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Abstract
The new brake disc was evaluated for microstructure and hardness by the conventional destructive tests and non-destructive
Barkhausen noise method (BNM). Ten non-destructive measurements were carried out in different areas of a brake disc, which
were then cut out and made into metallographic test samples. Qualitative and quantitative analysis of graphite precipitates
was performed to assess their volume in material matrix, anisotropy and size. Subsequently, graphs showing the relationships
between selected stereological parameters of graphite precipitates and parameters determined from the RMS envelope of
Barkhausen noise were elucidated. Similar relationships between hardness and parameters coming from non-destructive tests
were carried out. Magnetic parameters that specified the size of a graphite precipitate was selected. In addition, repeatability
studies using BNM were carried out in the areas of the material with the smallest and largest average size of graphite
precipitates. A linear relationship between amplitude of BN and length of graphite flakes was found. The paper presents the
possibilities of assessing the volume and size of graphite precipitates, as well as cast iron hardness using BNM.
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1 Introduction

Braking systems of most cars is based on brake discs, which
are usually made of the gray cast iron. The microstructure
of the gray cast iron determines strength, hardness, wear,
noise and braking characteristics of the brake discs [1]. The
brake disc wears itself too quickly if it is too soft. However,
if the brake disc is too hard, it may be prematurely fractured
[2]. Therefore, it is important to choose a tool that would
be able to assess quickly the microstructure and hardness of
the brake disc material. A grade of the cast iron is usually
determined on the basis of Brinell hardness tests [3]. In addi-
tion, the hardness can serve as an indicator of selected tensile
properties [3]. Also, the eddy current method is regarded as
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the suitable technique for assessing the matrix composition
of cast iron and its hardness, however, it is not widely used
in the industry as yet [4]. Among non-destructive techniques
also the ultrasonic methods were tried to be implemented for
assessments of the graphite morphology, but unfortunately,
their sensitivity was too low in the past and even nowadays
is not sufficient [3]. Current achievements concerning the
Barkhausen Noise Method (BNM) indicate, that it may be
very suitable for the purposes mentioned above.

BNM may be used in analysis of the ferromagnetic
materials, which consist of magnetic domains, only. Mag-
netic domains are micro-regions in which magnetization is
homogeneous in terms of either the amplitude size or mag-
netization direction. A domain structure is created as the
result of system striving for a state of the minimum internal
energy. A division of the ferromagnet into domains causes a
significant reduction of the demagnetizing field energy [5].
A formation preference of the domain structure over the
state of uniform magnetization results from the fact, that
the stronger exchange interactions are short-range, while
the weaker dipole interactions are long-range and slowly
decreasing with distance [5]. Therefore, it is possible to have
in the ferromagnetics a domain structure and homogeneous
or nearly uniformmagnetization in the domains micro-areas.
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A number, size, and shape of the magnetic domains, and
also, directions of their magnetization with respect to the
crystallographic axes depend on the internal energy of the
ferromagnet, which is the sum of five main components:
exchange energyEw, magnetostatic energyEs, magnetocrys-
talline anisotropy energy Ea, magnetoelastic energy Em and
domain boundary energy Ed [6].The exchange energy Ew is
responsible for the formation of spontaneous magnetization
in the ferromagnets. The magnetostatic energy Es is related
to the field demagnetizing the specimen. The magnetocrys-
talline energy Ea is the energy required to turn the domain
spin systems away from the direction of easy magnetization.
The magnetoelastic energy Em is generated in a material
under ferromagnetic stress as the result of magnetostric-
tive magnetoelastic strain. The domain boundary energy Ed

depends on the number of domain boundaries in the material
considered [6].

Barkhausen Noise (BN) is defined as a voltage signal that
is generated during discontinuous domain wall movement
in a changing magnetic field [7]. In the case of ferro-
magnetic material not magnetized by the external magnetic
field, and moreover, not subjected to external stress, it con-
sists of domains with the magnetic field directed along the
magnetization axis, thus exhibiting the lowest energy of
the magnetocrystalline anisotropy [6].Magnetizations com-
ing from the individual resultant domains are compensated
because they are chaotically oriented relative to each other.
An action of the external magnetic field on the ferromagnetic
causes gradual reorientation of its domain structure. As the
magnetic field increases, the value of magnetostatic energy
Es increases [6].

