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Abstract: The purpose of the conducted research was to
verify the possibility of detecting one of the most dan-
gerous defects in welded joints, which are lack of fusion,
on the basis of measurements and analysis of residual mag-
netic field distributions. The radiographic method was used as
a reference method, giving a real picture of welding imperfec-
tions occurring in the samples. Two types of sensors, a fluxgate
sensor and a magnetoimpedance sensor, were used in mag-
netic field measurements. A calibration procedure was devel-
oped and applied for each of them. Residual magnetic field
distributions were obtained from the measurement results.
Based on these, the distributions of gradients and relative
gradients were determined. Comparison of the obtained
results with radiographs showed the possibility of
detecting a lack of fusion on the basis of magnetic images
of welded joints. In addition, the possibility of using both
types of magnetic field sensors for magnetic imaging of
lack of fusion in welded joints was demonstrated.

Keywords: nondestructive testing, welding defects, mag-
netic memory method, residual magnetic field, magnetic
filed sensors, lack of fusion, welded joints

1 Introduction

In order to ensure the reliable operation of structures and
machinery, it is crucial to obtain precise information about
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their technical condition. The optimal solution is to obtain
this information by non-invasive methods. One of the non-
destructive testing methods is the magnetic metal memory
(MMM) method, which is gaining popularity [1,2]. This
method is based on the use of changes in the electromag-
netic properties of materials, resulting from the presence
of micro- and macro-scale defects and damage in its struc-
ture [3-5]. The basic physical phenomena affecting the elec-
tromagnetic properties include the magnetomechanical effect,
magnetic field leakage caused by discontinuities or inhomo-
geneities in the material structure, and processes of interac-
tion of magnetic fields with dislocations and their concentra-
tion [6,7]. The method of magnetic memory of metal uses the
anomalies of the own residual magnetic field of the test
objects, treating the formation of these anomalies as a result
of the existence of zones of stress concentration.

One of the potential applications of MMM is the vali-
dation of the condition of welded joints, along with the
detection of defects inside the welds, because they are
potential stress concentrators and therefore magnetic field
changes. However, it should be taken into account that not
only defects inside the weld can be the causes of field
changes. Notch effects or thermal deformation after welding
can also be included as causes of stress concentrations [8].
The application of MMM in the test of welded joints is cur-
rently being studied in many research centers.

Chen et al [9] studied specimens made of S235 steel.
Two blocks of material were welded together intentionally
introducing weld defects in the form of cracks and por-
osity. Subsequently, the presence and location of defects
were confirmed by using ultrasonography. Studies of the
residual field showed changes in the field values and its
gradients at the locations of the previously confirmed
defects.

An analysis of the ability to detect slag inclusions and
lack of fusion in welded joints was studied by Xing et al.
[10]. The joints were additionally loaded at 0, 150, and
230 kN, and between the load changes, own residual mag-
netic field and radiographic tests were performed to deter-
mine the presence of defects in the joints and relate them

8 Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/eng-2025-0119
mailto:zlocki@agh.edu.pl

2 —— Arkadiusz Ztocki et al.

DE GRUYTER

micro-USB Serial number 4-m2.7
, 72.38 _, through hole
i Ny ! v Y
| =T |¢
b o | A SN13090301 s
! lo—j—o] i N
| | - - . ©
i o) i S | ~
_..i_._ | -; T _.._z.._._ -4
‘ P o &= N
E E° E|!¢ ECEm=e <
: W ! { L
5 = = T - | - | = | -
! X 30 =1 J) X X ZY (& X D) @Y D) @Y ¥ XX ! 2D [ 1 @ @D [ | =4 \ X \‘ D [ @D ( il::
25 _y |[Toll o[ S[ e[_°l[. ol _el[.2 ¥ ol ol ¢ i
T ‘ e T |
i\ 75.0 (= 5x 15) [

\ 80.0

| \
ensor #01

Figure 1: Structure of the sensor AMI 305-16AR [12].

to previous measurements. Changes in MMM signals and
gradients were observed in the zones where defects were
present. As the load increased for the absence of remelting,
the amplitude of the signals increased, while the gradient
changed little. For slag inclusions, an increase occurred in
signal amplitude and gradient.

Xing et al. [11], investigating a pressure vessel that had
been heated after welding, showed no changes in magnetic
field values and gradients that could indicate defects in the
welds. The vessel was then filled with a corrosive medium.
The joints were subjected to further tests 6 months and
1 year after filling. Changes in the values and gradients
of the magnetic field were shown. Where there was an

Figure 2: Hemholtz coil manufactured by ARM Robotics Sp.z.0.0.

Sensor 4

increase in gradient values of more than 10 A/m/mm, radio-
graphic examination showed a stress corrosion crack.

