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Abstract
The paper presents research on the capability of the residual magnetic field (RMF) measurement system
to be applied to the railway inspection for the early non-destructive detection of defects. The metal magnetic memory (MMM) phenomena are analysed using normal component Hy of self-magnetic flux leakage
(SMFL), and its tangential component Hx , as well as their respective gradients. The measurement apparatus
is described together with possible factors that may aﬀect the results of measurement. The Type A uncertainty estimation and repeatability tests were performed. The results demonstrate that the system may be
successfully applied to detection of head check flaws.
Keywords: residual magnetic field, measurement, rail inspection, uncertainty, repeatability.
© 2019 Polish Academy of Sciences. All rights reserved

1. Introduction
Inner structural defects in the railway tracks have a huge impact on the safety of passengers,
especially because of the continual increase of speed and load of trains. Inspection and maintenance eﬀorts should be made in order to minimize probability of failures and derailments caused
by rolling contact fatigue (RCF) and wear [1]. Thus, a great deal of research is performed in
order to develop eﬀective and fast non-destructive methods of early detection of flaws. Among
others, an automatic visual detection system was proposed, co that the squad type flaws can be
found before a crash takes place. The author reported a detection rate of 94% [2]. Coherence
Correlation Interferometry was reported to be applied to detection of head flaws in rails [3]. Other
publications proposed a method based on simplified laser scatterometry to detect squats [4], or
infrared information combined with visible images [5], but the optical techniques can detect only
the visible surface damages. The ultrasonic method, in turn, is ineﬀective for surface defects and
enables to analyse mostly defects under the rail head surface. It was demonstrated that more than
60% of surface defects remain undetected by the ultrasonic method [6].
Copyright © 2019. The Author(s). This is an open-access article distributed under the terms of the Creative Commons AttributionNonCommercial-NoDerivatives License (CC BY-NC-ND 3.0 https://creativecommons.org/licenses/by-nc-nd/3.0/), which permits use, distribution, and reproduction in any medium, provided that the article is properly cited, the use is non-commercial, and no modifications or
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A method based on eddy currents enables to detect hidden defects inside the material, but
it requires keeping a constant distance between the sensor and the surface of the rail, which is
diﬃcult in real conditions [7]. Nevertheless, a system based on eddy currents was applied in rail
grinders by German Railways (DB) [8]. An interesting study was presented, aiming to evaluate
diﬀerent methods of geometric descriptions of squat crack networks; through X-ray radiography
complemented with geometric reconstruction, metallography, X-ray tomography, and topography
measurements [9]. However, the lack of eﬀective non-destructive methods for detecting head
defects in tracks in service is obvious, so that some authors suggest to apply combinations of
several methods [10]. The paper [10] contains an extensive review of the existing methods of rail
health monitoring.
Moreover, there are no standards concerning the inner small-size defects detected in rails with
MMM methodology. The presented research aiming to evaluate a rail inspection method based
on the metal magnetic memory, is the first step towards a complex solution of this problem.
2. Measurement principle
In the research, the passive non-destructive technique (NDT) based on the metal magnetic
memory (MMM) was applied. It consists of registration and analysis of variations of the residual
magnetic field (RMF) and its gradients on the surface of examined detail [11]. The initial research provided a possibility of quantitative defect identification for ferromagnetic steels, because
characteristic parameters of the abnormal magnetic changes were capable of capturing the defect’s location and shape [12]. It was demonstrated also that the three-dimensional finite element
analysis of the residual magnetic field can be successfully applied to ferromagnetic materials
subjected to an early damage [13]. The methodology was found suitable for identification of
stress concentration areas, as well as defects due to non-uniformity of the ferromagnetic structure
[14], especially under load [15]. Generally, MMM tests can only find the possible locations of
defects without quantitative characteristics of the defects, though some theoretical propositions
based on a linear magnetic-charge model were reported [16].
The measurement technique utilizes the following physical phenomena. Self-Magnetic Flux
Leakage (SMFL) signals are generated in the stress-concentration zones of a ferromagnetic
material. The residual magnetic field appears around accumulations of high-density dislocations
under working loads or around the maximal non-uniformity in the structure [17]. When magnetic
metals are strained, they are irreversibly transformed from the non-magnetic state into the magnetic
state [14]. Thus, RMF reflects irreversible magnetic changes in the direction of internal stress
formation, either in load conditions or as a result of structural changes in the metal.
For the MMM diagnostic of a rail, the basic theoretical assumption is made, that the internal
stress σ evokes a local change of the magneto-crystalline anisotropy, which can be described
by an eﬀective magnetizing field, i.e. eﬀects on the magnetization. Such a magneto-mechanical
mechanism is known as the Villari eﬀect or the inverse magnetostrictive phenomenon. According
to the models described in [18–20]:
∆M (σ) ≈

