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Abstract.  
 A new technique is proposed to detect magnetic defects and inclusions 
embedded in non-magnetic materials by magnetising the host with same polarity 
magnets. In this case, there is a forced magnetic flux leakage (FMFL) at the centre of 
the specimen which can be detected externally. The magnitude of the leaked flux at 
the position of the embedded magnetic material is higher than that of the case where 
there is no magnetic material there, and the difference between them can be accounted 
for by the presence of magnetic materials. 
 Both Finite Element simulation and experiment have been performed on a 
control sample where the presence of a magnetic material at a welding site is imitated 
by introducing a thin Mild Steel (magnetic) ring in the inner circumference of 
Austenitic Steel (non-magnetic) pipe. The agreements between the simulated and 
experimental results are excellent, confirming that this new technique can be used for 
detecting magnetic materials embedded in non-magnetic hosts. The Forced Magnetic 
Flux Leakage (FMFL) technique can effectively be used in industries like oil, gas, 
chemical and civil engineering. 

Introduction  

In modern industries reliable and cost effective maintenance is an important issue. This issue 
has been effectively addressed by means of Non Destructive Testing (NDT) which reliably 
performs this duty without compromising the structural and mechanical integrity of the 
system. The demands of such techniques have inspired many innovative ideas and have 
initiated development of new inspection tools. Magnetic Flux Leakage (MFL) [1], one such 
non-destructive technique, exploits the flux leakage from flaws when the sample is 
magnetized conventionally, i.e. by magnetic poles with opposite polarity. In such a scenario, 
the material confines the magnetic flux within it, and no flux leakage occurs unless there are 
discontinuities in the material in the form of defects. Therefore, ideally there will be no 
measureable field outside the material in the absence of any defects, as illustrated in Fig.1.  
This technique is very effective for the detections of defects in magnetic material.   
 
However if the material is non-magnetic and the defect is in the form of magnetic material 
embedded in them, such as welding between pipes where unwanted ferromagnetic materials 
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are used in order to enhance the welding process or iron bars in reinforced concretes, MFL 
is not effective as it will not produce any flux leakage which can be detected from the surface.  

Fig. 1. Conventional magnetic flux leakage (MFL) is illustrated schematically. The material is magnetised 
with conventional magnet. There is no flux leakage at the sensor position in the absence of defects. 

We propose here an alternative new method effective for scenarios where the sample is 
magnetised with magnets of the same polarity. This will result in a forced magnetic flux 
leakage (FMFL) through the centre of the sample. The strength of this flux leakage will be 
higher in the presence of embedded magnetic materials than that of the one without, as the 
magnetic material gathers more flux through them. The principle is illustration in Fig.2. 

Fig. 2. Forced magnetic flux leakage (FMFL) is illustrated schematically. The material is magnetised with 
magnets of the same polarity. Forced flux leakage occurs at the sensor position. 

 
In recent years, flux leakage techniques have gained momentum due to improvements in 
compact sensor technology to detect minute magnetic fields, in nano-Tesla range. As the 
technique relies on the sensitivity of the sensors it uses, these advanced sensors have 
revolutionised the detecting method. An example of such micro sensors are “Quantum Well 
Hall Effect (QWHE)” sensors which are capable of unprecedented detectability of ~ 1nT, 
size  10m and frequency response from DC to GHz and are capable of detecting flux 
leakage very reliably. This QWHE sensor based DC magnetometer has been developed at 
the University of Manchester [2, 3] and has been used to detect MFL and are principal 
measurement tool used in this research. 
 
In this work we report on the 3D simulation of FMFL and its validation using simple 
experimental setup and extend that to the detection of magnetic material in a pipe of 
Austenitic Steel to demonstrate the ability of the method to detect the presence of the 
magnetic material inside the pipe. 

1. Simulation and Experiment 

3D finite element analysis based simulation has been performed using “CST Studio Suite 
2015” [4] in order to examine the FMFL effect qualitatively and quantitatively.  Simulations 
and corresponding simple experiments have been carried out to validate and to demonstrate 
the effectiveness of the method to detect embedded magnetic materials inside a pipe. 
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1.1 FMFL Simulation and validation  

A simple simulation scheme has been designed using a rectangular metallic bar of dimensions 
20cm x 1 cm x 0.1 cm (length x width x thickness). In order to investigate the FMEL effect 
on magnetic and non-magnetic material two different materials have been chosen for the 
rectangular bar: Austenitic Steel 304 (non-magnetic) and Steel 1008 (magnetic). The bar is 
magnetised using two permanent magnets at the two ends of the bar with the same polarity. 
The strength of each magnet is 200 mT. A field sink of Steel 1008 under the magnets is used 
to minimise flux leakage from the magnets. The dimensions of the field sink are 20 cm x 2 
cm x 3 cm. The details are shown in Fig. 3. 

 
Fig. 3. (a) 3D view of the simulation arrangement. The rectangular bar sample is resting on two magnets of 

the same polarity (N) and same strength of 200mT, and (b) Top view (xy plane). 
 
The simulation was carried out using the parameters listed in Table 1.  