Magnetic domains with dipole moment directions close
to the direction of the magnetic field, representing the region
of lower hysteresis loop curvature for the range of lower
magnetic field strengths, grow at the expense of the mag-
netic domains of direction basically different from that of
the external magnetic field, which causes displacement of
the domain walls, and simultaneously, activates a shift of the
domain boundaries [6].

In the region of upper hysteresis loop curvature, the ferro-
magnet becomes saturated, i.e. the magnetization vectors of
domains rotate from the easy magnetization axis direction to
that of the external magnetic field, however, the domains do
not change their volume. This is an energetically beneficial
process despite the presence of magnetic anisotropy energy
[6].

A smaller angle between the magnetization vector of
domain and direction of the external magnetic field leads
to the higher magnetic anisotropy energy that inhibits the
domains rotation. Closing domains disappear due to the rota-
tion process of the magnetization vector of domains [6].

Thematerial can bemagnetized only slightly after exceed-
ing a certain value of the magnetic field strength, since the

magnetic saturation of the material was attained, that is,
the areas of spontaneous magnetization were completely
arranged. The processes of domain wall displacement as
well as magnetization vectors rotation were completed [6].
In addition, there is a slight increase in magnetization for
the strong magnetic fields due to the process of co-aligning
the spin magnetic moments with the direction of external
magnetic field. As a consequence, the magnetized material
takes a microstructure of the specific grain size and specific
internal defects such as non-metallic inclusions or internal
discontinuities [6].Domain walls are pinned temporarily by
microstructural barriers to disable their motion, and are sub-
sequently released abruptly in the magnetization cycle. It
leads to discrete changes in local magnetization, which can
be detected bymeans of a pick-up coil. Amongmany kinds of
microstructural barriers the breakingdomainwallmovement,
grain boundaries, precipitates, dislocations [8] and voids [9]
can be distinguished.

The Barkhausen Noise Method (BNM) has been widely
accepted in microstructural testing. For example, it can be
employed to recognize different materials’ structure, such as
ferrite, pearlite, martensite, and ferrite with cementite [10].
The temperature of the steel tempering process after quench-
ing can also be estimated on the basis of BN levels [11]. The
volume of ferrite in the range from 3 to 48% was correlated
with BN levels in the ferritic-martensitic steels [12]. The
spheroidization process of AISI1060 ferrite-pearlite steel
was successfully analysed by means of BNM in [13]. More-
over, Yamuara et al. [14] have established the relationship
between the mis-orientation angle and BN.

Because BNM is very sensitive to microstructural
changes, BN detection technology is also commonly used for
identification of a grain size [14], texture [15] and material
degradation [16]. Moreover, it has been discovered that the
linearity effect of BN variations increases with the decrease
of grain size [14]. The authors of [15] observed, that the
peak heights of BN fingerprints increase with increasing
of cold work percentage. According to [11], deformation
process reduces grain size and creates dislocation cells in
the material, which shortens the mean free paths of domain
walls. In [16], the 5Cr–0.5Mo steel was subjected to creep
at 600ºC/60 MPa. The results of experiment showed, that in
the early stages of damage BN decreases due to precipita-
tion of new carbides that hinder the movement of domain
walls. In the second stage of creep, as the carbides coagulate
and the amount of obstacles decreases, BN increases. During
the third stage of creep, the carbides continue to coagulate,
and as a consequence, the mean free paths of domain walls
increase, leading toBN increase.As voids in thematerial start
to appear, a demagnetizing field starts to create itself too, and
the noise slightly decreases [16]. The BNM for assessing the
process of creep and plastic deformation was also described
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in [17],while domainwalls pinned bymicrostructural defects
during different loading processes were presented in [18].

Also, attempts have been made to use the BNM to eval-
uate cast iron. Gür et al. [19] have found the relationship
between the peak position of BNM and austempering time of
ADI alloy [19]. Firstly, the peak position of BNM amplitude
increases with the austempering temperature increase and
attains a maximum during the austempering time. Such pro-
cess occurs although the retained austenite content is higher
for the upper bainite than that for the lower one [19]. This
is because the BN parameters are determined mainly for a
morphology of the bainitic ferrite [19].The maximum peak
position corresponds to optimal strength and ductility of the
material. Subsequently, the peak position of BNM amplitude
decreases during the heat treatment. A decrease of BN ampli-
tude is connected with a decrease of bainitic ferrite volume
fractionwhen the austenitizing temperature is increased [19].