The above studies confirm the applicability of MMM
using signal analysis and gradients to detect defects in
welds. However, the research did not confirm the possibi-
lity of determining the type of defect based on the analysis
of the aforementioned diagnostic signals.

The purpose of the study was to verify the ability to
detect the lack of fusion in welded joints as one of the most
dangerous defects in welds. The obtained MMM indications
were compared with radiographic results to verify the pos-
sibility of detecting a lack of fusion.

2 Research details

2.1 Research equipment

Two types of sensors were used: fluxgate and magneto-
impendance. The manufacturer of the TSC-3M-12 measuring
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Figure 3: Distribution of magnetic field components.
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Figure 4: Drawing of the test specimens with the test area marked.

device and the TSC-2M measuring head, which includes two
fluxgate sensors, is Energodiagnostika Moscow. The head
allows measurement of the three components of the mag-
netic field by using the core saturation phenomenon and
analyzing the second harmonic. The measurement range
of the head used is +2,000 A/m with an error of +5%. The
scanning resolution is 1 mm.
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The second AMI 305-AR16 (Figure 1) sensor used was
manufactured by Aichi Steel Corporation and consists of
16 AMI 305 triaxial sensors (vector magnetoimpedance mag-
netometers) with 5 mm spacing using impedance change to
measure magnetic field values. The sensor’s measurement
range is +6 Gauss with a measurement error of +0.3 Gauss.
In addition, the measurement system uses an ER40A819275
encoder with a resolution of 8,192 p/r from Eltra Trade and a
National Instruments USB-6216 16-channel measurement
card with a sampling rate of 400 kS/s along with software
developed to record the data obtained.

2.2 Achieve measurement consistency
2.2.1 Calibration procedures

In order to achieve measurement consistency, calibration
procedures were carried out for the sensors used. The flux-
gate sensor was placed in a Helmholtz coil manufactured by
ARM Robotics Sp.z.0.0., (Figure 2) which allows the genera-
tion of a magnetic field of a known, constant value. Calibra-
tion was performed for a field value of 478 A/m, according to
the procedure implemented in the TSC-3M-12 device, thus
enabling calibration for three field components.

In order to calibrate the AMI 305-16AR sensor, it was
placed in a ZG-212 external magnetic field suppression
chamber made of mumetal alloy (an alloy of nickel 75%
and iron 15%) with a factory-built demagnetizing coil and a
plastic base under the chamber, from manufacturer
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Figure 5: Magnetic field distribution - Sample 1, tangential component, measured in the direction perpendicular to the weld H,,.
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Figure 7: Magnetic field distribution - Sample 2, tangential component,

Magnetic Shield Corporation (USA). The external magnetic
field and the Earth’s geomagnetic field (0.25-0.65 Gs) are
attenuated to mG levels due to the multi-layer design.
Located in the chamber, the sensor is zeroed using control
software.

Measurements were made on the surface of the sam-
ples from the face and the weld root, making passes par-
allel and perpendicular to the weld with both sensors
(Figure 3); the length of the test section was 235 mm:

* H,, - tangential component, measured in the direction
perpendicular to the weld,

measured in the direction parallel to the weld Hy,.

* H;, — tangential component, measured in the direction
parallel to the weld, and
* H,, - normal component.

2.2.2 Description of the specimens tested

Four specimens made of two 200 x 300 x 5 mm plates
connected by a welded joint, made of S235]R steel, were
tested. Figure 4 shows a drawing of the tested specimens.
Red box marks the measurement area.
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Figure 9: Radiogram of Sample No. 2 with marked test area and location of defects.

2.2.3 Comparison of measurement results distributions of the H,, component of Sample 1, measured

from the weld root for the AMI305-AR16 and TSC-3M-12 sen-
Maps of magnetic field distributions obtained from mea- sors. Comparing the obtained distributions, a similarity is
surements with both sensors on the tested areas of the sam- evident for both sensors. Measured values are also similar to
ples were prepared and compared. Figure 5 shows the each other, it should be noted that a weak magnetic field is

Figure 10: Radiogram of Sample No. 4 with marked test area and location of defects.
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Figure 11: Comparison of the radiogram (a) of Sample 1 with the distribution of the gradient of the tangential component, perpendicular to the weld
measured from the face of the grad H,, (b) and its magnetic index m-H;, (c) AMI305-AR16 sensor.

being measured by which the readings may differ to a small
extent due to measurement errors of the sensors.

The similarity in the magnetic field distributions is also
evident for Sample 4. Figure 6 shows a comparison of the
obtained distribution maps of the normal component H,,,
of the magnetic field measured from the weld face.

For Sample 2, the distribution of the tangential compo-
nent parallel to the weld magnetic field H,, is shown in
Figure 7. The field values obtained from the two sensors
are similar with a very similar distribution.