9 Mr
λ s (σ) · σ · µr ,
2 µ0 Ms2

where:
∆M – local (stress-induced) change of the magnetization;
σ – eﬀective stress;
λ s (σ) = λ s (0) + kσ – stress dependent saturation magnetostriction constant [21–22];
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λ s (0) – zero-stress saturation magnetostriction constant;
k – coeﬃcient of stress correction to saturation magnetostriction constant;
Ms – saturation magnetization of the material;
Mr – remanent magnetization of the material;
µr – relative magnetic permeability of the medium;
µ0 – magnetic permeability of the vacuum.
This perturbation of the local magnetization produces an additional magnetic field (just
around the internal stress region) which can be detected by a magnetometer. The distribution of
such a magnetic field can be predicted theoretically by means of magneto-static finite elements
methods (FEMs).
In the NDT methodology, also the eﬀect of leakage magnetic field scattering in the concentration zone of stress and deformation is important. Moreover, the phenomenon of appearing
magnetic domains on the dislocation walls and around the stress concentration zones plays an
important role in the measurement.
During the analysis of MMM, two main parameters are employed:
– normal component Hy [A/m] of SMFL, and its tangential component Hx [A/m];
dHy
dHx
[kA/m2 ] and
[kA/m2 ]
– respective gradients of the abovementioned components
dx
dx
in the examined length x.
In the presented initial stage of research program, components Hy and Hx were considered,
because they are measured directly by the apparatus, and thus their distribution characterize
the device capability. In the future, the gradients will undergo the thorough statistical analysis,
because they are more sensitive to the inner defects, but also more aﬀected by errors of various
types.
3. Measurement apparatus
In the experimental research, a piece of rail was taken from a real railway under the jurisdiction of Zakład Linii Kolejowych in Skarżysko-Kamienna (Poland). The examined rail had head
checking (HC) defects, i.e. micro-cracks at the gauge corner of the rail.
The piece of rail was examined by a dedicated microprocessor-controlled ferrometer TSC1M-4
produced by Energodiagnostika company (Russia). This magnetometer is equipped with flux-gate
magnetic field detectors (transducers) of longitudinal and transversal DC magnetic field. Their
high sensitivity originates from a strong dependence of AC response on DC external magnetic
field – owing to specific properties of the soft magnetic core. The principle of defectoscopic
method is based on the application of such magnetometers to detection of residual magnetic
fields generated by flaws located in the object surface layer. This idea, called metal magnetic
memory method (MMM), was proposed for the first time by Dubov [23]; a scheme of the
dedicated magnetometer is shown in Fig. 1.
An advantage of this method with respect to other AC and DC magnetic methods (like eddy
currents, AC susceptibility, DC scattered fields) is the fact that it does not require any external
magnetizing. This makes the measurement equipment relatively simple and enables to use smallsize detecting heads. Moreover, this method does not change the magnetic state of examined
object. All these features enable to detect very fine, subsurface defects at a very early stage of
their development. Good examples are so called “head-checking” flaws in railway rails, which
are not visible directly on the surface, but constitute regions of the strong stress concentration
inside the material. These internal stresses are sources of additional, local magnetization and
689
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Fig. 1. A scheme of the magnetometer (based on [21]).

