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Abstract 

 

Magnetic particle and other magnetic flux leakage (MFL) based methods for the 

detection and evaluation of surface-breaking flaws in ferromagnetic materials typically 

use high-strength (≥ 0.5 T rms), low frequency (≤ 50 Hz) magnetic fields. The rationale 

behind this is the ready availability of strong permanent magnets and mains power for 

high strength electromagnets. This high field strength is needed to saturate the sample 

and compensate for the relatively low sensitivity of magnetic particle detection media, 

silicon Hall sensors, coils and other magnetic transducers used in such methods. 

 

Consequently, frequencies greater than 50 Hz and applied magnetic fields less than 100 

mT strength have not been widely explored for MFL due to the lack of commercially 

available sensors capable of detecting the leakage fields (typically in the nT and μT 

range) with adequate versatility to cope with the variations in inspection parameters, 

such as changes in lift-off, material properties, etc. which are inherent to NDT&E 

settings.  

 

In this study, the MFL response of surface-breaking longitudinal cracks from a ground 

mild steel weld validation sample, within the DC – 1 kHz, 5 mT – 100 mT rms applied 

magnetic field operating range, was explored. This was done to determine whether any 

optimal frequency response exists, better accommodating the inherent sample material 

properties (e.g. magnetic permeability and electrical conductivity), MFL mechanism 

and attributing phenomena such as electromagnetic skin effect and eddy current 

contributions. 

 

Contrary to previous work published in Insight earlier this year, this study found no 

particular optimal frequency within this operating range, with explanations to justify the 

disproval of previously reported conclusions about optimal frequencies within this 

range. Also, the iteratively developed quantitative analysis performed in this study can 

be used to help further understand the underlying mechanisms of AC MFL and provide 

best practice regarding the optimisation of MFL. 
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1.  Introduction 
 

Electromagnetic Non Destructive Testing and Evaluation (NDT&E) techniques are 

often the preferred choice for surface-breaking flaw detection and evaluation in mild 

steel welds due to the versatility and large inspection area of Magnetic Particle 

Inspection (MPI) (1), as well as the depth measurement and higher sensitivity of 

conventional Eddy Current Testing (ECT), due to the electromagnetic skin effect and 

other eddy current-based mechanisms (2). 

 

An examination of the typical frequencies of applied magnetic field used for low power 

surface-breaking flaw NDT&E in ferromagnetic materials, depicted in Figure 1, shows 

a distinct gap between the MFL and eddy current-based techniques (2), including Eddy 

Current Array (ECA) and Tangential Eddy Current Array (TECA).  It must be noted 

that Alternating Current Field Measurement (ACFM) shown below is used to detect 

flaws in both ferromagnetic and paramagnetic materials (3). 

 

 
Figure 1. Typical range of applied magnetic field frequencies used for different low-

power electromagnetic methods for surface-breaking flaw NDT&E in 

ferromagnetic materials. 

 

The main reasons for this distinct gap include: higher frequencies generate more eddy 

current based on Faraday’s Law; coil sensors are more sensitive at higher frequencies; 

some MFL-based methods use a DC field to achieve full sample penetration (no 

electromagnetic skin effect); coils, generic silicon Hall sensors and detection media are 

insensitive to low strength magnetic fields, so large applied field strengths are required 

(conveniently generated using 50 Hz mains). 

 

Consequently, for low power surface-breaking flaw MFL-based methods, such as MPI 

and MFL imaging, an applied magnetic field frequency of 50 Hz is used out of 

convenience and necessity for the illuminating coil power consumption requirements 

because of detection insensitivity (transducer or media). 
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Some exceptions to the range shown in Figure 1 above do exist, in particular high power 

~100 kW ~10-30 kHz, in situ MFL systems which do not require the portability for in-

service inspection. These systems (4, 5) typically are very sensitive compared to other 

MFL techniques due to the use of a much higher frequency (electromagnetic skin effect) 

and high strength applied field for magnetic saturation within at least 1 skin depth. 

However, these systems also typically use detector coils, generic silicon Hall sensors 

and/or GMRs which all have their own problems relating to sensitivity, linearity or size 

(limited local resolution, array pitch, etc.). 

 

This study focusses on the optimization of AC MFL for low power (i.e. portable) 

applications. As such, in this region the typical surface-breaking flaw MFL-based 

methods are not truly optimised to the magnetic response of the sample material; and 

instead are critically dependent on the sensitivity of the detection media / sensors used. 

 

The QWHE sensors developed previously (6) were used to ascertain if there was any 

optimum applied magnetic field frequency or field strength range for a particular type 

and size of flaws. The QWHE sensors were used because of their proven ability to 

detect the MFL response from real NDE flaws (7). A previous comparative study (8) (9) 

also suggested that they have a performance comparable to conventional ECT in 

controlled environment but with higher quality imaging capabilities (including 

additional weld information) and better flaw characterisation than eddy current-based 

images. 