Table 1. Parameters used for simulation 

Material  Relative Permeability (r) Electrical Conductivity () S/m  
Steel 1008 
 
Austenitic 
Steel 304  
 

1000 
 
1.04 

 

7.69 x 106 

 
1.39 x 105 

 
Magnetostatic (Ms) [4] calculations have been performed to calculate the magnetic flux 
surrounding the sample.  The z-component of the magnetic flux (BZ) was mapped in the xy 
plane which is equivalent to a magnetic image due to FMFL. The magnetic images for 
Austenitic Steel 304 and Steel 1008 bars are obtained on the xy plane at a height of 1mm 
above the surface of the bar and are shown in Fig.4. The colour scheme is also given. The 
red and blue colours correspond to the maximum terminal values which are ± 10 mT. This 
means that any field value 10mT appears as red and any field which is 10 mTappears 
as blue in the magnetic images.Also the strength of the Bz at the centre of the structure 
running from left to right (along x-axis) has been plotted to show the effect of the two 
materials in Fig. 4(d).  
 
In Fig.4 the forced flux leakage is clearly visible magnetically for the magnetic images as the 
Steel 1008 sample shows higher magnetic contrast.  Non-magnetic Austenitic Steel cannot 
be magnetised therefore no magnetic flux channels through it. As the magnets are of same 
polarity the magnetic flux produce by them repeal each other producing no magnetic contrast.   
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Fig. 4. (a) Top view of the simulated structure with the rectangular sample on the top, above the two magnets 
of same polarity (North) and same strength 200 mT.  (b) and (c) are the magnetic images (Bz) obtained 1 mm 
above the sample surface.  (b) Shows that there is no magnetic contrast for the Austenitic Steel which is non-
magnetic whereas (c) shows a strong magnetic contrast for the Steel 1008 as it is magnetic. The black dashed 
rectangle on the magnetic images outlines the position of the sample bar and the colour scheme is also shown 

(d) Shows the  Bz values  plotted against the x-axis, red and black curves represent the Bz values  for Steel 
1008 (magnetic) and Austenitic Steel 304 (non-magnetic), respectively. 

 
In contrast, for Steel 1008 which is magnetic, the magnetic flux is “drawn in” within the bar. 
However as these magnetic fluxes are of the same polarity they repeal each other within the 
bar and are forced to leak out from it producing measureable flux leakage above it, giving 
rise to the magnetic contrast. Stronger forced leakage is observed at the two ends of the bar 
and it gradually reduces towards the centre. This is exactly what would be expected from a 
forced magnetic flux leakage and the simulation certainly supports the proposed idea FMFL. 
The corresponding plot in Fig.4 (d) quantitatively shows that Bz is stronger for Steel 1008 
than that of the Austenitic Steel. A simple experiment was then conducted with the intension 
to validate the simulation results. A sample was prepared with mild steel with the same 
dimensions as the simulated sample. Then the FMFL was measured at the same height above 
the top surface that is at 1mm, using a DC magnetometer built using a single QWHE sensor 
[5]. A quantitative comparison of simulated and experimental measurements is presented in 
Fig. 5. 
 

Fig. 5. (a) Optical image of the experimental arrangement with a mild steel sample magnetised with 200mT 
magnets with same polarity at the two end of the sample. The dashed AB line is the line along which Bz is 
measured with the DC magnetometer at 1 mm above the sample surface. The experimental result is then 

plotted with that of the simulated one for Steel 1008 in (b) in order to compare the experiment and simulation. 
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The experimental and simulated results agree very well, except for the two extreme ends. 
The apparent miss-match between the exact numerical values of the measured and simulated 
Bz field is due to the lack of exact matching between the material used for experiment and 
the material available in the data library of the software. Nevertheless it is evident that there 
is good agreement between simulation and experimental results, hence validating the 
simulation models. 
 

1.2 FMFL to detect magnetic imperfection in a weld  

The principle aim of introducing the idea of FMFL is to detect magnetic imperfection at the 
bottom of a welded site of Austenitic Steel pipe. This is a problem of the type of detecting 
magnetic material in a non-magnetic host. 3D simulation and corresponding simple 
experiment have been carried out in order to demonstrate that the new idea of FMFL can 
effectively be used for NDT.  Table 2 contains the details of the geometrical parameters used 
for both simulation and experimental validation and Fig.6 shows the simulated and 
experimental structures. 

Table 2. Geometrical parameters and materials used  

 Outer diameter 
(cm) 

Inner diameter 
(cm) 

Thickness 
(cm) 

Length 
(cm) 

Material 

 
Pipe 

 
Ring 

 

 
4.5 

 
4.03 

 
3.78 

 
3.78 

 
0.36 

 
0.125 

 
20 
 

0.05 

Austenitic 
 
 

Steel 1008 

 
Fig. 6. (a) 3D simulated image of the structure with the pipe and two magnets placed on the outside of the 

pipe. The red arrows pointing on the magnets show the polarity of the magnets. (b) Shows the cross-sectional 
view of the simulated pipe at the weld site with a magnetic ring placed inside. (c) Shows the cross-sectional 

optical image of the pipe which is divided into two halves and a groove is placed at the inner side of the pipes 
to insert the magnetic ring in it. (d) Optical image of the magnetic ring which imitates magnetic defect in the 

weld.  
 
