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Abstract: In this paper, an attempt to estimate the stage of the fatigue process using the Barkhausen noise method is studied. First,
microstructural and static tensile tests were carried out and, subsequently, fatigue tests up to failure were conducted. After determination
of the material behaviour in the assumed static and dynamic conditions, the interrupted fatigue tests were performed. Each specimen
was stressed up to a different number of cycles corresponding to 10%, 30%, 50%, 70% and 90% of fatigue lifetime for the loading
conditions considered. In the next step of the experimental programme, the specimens were subjected to the Barkhausen magnetic noise
measurements. Various magnetic parameters coming from the rms Barkhausen noise envelopes were determined. The linear relationship
betweenthe full-width at half-maximum (FWHM) of the Barkhausen noise envelope and the number of loading cycles to fracture was found.
Specimens loaded up to a certain number of cycles were also subjected to a tensile test to assess an influence of fatigue on the fracture

features.
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1. INTRODUCTION

It is well known that failures of 90% of working parts occur due
to fatigue [1, 2]. The following components can be indicated as
typical examples of such cases: crankshaft [4, 3], driveshaft [5],
shaft [6] and idler gear [7]. They are usually investigated by
means of different experimental techniques such as macrophotog-
raphy [3, 6] or scanning electron microscopy (SEM) [4, 5]. These
methods enable to identify quite easily a crack focus, fatigue lines
and fringes, damage zone and crack orientation, and permanent
deformation in micro-regions. It has to be emphasised however,
that they represent destructive techniques, which involve speci-
men selections at the operational stage or after a specific tech-
nical incident. As a result, they lead to the solution of the inverse
task, providing information about possible reasons for the crack or
component separation only. From a practical point of view, an
important issue is the influence of evaluation of fatigue cycles on
material properties and technical condition assessment of the
element without any physical interference in its geometry and
properties. Therefore, non-destructive methods such as ultrasonic
[8, 9], magnetic-particle [10] and Barkhausen noise [11, 12] can
be relatively very helpful.

The ultrasonic method is the technique most often used in
many branches of contemporary industry: automotive [13, 14],
aviation [15-17], power engineering and building [18, 19]. Howev-
er, it should be noted that conventional ultrasonic parameters
such as the wave velocity and attenuation coefficient have some
limits in applications. The non-homogeneity of the microstructure,
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construction geometry and thickness assessment of the elements
tested are the main difficulties in the wave velocity measurements.
In the case of attenuation coefficient, a difficulty appears in elimi-
nation of the influence of material non-homogeneity and surface
geometry [20]. In literature [21] the results at zero-to tension
cycles on polycrystalline 99.99 mass % copper are discussed.
Attenuation coefficient a, and plate thickness resonant frequen-
cies fn, were measured using electromagnetic acoustic resonance
(EMAR) [21].
The attenuation coefficient a is known as follows:
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) AL*f?, represents (1)

where G is the shear modulus, A is the dislocation density, B is
the damping constant, L is the dislocation loop length, b is the
Burgers vector magnitude, C is the dislocation-line tension and f is
the ultrasonic excitation frequency. The plate thickness resonant
frequency can be calculated using the following expression:

fa=nV /(24d), 2)

where n is the integer identifying the mode, V is the shear wave
velocity and d is the thickness of the plate.

Simultaneously, transmission electron microscopy (TEM) was
used to follow the evolution of dislocation microstructure at the
fatigue life. Three levels of stress: 105 MPa, 110 MPa and
115 MPa were used and the following values of the cycle number
to fracture were obtained, respectively: Nr=253 800, Nr= 116 000
and Nr = 41 250.
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The feature of ultrasonic parameter changes can be divided
into four stages. In the first stage attenuation coefficient a is con-
stant and plate thickness values of frequency f, slowly increase.
Two processes occur in the material. There is an ongoing process
of multiplication dislocation, which leads to an increase A, and the
process of tangling causes a decrease in L. This keeps the dislo-
cation damping nearly stable [21].