In [20] the pearlite fractionwas studied byusingBNMona
set ofGGG70 ductile cast iron inter-critically annealed at dif-
ferent temperatures. Linear relationship was found between
root-mean-square (RMS) voltage ofBNand pearlite fraction.
As the pearlite content increased, the Barkhausen signal level
also increased [20].Moreover, linear relationship between
RMS and hardness was determined [20]. It was stated, that
with the RMS of BN value decrease, the hardness of GGG70
iron also decreases [20].It was shown by Kiliçli et al. [20],
that BN method may be used to control a microstructure and
hardness of the ductile iron after technological processes.

Stupakov et al. [21] emphasised that the Barkhausen sig-
nal can be applied to detect the ironmatrix structure of ductile
cast iron. However, sensitivity for the graphite morphology
observation was lower than that for the matrix variation eval-
uation [21]. The ability to distinguish differences in the cast
ironmatrixmicrostructure using BNM results from this tech-
nique sensitivity into dynamics of domain walls movements.
In [22], it was confirmed using the Lorentz microscopy that
domain walls can move freely through the ferrite, however,
they are strongly pinned at the ferrite-pearlite boundaries.
This means, that in the materials with a fully pearlitic
microstructure, the movement of domain walls is even more
difficult in the case of ferrite absence.

Gür et al. [23] tried to assess the microstructure of two-
phase cast iron of the ferritic-martensiticmatrix and spherical
graphite. The authors found, that BN is very sensitive to Inter-
critical Austenitizing Temperature ICAT, and thus, sensitive
to pro-eutectoid ferrite volume fraction. The volume fraction
of pro-eutectoid ferrite increases with ICAT increase at the
expense of the martensite content. As a result, BN increases.

Altpeter [24] compared the amplitude of BN in white cast
iron and structural steel in relation to the cementite content.
The difference of BN level was significant after exceeding
30% wt. Fe3C. In the range of up to 30% Fe3C, the ampli-
tude of BN increased slightly. Such range of the cementite

corresponded to a steel grade with structural components
of ferrite, perlite and secondary cementite. In the case of
ferritic-pearlitic steel taken into account, the cementite was
presented in pearlite. The higher content than 30% wt. Fe3C
corresponded to the formation ofwhite cast iron components:
ledeburite, pearlite and secondary cementite. In white cast
iron a part of cementite was bound to pearlite, and the rest to
ledeburite. Since cementite in white cast iron increased, the
amplitude of BN increased significantly.

The domain wall behaviour in iron during magnetization
cycle was described in detail by Buttle et al. [25]. According
to [25] the irreversible motion of the domain walls at low
intensity magnetic fields were almost entirely due to 180°
domain walls type. In the case of higher intensity magnetic
fields the 90° domain walls also gave an important contri-
bution to BN, particularly near the “knee” regions of the
hysteresis curve [25].

The publications referenced above deal with testing of
the microstructure of various steels and grades of iron using
BNM. However, no sufficient attention has been paid to the
gray cast iron, which is a commonly used engineering mate-
rial. Therefore, the goal of this work is focused on analysis of
a diversity of the flake graphite sizes and hardness of the cast
gray iron using BN analysis. BNM is presented as a potential
inspection method to classify the grade of flake graphite in
cast iron. Heterogeneously distributed graphite in the mate-
rial may cause uneven development of its wear, and may also
lead to damage in the further stage of its operation. There-
fore, it is required to use a method that will allow to assess
quickly and for a low cost the required quality of the flake
cast iron products.

2 Material and Experimental Procedure

The experimental program contained 10 tests carried out on
specimens cut out from a new, unexploited cast iron brake
disc. Dimensions of all specimens were the same and char-
acterized by length, width and height equal to 20 mm, 8 mm
and 10 mm, respectively. They enabled the non-destructive
measurements using a special headfitted toBNdefectoscope.
Duringmanufacturing stage all the specimenswere subjected
to grindingon320 and1200 sandpaper in order to reduce their
roughness.