For simulation both un-welded pipe, and welded pipes with magnetic defect were 
investigated. A magnetic ring was placed at the bottom of a welded site to introduce the 
magnetic defect. Both the weld material and pipe material are considered as magnetically 
equivalent that is, they both are non-magnetic. Magnets of 100 mT are used and the pipe is 
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magnetised with the same polarity placing the magnets diagonally opposite on the outside of 
the pipe. Bz fields are then measured at a perpendicular plane joining the two magnets for 
different distance going away from the outer surface of the pipe both for continuous and 
welded site with the magnetic ring.  

 
Initial simulation was performed to verify if the groove affects the result of FMFL, that is, if 
the FMFL generated with and without groove are different and how the FMFL differs when 
the magnetic ring is inserted. Fig. 7 shows the simulated results. Bz field is measured 
perpendicular to the pipe surface at different distances away from it. 

 
Fig. 7. (a) Cross-sectional view of the pipe at the weld site with an inserted magnetic ring. The pipe surface is 

2.25 cm away from the centre and the field measurement is performed along the perpendicular direction 
shown by the red dashed arrow. (b) The measured field plotted against the distance from the surface of the 

pipe for the continuous pipe, welding site with groove and welding site after the groove is filled with 
magnetic ring. 

 
Fig. 7(b) shows clearly that the measured magnetic fields for the welding site with groove 
and that of the continuous pipe coincides with each other showing that the groove does not 
affect the FMFL. By contrast, the welding site with the inserted magnetic ring leads to a 
much enhanced FMFL, which can be measured using a DC magnetometer.  At the surface of 
the pipe the measured FMFL is 4.0 mT and 9.0 mT for the continuous pipe and welding site 
with magnetic ring, respectively. The simulation thus confirms that the groove does not affect 
the FMFL and that FMFL is greatly enhanced in the presence of embedded magnetic 
material. 
 
A further controlled experiment was then performed to validate the idea experimentally using 
Austenitic pipe and a ring of Steel 1008 as shown in Fig 6 (c) and (d) respectively, with the 
dimensions given in Table 2. The results are shown and contrasted in Fig. 8. 
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Fig. 8. Comparison between simulated and experimental results of FMFL (a) for continuous 

Austenitic Steel pipe, and (b) for weld with magnetic defects. 
 
It is evident within the experimental error from Fig 8 (a) and (b) that the simulated values of 
FMFL for continuous and welded pipe with magnetic defect are in very good agreement with 
that of the experimental values. The minor differences between the two results are due to the 
apparent differences in the actual magnetic parameters of the material used. The experiment 
was performed with mild steel whereas the simulation was done with Steel 1008 available in 
the material library of the software. This simple experiment thus verifies that the idea of 
FMFL can be an effective method of NDT to identify magnetic impurity embedded in non-
magnetic hosts. 

2. Conclusions  

A new idea, termed Forced Magnetic Flux Leakage (FMFL) has been proposed and verified 
through 3D simulations and experiments. Its potential has been conclusively demonstrated 
through simulation and controlled experiments by inserting a magnetic ring into a pipe to 
mimic the presence of magnetic impurity at a welding site. Simulation and experimental 
results are in very good agreement and lead to conclusion that this newly proposed NDT 
method can be applicable to identify magnetic materials embedded in non-magnetic hosts.   

3. Acknowledgement    

The authors would like to extend their gratitude to STFC and EPSRC for their 
supports. (STFC-ST/L000040/1 “HIGH RESOLUTION 2D MAGNETIC VISION-B-
CAM” and EPSRC-EP/LO22125/1 “UK RESEARCH CENTE IN NON-
DESTRUCTIVE EVALUATION (RCNDT)”) 

References  

[1] W. Lord and D. Oswald, “Leakage field methods of defect detection,” International Journal of 
Nondestructive Testing, vol. 4, p. 249, 1972. 
 
[2] N.Haned and M. Missous, ‘Nano-tesla magnetic field magnetometry using an InGaAs– AlGaAs–GaAs 
2DEG Hall sensor’, Sensors & Actuators, Vol 102, pp 216-222, 2003 
 



8 

[3]  Barbolina, K.S.Novoselov S.V. Morozov, and M. Missous, ‘Submicron sensors of local electric field with 
single-electron resolution at room temperature’ Appl  Phys Let, Vol 88, art 013901, 2006 
 
[4] https://www.cst.com/Products 
 
[5] "3D physical and finite element simulations for Non Destructive Testing (NDT) of Magnetic Flux 
Leakage (MFL)", Ahmad, E., Liang, C.W., Sexton, J., Missous, M.; 54th Annual British Conference of Non-
Destructive Testing, NDT 2015; The International CentreTelford; United Kingdom; 8th - 10th September 
2015; Code 116980; ISBN:978 0 903132 605 
 
 

https://www.cst.com/Products