In the second stage, the coefficient a increases markedly. Al-
so, the value of f, increases. Dislocation multiplication and move-
ment beneath the specimen’s surface occur through dislocation
slips within the period representing 10% of the specimen fatigue
life. The dislocation network is completely reorganised. Disloca-
tions are released from heavy tangling and microstructural fea-
tures and create stable cell structures [21]. According to Eq. (1)
[21], dislocation loop length L increases, which leads to a signifi-
cant increase in a values due to the power relation a ~ L. A slight
drop in a observed just before the maximum can be attributed to
the reduced dislocation mobility caused by the heavy tangling and
pilling-up just before dislocation reorganisation [21].

In the third stage of the loading process, values of the a coef-
ficient a decrease; however, its values are not lower than those
obtained in the first stage of fatigue. Contrary to that, the f, in-
creases as the slip bands decrease. The dislocation mobility is
suppressed because of the deceleration of increased slip-band
density. As a consequence, dislocations become stationary even
to the order of 0.1 nm or less values of ultrasonic amplitude [21].
Dislocations of cell structure have less mobility, and therefore,
they are responsible for fatigue hardening [21].

Coefficient a decreases slightly in the last stage, while f; in-
creases since the formation of cell walls is completed and only
a very few free dislocations occur in the material considered [21].

Luo et al. [22] analysed an early stage of the pure iron dam-
age due to fatigue carried out for R = -1, f= 0.1 Hz and constant
stress amplitude equal to 160 MPa. A triangle waveform was
applied. The fatigue was interrupted after 1, 2, 5, 10, 25, 100 and
1000 cycles. Each loading process was performed on the individ-
ual specimens separately. Two ultrasonic methods were applied.
The first one was based on the measurements of longitudinal
wave Lcr amplitude reflected at the first critical angle, then propa-
gating beneath and parallelly to the surface [22]. The pulse-echo
mode was the second ultrasonic method applied.

According to the first testing method, a new damage parame-
ter was proposed in the following form:

= (3)

where Adr is the normalised amplitude difference, Ao is the ampli-
tude of Lcr wave before loading, Aw is the amplitude of Lcr wave
after damage and Awax is the maximal amplitude under all testing
conditions [22].

Taking the pulse-echo mode method, the attenuation coeffi-
cient a was calculated according to the following equation:

L=21g (j—:) (4)

where d is the specimen thickness, A1 is the maximum value of
amplitude for the first bottom echo and A2 is the maximum value
of amplitude at the second bottom echo [22].

Initially, an amplitude of the Lcr wave was captured after dif-
ferent number of loading cycles. It was found that the amplitude
values of the Lcr wave decrease monotonously with increasing
cycles. Subsequently, the following parameters were calculated:
Adir of the Lcr method, and a of the pulse-echo method. It was
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found that both Adgr and a increased first for the plastic strain to
lower than & = 3.2%. If it reached &, = 3.2%, the Aqr attained the
stable stage, whereas the attenuation coefficient a decreased,
and subsequently increased slightly just before 1x103 fatigue
cycles were completed. It has to be mentioned, however, that
amplitude difference stabilisation of Aqr can be a result of fatigue
damage development and surface roughness Rq variation as well.
The linear increase in Rq with the number of cycles was observed.

The early stage fatigue damage was considered also in
the cast austenite stainless steel CAST by means of both the
attenuation coefficient o and electron backscatter diffraction
(EBSD) method [23]. The fatigue process was conducted for the
frequency f =2 Hz and cycle asymmetry coefficient R = 0.1. Three
magnitudes of stress amplitude were considered: 230 MPa,
250 MPa and 270 MPa [23]. In order to evaluate fatigue damage,
the M. parameter coming from EBSD measurements was taken
into account. This parameter was determined based on the analy-
sis of orientation differences between selected points in a grain
[24]. As shown in [25], the M. parameter was important because
the grain orientation affects the propagation of ultrasonic waves,
and as a consequence, attenuation coefficient a.