In the next step of research procedure, BN was measured
for all specimens fabricated. BNM belongs to the surface
measurement techniques [26].

Magnetic tests were carried out using the MEB-4C mea-
suring set (Fig. 1) equipped with a special head (Fig. 2). It
consisted of a U-shaped core of electromagnets wrapped in
the wound excitation coil. The pick-up coil was built-in to
the sensor. A triangularwaveformwas applied. In the pick-up
coil, a voltage signal was induced. To estimate an intensity of
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Fig. 1 BN defectoscope MEB-4C [17]

BN, the fast-variable component was separated by means of
a high-pass filter f = (0-500)Hz. Analysis of this component
provided data on the specimens’ material structure. A slope
of the magnetizing current 8 A/s and generator gain of 10 dB
were used.

The envelopes of BNwere calculated as RMS value ofUb

according to the equation [2]:

Ub =
√
1

τ

∫ τ

0
U 2
tb1(t)dt , (1)

where,Ub [V] is the root mean square of the coil output volt-
age; Utb1 [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 τ [s] is the integration time.

In the next step, the amplitude of BN (Ubpp), defined as
the voltage difference between the maximum peak value of
the magnetic BN (Ub) and the background noise (Utb), was
determined. Extended uncertainty was subsequently deter-
mined for the cast iron specimens with the shortest and
longest cast iron flakes.

Moreover, an integral of the half-period voltage signal of
BNM was calculated.

Int(Ub) =
+Ugmax

∫
−Ugmax

UsbdUg , (2)

where:

Usb =
√
U 2
b −U 2

tb, (3)

Usb[V]—root mean square of the Barkhausen emis-
sion voltage after correction due to background noise,
Ub[V]—root mean square of the coil output voltage,
Utb [V]—root mean square of background voltage, Ug

[V]—generator voltage.
Also, the full width at half maximum (FWHM) of RMS

envelope of BN was determined.
Subsequently, each of the specimen was polished in dia-

mond suspension with granulation of 9µm, 3µm and 1µm.
Then, qualitative and quantitative analysis of the material’s
microstructure in the field of light microscopy was car-
ried out.The quantitative analysis of one specimen included
200 measurement fields with a total area of 25.4mm2. The
area of single measurement field was 0.127 mm2. The tests
were performed using the planimetric method. The follow-
ing geometric parameters for the flake graphite cast ironwere
determined:

• VV [%]= AA[%]—volume share of flake graphite is equal
to the area volume according to the stereological relation-
ship,

• NLI I [1/mm]—number of precipitates per 1 mm of the
incisal length in parallel direction,

• NL [1/mm] -number of precipitates per 1mmof the incisal
length in perpendicular direction,

• l I I [µm]—minimum chord of the flake graphite,
• l [µm]—maximum chord of the flake graphite,
• �—anisotropy coefficient of the flake graphite.

Nital etching was used to reveal the material microstruc-
ture, in order to observe the material’s matrix.

Fig. 2 General view of
equipment for BN
measurements: a Measuring
head, and b schematic chart of its
basic elements (1—tested
specimen, 2—U-shaped core,
3—magnetizing coil, 4—core of
the measuring coil,
5—measuring winding,
6—control winding) [17]
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Fig. 3 a Specimen 3, VV = 14.27%, l I I= 7.31 µm, mag. 100x. b Specimen 1, VV = 17.01%, l I I= 8.89 µm, mag. 100x. c Specimen 6, VV =
17.47%, l I I= 9.41 µm, mag. 100x

Finally, three measurements of Brinell hardness
(HBW2.5/187.5) were carried out for each cast iron
specimen. Expanded uncertainty was also calculated.

3 Results

As shown in Fig. 3a–c, the graphite shape has a full flake
structure that varies in size. The nital etching revealed the
pearlite structure of the material’s matrix (Fig. 4). The geo-
metric parameters of the graphite are summarized in Table 1
[27]. The results of the quantitative metallographic analy-
sis indicate that the flake graphite (zig-zag lines) has the
isotropic structure. The volume of the flake graphite ranged
from 13.50% to 18.10% in the specimens tested. The flake

size ranged from 5.61 mm to 9.41 mm in a horizontal direc-
tion. In some areas of the brake disc, the graphite precipitates
were therefore, about twice as large as the others. Taking into
account NLI I and NL parameters the graphite particles are
uniformly distributed in the material matrix.