the magnetic field evoked by the Villari eﬀect [21, 22], known as the inverse magnetostriction
phenomenon. The main serious limitation of MMM method lies in the not obvious relation
between the magnetic fields measured around the flaw and the value of the stress (as well as
the size of the flaw), so that the application of advanced models is necessary to assess the
detected flaws. Moreover, MMM method does not oﬀer detailed magnetic characteristics like
full magnetic hysteresis loops’ measurements, the Barkausen noise method or magneto-acoustic
emission (MAE), which are valid for non-zero magnetostrictic materials. These techniques, based
on the phenomenon of magnetic domain structure modification by external and internal stress,
are widely used e.g. for the studies of plastically deformed steel elements [24, 25]. However, in
order to perform measurements using the abovementioned techniques, a large-size experimental
setup (including a magnetizing coil and a soft magnetic core) is necessary [24], as well as
specially prepared specimens of materials. Hence, it is impossible to use this kind of system for
the monitoring of fine head checking flaws in rails, while MMM method remains suitable for this
purpose, since it is based on detection of residual magneto-static fields with small-size sensors.
The magnetometer enables to evaluate inner stresses and deformations, and to identify areas
of stress concentration. Its technical data are as follows: a measurement range H = ±2000 A/m,
magnetic field sensitivity ±1 A/m, two measurement channels, the minimal measurement step
1 mm, the maximal scanning speed 0.2 m/s, a working range of temperature from −20◦ C to
+60◦ C, a range of specific humidity 45%÷80% without condensation.
The experiments were performed in repeatable conditions, with the same measurement procedure, the same measurement instrument used in the same conditions, the same observer, in the
same location, and repetitions were made over a short period [26]. During the measurements,
temperature was kept at 21◦ C ±1◦ C. The device was placed in a trolley shown in Fig. 2, and moved
along the examined piece of rail. The movement was repeated with measurement performed on
the part of rail marked by black lines shown in Fig. 2. The interval between those lines was
100 mm, the first line corresponded to coordinate x = 0, and the second one – to x = 100 mm.
The obvious problem with measurement accuracy in the case of quantitative defect identification is the lack of direct relation between the dimensions of a micro-crack and the measured
characteristics of magnetic field. This kind of relation cannot be established with non-destructive
methods only, since the real structure of material inside the rail is unknown.
In the case of qualitative characteristics, the measurement systems provide measurement
values of the controlled characteristics, which require task-related measurement systems [27].
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Fig. 2. A photo of the measurement setup.

Thus, in order to evaluate the capability of the system to identify possible defects and inner
damages, it was decided to examine its repeatability statistically [26]. An equipment variation
(EV) parameter was chosen, because it reflects the variation range of the operator’s repeated
measurements, and is applicable to various systems [28–30].
4. Repeatability test results and discussion
First of all, the expanded uncertainty U0.99 for a confidence level p = 99% was calculated in the
case of both components of SMFL: normal component Hy , and tangential component Hx [A/m].
In order to maintain repeatability conditions, especially a short time interval, 10 repetitions were
made. In that case, the coverage factor is equal to the Student’s distribution quantile t α,n . Figs. 3–6
present graphs of values obtained during repetitions. Respective values obtained from the first
repetition represent the curves’ numbers Hx1 (Fig. 3) and Hy1 (Fig. 4), and each subsequent
repetition provided the next numbers – up to Hx10 and Hy10. On the other hand, Figs. 5 and 6
contain graphs of derivatives, for the first repetition dHxdx1 (Fig. 5) and dHydx1 (Fig. 6), and
for each subsequent repetition the next numbers were given – up to dHxdx10 and dHydx10,
respectively.

Fig. 3. Graphs of tangential component H x of magnetic field.

There are two clear extrema of gradients of tangential component Hx distinguishable at
x = 23 mm and at x = 77 mm shown in Fig. 3, and corresponding extrema of gradients of
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Fig. 4. Graphs of normal component Hy of magnetic field.

Fig. 5. Graphs of gradients of tangential component dH x /dx of magnetic field.

Fig. 6. Graphs of gradients of normal component dHy /dx of magnetic field.
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normal component Hy , shifted to x = 20 mm and x = 76 mm shown in Fig. 4, respectively.
The examined device provided magnetic field components with accuracy of 1 A/m, and linear
point identification on the rail length was made with resolution 1 mm. Tables 1 and 2 present
the respective values obtained during repetitions that became the basis for further estimation of
uncertainty, given below each table.
Table 1. Results obtained for 10 repetitions at the point x = 23 mm.
No.

1

2

3

4

5

6

7

8

9

10

Average

H x23 [A/m]

−346

−349

−348

−349

−346

−345

−348

−349

−351

−346

−347.7

The standard deviation can be treated as a standard uncertainty u, so it can be written:
Hx = 347.7 A/m, u(Hx ) ≈ s Hx = 1.89 A/m.
Since the measurement was repeated 10 times, to obtain the expanded uncertainty the Student’s
distribution quantile t α,n was applied. For a confidence level p = 0.99 and 10 repetitions,
t α,n = 3.250. Substituting it as a coverage factor k to the formula:
U = k · u,

(2)

the following was obtained: U0.99 = 3.250 × u(Hx ) = 6.14 [A/m]. The same was done for the Hx
values obtained at the point x = 77 mm.
Table 2. Results obtained for 10 repetitions at the point x = 77 mm.
No.