With respect to to some limitations of the ultrasonic tech-
niques, particularly in the damage assessments at the early stage
of fatigue, another more powerful non-destructive method should
be considered that would be able to potentially detect areas where
damage appears.

It was decided that the magnetic Barkhausen noise (MBN)
method would be suitable to give support in this matter due to its
significant sensitivity to material damage, especially in the early
stages of degradation. MBN emission is defined as a voltage
signal that is generated by non-continuous domain wall movement
ina magnetised material due to the discontinuous changes in the
magnetic flux density [26]. The domain walls are pinned tempo-
rarily by microstructural barriers (voids, dislocations, precipitates,
grain boundaries, non-metallic inclusions) to their motion and they
are then released abruptly in the changing magnetic field [27]. A
type of domain wall depends on the magnetocrystalline anisotropy
coefficient [28]. In the case of steel, the domain walls are of 180°
and 90° types [29]. There are some publications that describe
some attempts for the Barkhausen noise method application in
fatigue process monitoring [30-34]. The authors of [30] examined
soft steel A48P2, which contains 0.15% C with a ferrite—pearlite
microstructure. It is regarded as the most encountered in steam
generator pipes. They also tested the alloyed steel 20CDV5
(0.20% C + Cr-Mo-V), which displays a martensitic microstruc-
ture. It is frequently used for steam turbine elements such as
rotors or bolts. Both materials were subjected to ten-
sion/compression cycling under constant strain. In the case of
A48P2 steel, the strain amplitudes of ¢ = £0.2% and ¢ = £0.5%
were applied, whereas for the 20CDV5 steel, only one value of
strain amplitude was taken into account, ¢ = £1%. Guyon and
Mayos obtained the following results for the A48P2 steel: in the
case of € = £0.2% an increase in the maximum amplitude BNmax
of the Barkhausen noise amplitude was observed, and moreover,
a slight decrease in the position of the maximum amplitude
HBNmax, was easily noticed. For a higher value of strain amplitude
(€ = £0.5%), a decrease in the BNmax parameter, and simultane-
ously, an increase in the HBNmax parameter were obtained. More-
over, a second peak appeared for negative values of the applied
field [30], and the characteristic change in the shape of the Bark-
hausen noise envelope occurred continuously throughout the
fatigue life of the material [30]. This behaviour can be attributed to
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strain hardening due to growing hindrance of the domain wall
movement, and as a consequence, an increase in dislocation
density [29]. Unlike the soft ferrite—pearlitic A48P2 steel, the mar-
tensitic 20CDV5 steel exhibited fatigue softening during cyclic
loading: an increase in the BNmax parameter with insignificant
variations of the HBNmax parameter was observed. Moreover, the
second peak does not appear [30].

Among the publications describing usage of the Barkhausen
noise in evaluation of fatigue damage, the paper by Palit Sagar et
al. [33] can be particularly mentioned. The authors examined a
low-carbon steel with 0.15%C. The material was subjected to
cyclic loading of the stress amplitude equal to 260 MPa and fre-
quency of 10 Hz. It was observed that the maximum amplitude
BNnax of the Barkhausen emission increased by up to 40% of the
material fatigue lifetime and then started to decrease [33].

The measurements carried out by da Silva Junior et al. [32] on
SAE8620 steel exhibited a strong sensitivity of the maximum
amplitude BNmax of Barkhausen noise on the number of cycles in
the early stage of damage process development (under a stress
level of 259 MPa): a strong increase in the BNmax parameter with
the number of cycles in the range from 0 to 60 000 cycles was
clearly documented [32]. Palma et al. [35] calculated the values of
the cumulative Barkhausen noise parameter (BNsuwm), according to
the equation:

BNy = z:: (1- Z—Z) (5)

where Vi is the root-mean-square (RMS) of Barkhausen voltage
for the loaded specimen at the n-th fatigue cycle number, and Vo
is the RMS voltage signal of steel in the as-received state. Similar-
ly as in [32], SAE8620 steel was tested. It was subjected to three
levels of stress amplitude: 217 MPa, 259 MPa and 427 MPa.
The authors found that BNsum increases as the number of cycles
and stress amplitudes increases [30]. For the stress amplitude
close to the fatigue limit of SAE8620 steel (Se = 194 £5 MPa), the
BNsum parameter varies only slightly with the fatigue time [35].
Increasing the fatigue stress amplitude leads to an increase of the
Barkhausen noise due to major changes in the material micro-
structure [35].