TheRMSofBNenvelopes are presented in Fig. 5.Accord-
ing to [28], the maximum of BN envelope comes from the
ferrite plates in pearlite,while a slight increase in the effective
voltageUb at the generator voltage of about 2 V results from
the volume of cementite plates in pearlite. Figure 6 shows
the relationships between voltage and the microstructural
parameters of the graphite precipitates. Linear relationships
between BN amplitude and volume fraction, as well as BN
amplitude and length of the flake graphite, were also found,
Figs. 6a–7a. However, the integral from BN voltage turned
out to be insensitive from both the volume fraction and
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Fig. 4 The structure of the flake graphite (zig-zag lines) in pearlite
matrix, specimen 10, etched state, phase contrast, mag. 500x

Table 1 Geometric parameters of the graphite

Specimen
number

V v

[%]
NLI I
[1/mm]

NL⊥
[1/mm]

l I I
[µm]

l⊥
[µm]

�

1 w 17.01 116 117 8.89 8.77 1.000

s 2.68 19 20 1.65 1.67 0.174

2 w 18.10 116 118 8.81 8.70 1.00

s 2.77 19 20 1.58 1.60 0.170

3 w 14.27 142 143 7.31 7.29 1.01

s 2.24 27 29 1.66 1.82 0.192

4 w 14.27 171 170 5.96 5.98 1.01

s 1.63 25 24 0.996 0.948 0.128

5 w 15.48 159 162 6.50 6.38 0.987

s 2.12 28 29 1.37 1.38 0.114

6 w 17.47 112 109 9.41 9.73 1.05

s 3.44 27 28 2.46 2.57 0.197

7 w 16.55 142 139 7.46 7.64 1.03

s 3.49 33 32 2.09 2.13 0.140

8 w 13.50 185 180 5.61 5.72 1.03

s 2.19 34 32 1.18 1.15 0.138

9 w 15.35 172 171 5.93 6.00 1.02

s 1.80 26 26 0.981 0.990 0.118

10 w 15.71 138 135 7.49 7.67 1.04

s 2.27 23 24 1.52 1.65 0.186

w—average value; s—standard deviation

length of the flake graphite, Figs. 6b–7b. A linear relationship
was also observed between the graphite volume and FWHM
parameter, however, this magnetic parameter does not allow
an estimation of the graphite flake size, Figs. 6c–7c.

The results of repeatability tests of BN for specimens with
the shortest and longest graphite flake lengths are presented

in Figs. 8 and 9. For both specimen types, five measurements
of BN level were carried out and extended uncertainty for
all determined parameters was calculated, Tables 2, 3, 4. The
expanded uncertainty was determined for the expansion fac-
tor kp = 2, and confidence level of 95%.

Considering the integral from BN envelope, the speci-
mens with the shortest and longest length of graphite flake
were in the range of 0.44 V ± 0.02Vand 0.37 V ± 0.05 V,
respectively. The highest confidence interval was calculated
for the FWHM parameter, Table 4. The greater expanded
uncertainty for the specimen with the longest graphite flake
length results from the fact that it had a higher volume of
graphite flakes with more varied size.

The results of hardness measurements are presented in
Table 5. The relationship between hardness and magnetic
parameter is presented in Fig. 10. It was found, that the hard-
ness of the iron slightly increases with the increase of BN
amplitude, and that the hardness of specimen with the longer
graphite flake length is lower than that of the cast iron spec-
imen with the shortest graphite flake size.

4 Discussion

In order to clarify analysis, it should be emphazied that all
specimens used in the experimental program had the lamellar
structure for all microstructural components. Such features
are relevant to both the flake graphite and pearlitic matrix of
the material. However, as the graphite is diamagnetic, it did
not contribute to BN level. Moreover, the BN did not come
from the total pearlitic matrix of the material, but mostly
from the ferritic plates in the pearlite. The cementite, as a
weak magnetic, was not a decisive factor for the extent of
domainwalls pinning [29]. Therefore, taking into account the
BN envelopes, one can observe only a slight increase of the
envelope forUg = 2V.On the other hand, the preferential ori-
entation of lamellar ferrite in the pearlite may facilitate under
magnetic field the passage of domain walls across a colony
of boundaries in pearlitic grains. It has to be mentioned, that
the reduction of ferrite and cementite plates thickness in the
pearlite does not have significant effect on BN signal [30].
According to [31], the pearlite grains act as the nucleation
sites for domains and serve as the pinning sites for domain
walls. Simultaneously, the similar roles of nucleation and
pinning sites are the result of the grain boundaries between
pearlite and graphite.

