estimated fatigue life and no visible macroscopic cracks were detected.

It is important to consider the extent to which the present findings on
thin foils can be extrapolated to bulk FeCo-2V components. The 0.2 mm
foil geometry used in this study is directly relevant to laminated
electrical-steel architectures, where thin sheets are required to minimise
eddy currents. In such applications, the fatigue-magnetic coupling
observed here is expected to be directly applicable.

In contrast, bulk geometries such as round bars (> 6 mm diameter)
develop fatigue damage that is often concentrated near the surface,
while the interior experiences minimal deformation. Consequently, the
undamaged interior dominates the overall magnetic response, reducing
the sensitivity of bulk measurements to early-stage fatigue when
compared with foils. Nevertheless, the underlying mechanism identified
here, fatigue-induced dislocation accumulation restricting domain wall
motion, remains intrinsic to FeCo-2V and should produce qualitatively
similar trends in bulk, albeit with smaller magnitude.

5. Conclusion

This study systematically investigated the effects of cyclic loading on
the magnetic properties of FeCo-2V alloys through strain-controlled
fatigue testing and magnetic characterisation. The key findings
demonstrate that cyclic loading significantly alters the magnetic
behaviour of FeCo-2V, with distinct trends observed for different loss
mechanisms.

The results reveal that cyclic loading induces substantial changes in
hysteresis properties, evidenced by the expansion of hysteresis loops and
a progressive increase in coercivity with accumulated cycles. The hys-
teresis loss coefficient exhibited a significant rise over 75,000 cycles,
directly correlating with the observed magnetic hardening. In contrast,
the eddy current loss coefficient remained relatively stable, indicating
minimal impact of cyclic deformation on bulk electrical conductivity.
These findings provide clear experimental evidence that magnetic
degradation in fatigue FeCo-2V is primarily driven by microstructural
changes affecting domain wall motion rather than macroscopic
conductivity.

The significance of this work lies in its demonstration of the critical
relationship between mechanical fatigue which may be seen in service
and magnetic performance in FeCo-2V soft magnetic alloys. By quanti-
fying how different magnetic properties change with cyclic loading, this
research provides essential data for designing FeCo-2V components in
applications subject to cyclic loading and for effort to use changes in
magnetic properties to monitor fatigue damage in FeCo-2V alloy.
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