A shape of the Barkhausen noise envelopes for 14MoV6-3
(1.7715, 13HMF) and X10CrMoVNb9-1 (1.4903, P91) steels was
studied in detail by Augustyniak et al. [34], after different levels of
fatigue damage.

An innovation of this research is reflected by the fatigue ef-
fects analysis carried out simultaneously with the Barkhausen
noise method usage. Thanks to such an approach, material dam-
age can be monitored even in the early stages of exploitation, and
moreover, the method provided information about the microstruc-
tural changes and strain/stress history as well.

2. MATERIAL, SPECIMENS AND EXPERIMENTAL
PROCEDURE

The 42CrMo4 steel, also denoted as 1.7225, was selected for
the experimental analysis due to its wide applicability, covering
different branches of industry, that is motor transport, aviation,
power engineering, building construction and so on [36]. One can
indicate an application of the 42CrMo4 steel in the energy industry
as hollow shafts for wind turbines [37]. Axles, shafts [37], crank-
shafts [38], connecting rods [39], chain wheels [40], motor cylin-
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ders, ball pins and multi-spline shafts [41] can serve as typical
examples of structural components where this kind of steel found
widespread application. The mentioned application examples
show that the material can be effectively used under various types
of loading, from static to dynamic.
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Fig. 1. Engineering drawing of flat specimen for tensile tests
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Fig. 2. Tensile characteristic and mechanical parameters of the
42CrMo4 steel in the as-received state: E - Young's modulus,
YS - yield stress, UTS - ultimate tensile strength

Three main stages of the experimental procedure, represent-
ed by destructive and non-destructive tests and analysis of
the relationships between results coming from fatigue and non-
destructive magnetic investigation were performed. In the first
stage, tensile tests were carried out in order to determine the
mechanical parameters of the material in the as-received state.
Hence, the flat specimens of geometry and the dimensions shown
in Fig. 1 were employed. Standard tensile tests were carried out at
room temperature using an 8802 INSTRON servo-hydraulic test-
ing machine and flat specimens. The tests were executed under
monotonically increasing loading with a displacement rate of 1
mm/min. Based on the tensile characteristic the following mechan-
ical parameters were determined: Young’'s modulus (E), yield
stress (YS) and ultimate tensile strength (UTS); see Fig. 2. Sub-
sequently, the microstructural observations were performed on
polished specimens using light microscopy technique; see Fig. 3.
The specimens for microstructural inspections were etched using
nital.

Fatigue tests were carried out in the second stage of the ex-
periment. The specimens of the same geometry as for the static
tensile tests were manufactured. An axial stress signal in the form
of sinusoidal function was applied to control all fatigue tests.
Cyclic loading in fatigue tests was characterised by the following
parameters: cycle asymmetry coefficient R = 0.1, stress amplitude
of 400 MPa and mean stress level of 500 MPa, while the minimum
and maximum values of stress ranged from 100 MPa and 900
MPa, respectively; see Fig. 4. The value of maximum stress was
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established based on the values of proportional and elastic limits
determined from the tensile characteristic.

B AR
Fig. 3. Microstructure of the 42CrMo4 steel
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Fig. 4. A scheme of cyclic loading versus time
with the main test parameters

The fatigue tests were stopped at defined values of cycle
number: 2 510, 7 540, 12 566, 17 590 and 22 620. They corre-
spond to the following lifetime percentage: 10%, 30%, 50%, 70%
and 90%, respectively. For each portion of cycles considered, the
material was unloaded, and subsequently, subjected to the Bark-
hausen noise measurements using an MEB-4C defectoscope.