The results obtained in this research, which show reduc-
tion of BN level with a size increase of the graphite
precipitation, confirmed data presented in [21]. In both cases,
the RMS amplitude of BN envelope changed linearly with
respect to the size increase of the graphite precipitate. It
should be noted, that in the case considered in this research
the flake iron was investigated, however, in [21] the nodular
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Fig. 5 RMS of BN envelopes for
the brake disc; a–j the results for
specimens distributed
circumferentially in the middle
of radius of the brake disc
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Fig. 6 a Amplitude of BN versus
volume of flake graphite in the
cast iron specimens. b Integral of
BN versus volume of flake
graphite in the cast iron
specimens. c Full width at half
maximum of the RMS of BN
envelope versus volume of flake
graphite in the cast iron specimen

Fig. 7 a Amplitude of BN versus
length of the graphite flake; the
numbers in figure denote
percentage volume of flake
graphite in the cast iron
specimens. b Integral of BN
versus length of graphite flake;
the numbers in figure denote
percentage volume of flake
graphite in the cast iron
specimens. c Full width at half
maximum of RMS envelope of
BN versus length of the graphite
flake; the numbers in the figure
denote percentage volume of
flake graphite in the cast iron
specimens
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Fig. 8 Three tests to check repeatability of BN level for specimens with
the shortest graphite flake

Fig. 9 Three tests to check repeatability of BN level for specimens with
the longest graphite flake

cast iron was studied. The level of BN signalUbpp decreases.
This is due to the fact, that if the greater graphite precipita-
tions are, the greater barriers to the moving domain walls in
the varying magnetic field strength take place. According to
[21], such a linear relationship between the size of graphite
precipitation and BN amplitude occurs up to the size of the
graphite precipitation equal to 35µm.When the size of secre-
tion exceeds 35 µm, the signal level of BN increases. This
is because the particles of graphite are too large to impede
a movement of the domain walls [32]. Domain walls do not
anchor on particles of the graphite.

Moreover, it was found that the inclination angle of the
relationshipUbpp = f(lav) is similar to that presented in [32].
This is due to the fact that bothmaterials have a fully pearlitic
matrix. In [32] the relationship Ubpp = f(lav) for cast iron
with ferritic and ferrite-pearlite matrix was also discussed.
The same tendency of Ubpp variation was found to decrease
if lav parameter was equal to 35 µm, for higher values of lav,
the Ubpp started to increase. However, one can indicate that
the angle of inclination in such cases is larger. This means
that the domainwall’smovement in the cast ironwith pearlite
matrix is more difficult, since the irregularities in form of the
alternating ferrite and pearlite tiles are greater obstacles to
domain walls than the ferrite or ferrite-pearlite matrix in the
cast iron [10].

Unfortunately, according to [32] the cast iron hardness
cannot be estimated based on BN parameters regardless of
the type of material matrix. It was confirmed by the tests
carried out for the pearlitic cast iron. The only exception
is the cast iron with a pearlitic-cementite matrix, because it
was found that as the hardness increases, the RMS voltage of

Table 2 The results of repeated measurements of BN amplitude

Size of the graphite flakes [µm] Number of measurements
of Ubpp [V]

Average of Ubpp [V] Statistical parameter

(a) (b) (c) (d) (e) Standard deviation Expanded
uncertainty
[V]

lmin = 5.61 µm 0.45 0.44 0.44 0.44 0.45 0.44 0.01 ± 0.02

lmax = 9.41 µm 0.35 0.35 0.38 0.39 0.40 0.37 0.02 ± 0.05

Table 3 The results of repeated measurements of BN integral

Size of the graphite flakes
[µm]

Number of measurements
of Int(Ub)norm [au]