Analyzing the above distributions and taking into
account that the weak magnetic fields were studied and
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Figure 12: Distribution of the magnetic index of the tangential component perpendicular to the weld m-H;, Sample 1-TSC-3M-12 sensor.
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Figure 13: Comparison of magnetic index distributions of Sample 2 components measured from the weld root surface: (a) tangential component,
perpendicular to the weld m-H;, - AMI305-AR16 sensor, (b) normal component m-H, , - AMI305-AR16 sensor, (c) tangential component, perpendicular
to the weld m-Hy, - TSC-3M-12 sensor, (d) normal component m-H,,, - TSC-3M-12 sensor.

the measurement error of the sensors, it can be confirmed 2.3 Radiographic images

that the proposed processes for their calibration ensured

the achievement of measurement consistency for both The samples were radiographed using the digital method
devices. The measurement results are qualitatively and in accordance with PN-EN ISO 17636-2:2023-04, and their
quantitatively consistent and therefore can be used inter- quality was determined in accordance with ISO 19232-1
changeably in diagnostic work. using the Teledyne ICM/Site-X CP200DS. A current of
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Figure 15: Distribution of magnetic index of Sample 4 normal component m-H,, measured from the weld face with the TSC-3M-12 sensor.

140KV and 4 mA with an exposure time of 90's was used. 3 Analysis and discussion of the

The distance from the test samples was 650 mm. The pur-
pose of the study was to detect and identify defects present
in the welds. The radiographs mark the area that was sub-
jected to magnetic testing (0 — beginning of measurement,
235 — end of measurement).

Four specimens were tested, lack of fusion was
detected on three; their radiographs are shown in Figure 8.
Sample 3, due to the lack of fusion, was neglected.

Figure 8 shows a radiograph of the welded joint
of Sample 1, and the presence of pores in the 55-110
area and lack of fusion in the 170-230 area was
identified.

Figure 9 shows a radiograph of the welded joint
of Sample No. 2, and the presence of porosity in
areas 92-146 and lack of fusion in areas 170-210 was
identified.

Figure 10 shows the radiogram of sample 4 with the
magnetic test area and the locations of defects marked. For
area 55-125, the occurrence of lack of fusion was identified,
and for area 197-230, the occurrence of lack of weld pene-
tration was identified.

lack of fusion detection
capabilities

The results obtained from measurements of the residual mag-
netic field, made with a fluxgate and magnetoimpedance sensor,
on the surface of a welded joint were analyzed to determine the
possibility of detecting lack of fusion in welded joints. Changes in
the magnetic field on the surface of the test object are usually
characterized by a small variation. Areas where this variability
is intense are called magnetic anomaly areas and are character-
ized by higher gradient values. High variability in the value of
the measured magnetic field is the result of large changes in the
electromagnetic properties of the material under study. This
variability can be due to changes at the micro level (changes
in the metallographic structure, changes in the residual stresses
and their effect on the electromagnetic properties) and changes
at the macro level (the occurrence of discontinuities).

By determining the value of the gradient for the indi-
vidual components of the residual magnetic field, it is pos-
sible to identify magnetic anomalies, the cause of which
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Figure 14: Distribution of magnetic index Sample 4 normal component m-H,,, measured from the weld face with the AMI305-AR16 sensor.
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Figure 16: Distribution of the magnetic index of the Sample 4 tangential component perpendicular to the weld m-H;,, measured from the weld face

with the AMI305-16AR sensor.

75 ‘ ‘ -
|
|
—130

45 =

30 —-20

| —-45

15
—1-70

0 I I I I I [ I I I I I I I I I 9

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225

Figure 17: Distribution of values of the tangential component parallel to the weld H,, of its own residual magnetic field Sample 2 - AMI305-AR16

sensor.

may be areas of stress concentration and thus imperfections
in the welded joint. Based on the standard [13-15], the mag-
netic index m, defined as the ratio of the local gradient value
to the average value, was additionally determined.

Figures 11-18 show selected distributions of gradients
and magnetic indexes m obtained from the measurement

results, which are representative of the entire study
conducted.

For Sample 1 (Figure 11), a correlation can be seen
between the radiographic results and the calculated gra-
dient of the tangential component perpendicular to the
weld grad H;, and its magnetic index m-H;, for the
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Figure 18: Distribution of the magnetic index of the tangential component
AR16 sensor.
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AMI305-AR16 sensor. There is an increase in the gradient of
grad H,, and the magnetic index m-H,, in the bonding
region in the weld (170-230), thus indicating the location of
the magnetic anomaly. Comparing the magnetic index m-H,,
(Figure 12) calculated for measurements with the TSC-3M-12
sensor with the indication of the radiogram also shows an
increase in its value in the area 175-225 (the maximum value
in the area is more than 2.5), which coincides with the area of
lack of fusion. Changes in the value of the m-H;, index at the
edges of the weld are visible, but they are lower than the
value of the index in the lack of fusion area. Both sensors
used showed a change in the values of the gradient grad H;
and the magnetic index m-H;,, indicating the occurrence of a
magnetic anomaly at the defect site.