The head of the measuring seat consisted of a U-shaped core
of electromagnets wrapped in the wound excitation coil. The pick-
up coil was built-in to the sensor. In the pick-up coil, a voltage
signal was induced. A triangular waveform was used. The fast-
variable component was separated by means of a high-pass filter
f=(0-500) Hz. Analysis of this component provided information on
the degree of simulated exploitation of the steel tested.

The envelopes of magnetic Barkhausen noise were calculated
as rms value Uy according to the equation [29]:

Uy = 2 Vg @, (6)

where Up [V] is the root mean square of the coil output voltage,
Uwr [V] is the fast-variable component defining voltage separated
by means of the high-pass filter from the induced voltage in the
pick-up coil and T [s] is the integration time.
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Then, the amplitude of Barkhausen noise (Ubp), defined as
the voltage difference between the maximum peak value of the
magnetic Barkhausen noise (Us) and the background noise (Usw),
was determined.

In the next step the integral of the half-period voltage signal of
MBN was calculated [29]:

IntUb) = /" Uy dU,, )

—Ugmax

where Usy [V] is the rms of the Barkhausen emission voltage after
correction due to background noise, U, [V] is the rms of the coil
output voltage, Uy [V] is the rms of background voltage and Uy [V]
is the generator voltage.

Moreover, the full-width at half-maximum (FWHM) of rms en-
velope of the Barkhausen noise was determined.

In the next stage of the experimental programme, static tensile
tests were performed on the specimens after fatigue in order to
discover the nature of the material fracture.

3. RESULTS AND DISCUSSION

As it was discovered in this research, the 42CrMo4 steel ex-
hibits very attractive mechanical parameters characterised by high
values of yield stress and ultimate tensile strength: 942 MPa and
1013 MPa, respectively; see Fig. 2. This is due to the tempered
martensite microstructure of the material in question (Fig. 3) and
sufficient carbon content. It has to be emphasised that the propor-
tional limit of this steel equal to 848 MPa is also very beneficial,
taking into account a heavy loading of elements that require work-
ing conditions without permanent deformation. Thanks to this,
42CrMo4 steel can be treated as the engineering material of
mechanical parameters fulfilling the requirements for high-strength
steel grades.

Fracture regions of the fatigue pre-strained 42CrMo4 steel
subjected to the tensile test, expressed differences in the material
degradation, identifying an influence of the fatigue process on the
steel response under monotonically increasing tensile force; see
Fig. 5. It can be easily noticed that the fracture zones are repre-
sented by different sections. In the case of steel tested in the as-
received state, two regions can be evidenced. In the middle of the
fracture zone, the horizontal plane with longitudinal cracks was
dominant, while the border area was represented by the angular
plane; see Fig. 5a. This means that decohesion of the steel start-
ed under normal stress and was finalised thanks to the combina-
tion of shear and normal stress state components. In the case of
pre-strained steel, due to fatigue loading history corresponding to
70% of the total fatigue lifetime, that is 17 590, the brittle region
became more dominant; see Fig. 5b, and for the cycle numbers
22 620 (90% of the total fatigue lifetime) this region was complete-
ly covered by the damage zone; see Fig. 5c¢.

The shape of the Barkhausen noise envelope changed after
the application of fatigue loading; see Fig. 6. RMS Barkhausen
noise variations were attributed to the microstructural changes
that occurred during the fatigue process. Since tempered marten-
site contained small cementite particles in the fine-grained ferritic
martensite, only a slight increase in the effective voltage value Us
can be observed as the second maximum coming from cementite;
see Fig. 6.