1

2

3

4

5

6

7

8

9

10

Average

H x77 [A/m]

−384

−388

−388

−391

−387

−390

−392

−390

−391

−391

−389.2

The average value and standard uncertainty were calculated as follows: Hx = 389.2 A/m,
u(Hx ) ≈ s Hx = 2.44 A/m.
Similarly, for a confidence level p = 0.99 and 10 repetitions, t α,n = 3.250. Thus, the expanded
uncertainty for tangential component Hx at the point x = 77 mm can be estimated as follows:
U0.99 = 3.250 × u(Hx ) = 7.93 [A/m].
It should be noted that at the point x = 23 mm, the expanded uncertainty U0.99 was ±6.14 A/m,
which was approximately 1.8% of the measured value of tangential component Hx . However, at
the point x = 77 mm, the expanded uncertainty U0.99 was ca. 23% larger, i.e. ±7.93 A/m. That
is why it is necessary to estimate also the value of equipment variation EV , which represents
the amount of measurement system variation compared with the process variation. In the case of
the rail NDT, the system variation can be compared with the variation of measured value along
the rail.
According to the procedure [27], the results of 10 repetitions of the Hx measurement at two
diﬀerent points were used for further calculations according to the formula:
∑

E=

n ∑
k
∑

(Xi j − Xi• ) 2,

(3)

i=1 j=1

where:
Xi• – average value obtained for a certain point x along the rail;
i – number of points along the rail, from 1 to n; in that case n = 2;
j – number of repetitions from 1 to k; in that case k = 10.
693

M. Rucki, A. Gockiewicz, T. Szumiata: EVALUATION OF THE RESIDUAL MAGNETIC FIELD . . .

The results of calculations are presented in Table 3.
Table 3. H x repeatability calculation results.
No.

1

2

3

4

5

6

7

8

9

10

Xi•

k (
∑
j=1

H x1 j [A/m] −346 −349 −348 −349 −346 −345 −348 −349 −351 −346 −347.7
H x2 j [A/m] −384 −388 −388 −391 −387 −390 −392 −390 −391 −391 −389.2

Xi j − Xi•

)2

32.1
∑

53.6
E = 85.7

The obtained results were substituted into the following equations:
s2E =

∑
1
E
n(k − 1)

(4)

and:
EV = 5.15 s E .

(5)

This way the value of equipment variation was estimated as EV = 11.2 A/m for a confidence
level of 99%. This value is very close to the uncertainty interval ±U0.99 calculated for the point
x = 23 mm, namely, ±6.14 A/m. Since the “process variation” is not known, and various values
can be expected along hundred kilometres of rails in real working conditions, the initial value
Hx = 293 A/m at the point x = 0 was assumed as a reference value RF. Then, the Percent
Equipment Variation %EV can be calculated as follows:
%EV =

EV
· 100% = 3.8%.
RF

(6)

Finally, since the new measurement system is considered to be good for a specific task if
it reveals Percent Equipment Variation %EV below 10%, it was assumed that %EV = 3.8% is
highly satisfactory.
In the case of normal component Hy , it is diﬃcult to determine a reference value RF, because
of steady declination of its value from 600 down to 100 A/m within the measured rail interval of
100 mm. Nevertheless, the equipment variation EV was calculated accordingly from the collected
data shown in Table 4.
Table 4. Hy repeatability calculation results.
No.

1

2

3

4

5

6

7

8

9

10

Xi•

H y1 j [A/m]

530

530

535

534

534

531

532

537

541

536

−534.0

H y2 j [A/m]

297

302

300

304

298

303

304

305

306

305

−302.4

k (
∑
j=1

Xi j − Xi•

)2

108.0
∑

86.4
E = 194.4

Thus, the value of equipment variation during normal component Hy measurement was
estimated as EV = 16.9 A/m for a confidence level of 99%. It is noteworthy, that it is close to the
value EV = 11.2 A/m estimated for tangential component Hx .
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5. Conclusions
Analysis of the measurement system based on MMM phenomenon demonstrated that the
system can be successfully used for early identification of railway inner defects. Changes in the
surface magnetic field correspond to displacements and stress concentration inside the ferromagnetic material. The equipment variation for a confidence level of 99% was calculated for both
tangential and normal components of magnetic field, and the obtained values EV = 11.2 A/m and
EV = 16.9 A/m, respectively, were found satisfactory. In the case of tangential component Hx ,
Percent Equipment Variation was estimated as %EV = 3.8%. At the present stage of research,
a similar estimation for normal component Hy was not possible because of diﬃculties with the
reference value. In the further analysis, it will be necessary to make measurements along a longer
interval x, at least several meters if not kilometres, which will be much closer to real conditions
of the possible use of the examined device. Also, additional tests must be made in order to determine critical values of the measured magnetic field scattering related to the critical damages and
stresses inside the rail material.
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