Average of Int(Ub)norm
[au]

Statistical parameter

(a) (b) (c) (d) (e) Standard
deviation

Expanded
uncertainty
[au]

lmin = 5.61 µm 0.77 0.82 0.82 0.82 0.82 0.81 0.02 ± 0.04

lmax = 9.41 µm 1.06 1.07 1.11 1.07 1.08 1.08 0.02 ± 0.04
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Table 4 The results of repeated measurements of the full width at half maximum of RMS of BN envelope

Size of the graphite flakes
[µm]

Number of measurements
of FWHM [au]

Average of FWHM [au] Statistical parameter

(a) (b) (c) (d) (e) Standard deviation Expanded
uncertainty
[au]

lmin = 5.61 µm 0.74 0.74 0.73 0.73 0.75 0.74 0.01 ± 0.02

lmax = 9.41 µm 1.18 1.38 1.25 1.17 1.13 1.22 0.10 ± 0.24

Table 5 Hardness measurements of the cast iron specimens

Number of
measurements

1 2 3 4 5 6 7 8 9 10

1 169 165 156 179 171 170 171 177 167 174

2 168 161 163 176 175 164 174 167 158 175

3 170 167 164 171 172 167 162 174 158 172

Average hardness 169.0 164.3 161.0 175.3 172.7 167.0 168.8 172.7 161.0 173.7

Standard deviation 1.00 3.06 4.36 4.04 2.08 3.00 6.25 5.13 5.20 1.53

Expanded uncertainty ± 2.00 ± 6.11 ± 8.72 ± 8.09 ± 4.17 ± 6.00 ± 12.49 ± 10.27 ± 10.39 ± 3.06

BN also increases [32]. In general, the hardness tests carried
out on the brake disc specimens did not show a significant
scatter of data, which should by considered as a satisfactory
result. This provides evidence for a roughly homogeneous
microstructure of the sample tested, which in turn proves the
lack of technological defects of the material in question.

The reason for the widespread usage of BNM is con-
nected with the satisfactory repeatability of the results. The
main problem in BNmeasurement is controlling of the mag-
netizing conditions. Magnetization might be too weak for
example, and therefore, it is not possible to obtain a properly
shaped BN envelope. Moreover, an incidental air gap may
occur between the yoke and specimen, and as a consequence,
the possibility to record the Barkhausen effect diminishes.
Since the domain wall’s movement needs to be detected, the
pick-up coil plays a very important role. Both, the accuracy
and repeatability of the results depend on the calibration and
detection of theBarkhausen pulses. It was found [33], that the
number of turns in detection of the coil affects the shape of
the amplitude peaks of BN. Such feature was observed for a
low magnetic field when the amplitude of BN increased with
increasing the winding of the detection coil [33]. Measure-
ment uncertainty may be also dependent on the other factors.
Among them one can indicate an indirect measurements of
the magnetic field distribution as well as its variation in time
[34]. In the case of a well-defined magnetic field, the pro-
cedure of the basic parameters determination, which come
from RMS of BN envelopes such as height, width and peak
location with respect to the magnetic flux density B of dB/dt

Fig. 10 Relationship between hardness and BN for the flake graphite
cast iron

brings some doubts [34] related directly to the possible mate-
rial inhomogeneity [35]. As a consequence, the measuring
head can be positioned in places which are not able to reflect
accurately the inhomogeneously of distributed precipitates
in the material matrix or nonuniformly distributed impurities
in the material tested.

5 Conclusions

The paper presents application opportunities of the magnetic
technique supporting microscopic analysis of the structural
elements manufactured using the gray cast iron. The brake
discmade of the gray cast ironwith different sizes of graphite
flakes was selected for tests with the focus on analysis
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of hardness and BN parameters and their mutual relation-
ships. Since the hardness of the cast iron depends mainly
on the material matrix, only slight differences in the hard-
ness of specimens with varying sizes of graphite flakes were
observed. It has to be emphasised, that BN effect can be suc-
cessfully used to assess a size of the graphite particles in
the cast iron. More importantly, BNM can be expanded and
potentially applied to estimate a size of the graphite precipi-
tates in accordance with the ISO945-1:2019 [36], replacing
conventional metallographic tests.
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