The magnetic parameters determined from the rms envelope
of the Barkhausen noise were presented as a function of the
number of cycles to failure. An increase in the Ubpp parameter in
the range from 0% to 10% of the fatigue damage lifetime was
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clearly identified. This is because new dislocations appeared in
the material due to dynamic loading. According to Moorthy et al.
[42], the Barkhausen noise voltage increases when the micro-
structural features amount n and domain walls velocity v increase,
but simultaneously, the time of flight t of domain walls movement
between defects decreases. This can be described by the follow-
ing expression:

Ub = nTv! (8)
where: n is the amount of microstructural features, v is the veloci-
ty of domain walls and t is the time of flight of domain walls
movement between defects.
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Fig. 6. Envelopes of the rms Barkhausen noise before and after
fatigue loading: (a) as-received steel; (b), (c), (d), (e)
and (f) steel tested under fatigue interrupted after 10%,
30%, 50%, 70% and 90% of the total lifetime of the material,
respectively

Fig. 5. Fracture zones after tensile tests in the 42CrMo4 steel
preloaded due to fatigue for the following parts of the fatigue
lifetime: (a) 0%, (b) 70% and (c) 90%
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Fig. 7. Magnetic parameters determined from the rms Barkhausen
noise envelope versus percentage of fatigue lifetime

As stated by Sagar et al. [33], the initial increase in Barkhau-
sen noise amplitude can be attributed to the dislocation rear-
rangements and formation of cell structures. However, one can
notice that these tests were carried out by this research team on
low-carbon steel of the carbon content higher by weight of about
2.7 times in comparison to the steel tested in this research.

The results obtained for the fatigue pre-strained steel of up to
30% of the total fatigue lifetime show that the value of the Ubpp
parameter decreases. This effect can be attributed to the increase
in dislocation density, which hinders the movement of the domain
walls in the material [33]. As a consequence, a less number of the
domain walls were able to move due to stronger pinning [33].
Sagar et al. [33] also observed a reduction in the dislocation cell

acta mechanica et automatica, vol. 18 no.1 (2024)

size in the low-carbon steel tested.

Another possible reason for the Barkhausen noise amplitude
decrease is the persistent slip bands (PSBs) formation in the
material due to dynamic loading [33]. The accumulation of depos-
ited dislocations on the PSB-material matrix interfaces causes
during fatigue three-dimensional residual compression stress in
PSBs [43]. However, it is well known [27, 44, 45] that compressive
stresses reduce the Barkhausen noise level in materials with a
positive coefficient of magnetocrystalline anisotropy K. Steels
belong to such materials.

Taking into account the results of the steel fatigue pre-strained
for the higher number of loading cycles (exceeding 30% of the
number of cycles to failure), the Barkhausen noise level, ex-
pressed as the Ubp parameter, increases. Under such testing
conditions, the crack initiates, and then, the stress relaxation
takes place, leading as a consequence to Ubyp increase [33]. The
trends in increase or decrease of the Ubpp parameter of the medi-
um carbon steel are very similar to those presented in the litera-
ture [32] for the SAE8620 steel.

Earlier publications did not pay attention to the magnetic pa-
rameters determined from the Barkhausen noise rms envelope,
such as Int(Ub), Hpp and FWHM [32, 33, 46]. It turns out that
changes in these parameters considered as a function of the
number of loading cycles have a completely different character.
For example, a linear decrease in the FWHM parameter versus
the cycles to failure was observed.

4. CONCLUSIONS

Magnetic Barkhausen effect was used to identify the damage
degree of the 42CrMo4 medium carbon steel subjected to fatigue
loading conditions. The rms Barkhausen noise envelope follows
material degradation due to cyclic loading, and as a consequence
evolution of dislocation structure-

Among the considered parameters, FWHM is the most suita-
ble since it changes linearly with the increasing number of loading
cycles, thus giving fast assessments of the material degradation.
It decreases with the duration of the fatigue process and
damage development.

The linear character of the relationship between the FWHM
parameter and the number of loading cycles to fracture was dis-
covered, providing the promising tool for early fatigue damage
inspection: This means the method can support diagnostic and
inspection processes of elements and structural metallic materials
with the application of other non-destructive methods.
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