Radiogram of Sample 2 (Figure 9) shows the occur-
rence of a lack of fusion in the 170-210 mm area. On
selected magnetic index distributions (Figure 13 (a) m-H x
— AMI305-AR16 sensor, (b) m-H,, , — AMI305-AR16 sensor, (c)
m-H, , — TSC-3M-12 sensor, (d) m-H,, ; — TSC-3M-12 sensor), it
is evident that their values increase in areas partially over-
lapping with the defect occurrence area. The greatest
correspondence between the area of magnetic anomaly
occurrence and the defect area has an index distribution
for the normal component m-H,,, measured with both
magnetoimpedance and fluxgate sensors (Figure 13 (b)
m-H,, - AMI305-AR16 sensor, (d) m-H,, — TSC-3M-12
sensor), an increase in the index value of m-H, , occurs
for the 170-220 mm area. The largest value (more than 3)
of the m-H,,, index reaches the 195-210 mm area for the
fluxgate sensor. For the index of the tangential component
index measured perpendicular to the weld m-H,, mea-
sured with the AMI305-AR16 sensor (Figure 13a), an
increase in value is seen from point 175, but a strong indi-
cation (the index exceeds the value of 2) is seen in the
195-225 mm area, overlapping only partially with the lack
of fusion area. For the fluxgate sensor, the m-H,, index
(Figure 13b) increases in value over an area of
160-230 mm, exceeding the defect area on bhoth sides.

For Sample 4, comparing the distributions of the m-H,,,
index (Figure 14 [AMI305-AR16 sensor] and Figure 15 [TSC-3M-
12 sensor]) with the radiograph (Figure 10), which indicates
the occurrence of lack of fusion in the 55-125 mm area, the
correlation does not occur, unlike in the other samples. The
visible magnetic anomaly begins outside the defined area and
only partially overlaps it at the location of the weld edge. For
the index of the tangential component perpendicular to the
weld m-H,, for Sample 4 (Figure 16), there were also no
visible changes in its value in the defect area, while magnetic
anomalies are visible for the weld edges.

The results of the analyzed samples show that for none
of them the tangential component parallel to the weld, H;,,

DE GRUYTER

Table 1: Summary of the compatibility of the occurrence of magnetic
anomalies with the location of the lack of fusion

Sensors AMI305-16AR TSC-3M-12
Component H:x H., H,, Hey Hy  Hy,
Sample 1 Face  ++ - ++ ++ - ++
Root ++ - ++ + - 4
Sample 2 Face + - + + - +
Root + - ++ _ _ T+
Sample4  Face - - - - - -
Root - - - - - -

(=) No compatibility, (+) anomaly partially overlaps, and (++) anomaly
overlaps.

did not give satisfactory results. For the specimens studied,
the anomalies occurring on it did not coincide with the
area of lack of fusion. As an example, the distribution of
the value of the tangential component parallel to the weld
H;, (Figure 17) and the corresponding distribution of the
magnetic index m-H,, (Figure 18) are shown for Sample 2.

4 Summary and conclusions

The purpose of the study was to determine the possibility
of detecting the lack of fusion in welded joints based on
residual magnetic field measurements. It was assumed that
two methods of measuring the magnetic signal would be
used: fluxgate sensors (TSC-3M-12) and magnetoimpedance
sensors (AMI 305-AR16, Aichi Steel). In order to be able to
compare the results from the two sensors, it was necessary
to achieve measurement consistency by developing cali-
bration procedures for the sensors used. The sensor cali-
bration process developed and carried out made it possible
to achieve measurement consistency in a qualitative and
quantitative sense for the AMI305-16AR magnetoimpe-
dance sensor and the TSC-3M-12 fluxgate sensor, as demon-
strated in the magnetic field distributions shown.
Analysis of the distributions of the gradients of the
own residual magnetic field and the magnetic indices
makes it possible to determine the location of magnetic
anomalies. Comparison of the position of the anomalies
with radiographic results (Table 1) showed the possibility
of detecting a lack of fusion occurring in welded joints by
analyzing the normal component H, ;, which, according to
Table 1, showed the greatest agreement with radiographic
results, and the tangential component perpendicular to the
weld H; . The configuration of both components allows the
detection of a lack of fusion in the welded joint with a



DE GRUYTER

higher probability. Analyzing the appearance of distribu-
tions, gradients and indices, it is difficult to identify char-
acteristic features that would allow to distinguish lack of
fusion from other welding defects. This issue will be con-
tinued in future studies.
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