 

The key attributes of the QWHE sensors include: the ability to be made into bespoke 

arrays with specific sensor area (2 x 2 µm2 to 70 x 70 µm2) and sensor pitch (< 20 µm) 

allowing sensors to be optimised to particular NDT&E applications, settings and 

requirements; sensitive to only one component of the sample magnetic field response, 

i.e. Bz in Equation 1 below; high sensitivity which is limited by biasing and detection 

circuit electronics (currently 20 nT√Hz detection limit using superheterodyne biasing 

technique); wide operating range of 20 nT to 2 T (160 dB), DC to ~ 50 MHz range for 

versatility with no hysteresis offset unlike Giant Magnetoresistors (GMRs) and other 

anisotropic magnetoresistance-based transducers; linear across wide operating range 

leading to imaging capabilities of higher quality that are easier to process. 

 

The Hall voltage 𝑉𝐻 created between a pair of sensing contacts is proportional to the biasing 

current, I, and the magnetic field component perpendicular to the device plate, 𝐵𝑧:  

 

𝑉𝐻 =  
1

𝑡∙𝑛∙𝑒
∙ 𝐼 ∙ 𝐵𝑧 ............................................................................................................ (1) 

 

Where VH is the Hall voltage, t is the thickness of the 2DEG channel, n is the electron 

concentration, e is the electron charge, I is the biasing current and Bz is the component 

of magnetic field detected.  

Equation (1) above emphasises that the thickness t of the 2DEG channel and electron 

concentration n determine the underlying sensitivity of the device, which have been 

developed over the past 20 years. 
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It is the unique combination of sensitivity and linearity over a large operating range that 

makes QWHE sensors versatile for different NDT&E applications, in particular, 

optimised low-power high-quality (flaw characterisation) MFL imaging. 

 

It must be noted that QWHE sensors operate using the “conventional” Hall effect, as 

described above in Equation (1); and they do not use the Quantum Hall Effect or require 

active cooling like other Quantum-enabled transducers (i.e. SQUIDs). 
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2.  Optimisation of Inspection Parameters for Low Power MFL 

Imaging 
 

Ground mild steel plate weld samples manufactured by Sonaspection (10), with two 

surface-breaking longitudinal toe cracks of lengths 10 mm, 11 mm and 8 mm, were used 

in this study. Figure 2 below shows simplified versions of the drawings supplied by 

Sonaspection and a diagram to explain the artefacts in the resultant magnetic images: 

 

 
(a) typical sample layout 

 

 
(b) Sample 6441-01 (11 mm and 10 mm flaws) 
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(c) Sample 6441-02 (8 mm flaws) 

 

Figure 2. Simplified sample drawings from specimen manufacturer. 

 

As Figure 2 shows, the samples measured 150 mm x 150 mm with a thickness of 20 

mm. They contained a full penetration weld whose cap and root were ground flush. The 

parent metal was generic mild steel, with electrical and magnetic properties similar to 

AISI 1010. MPI was used to validate the sizes of the flaws, however a previous study 

found that QWHE magnetic imaging, conventional ECT and ACFM values differed 

slightly (all within a ±2 mm range) (8, 9). For this study, the MFL response from the two 

toe cracks on each sample were investigated. 

 

The developed scanner reported previously (11) (12) autonomously controlled the fine 

movement of a probe consisting of a 10 µm size QWHE sensor and its biasing/detection 

circuitry, along with an illuminating electromagnet. The electromagnet applied a 

magnetic field of controlled frequency and field strength to the sample, with the QWHE 

sensor and data acquisition system mapping the MFL response for each 𝑥 and 𝑦 position 

on the sample surface. 

 

A proximity laser on the probe was used to take an initial topographical scan of the region 

to be magnetically imaged. An additional 𝑧 direction motor module was used to 

autonomously control the probe lift-off, using the laser map to compensate for changes 

in lift-off due to sample curvature. This was done to avoid damage to the probe head and 

sample, as well as provide better quality magnetic images. 

 

A previously reported study (12) used Sample 6441-01 which was scanned using applied 

magnetic field frequencies and field strengths across the entire operational range of the 
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QWHE magnetic imaging system (limited by the illuminating coil parameters). This 

range is shown in Figure 3 below: 

 
Figure 3. Plot showing the operational range of the XYZ scanner and the 

maximum strengths of applied magnetic field for different frequencies used 

in this work. 

 

The sample was firmly secured to the scanner bed to ensure no movement during the 

scans (particularly at DC where strong field strengths can pick up the sample). A fine 

measurement step of 100 µm for 𝑥 and 𝑦 was used (giving a pixel size of 100 µm x 100 

µm), with a 0.75 mm lift-off to ensure adequate clearance throughout the scanning.  

 

As shown in Figure 4 below, a region of 70 mm (approximately central across the weld) 

x 140 mm (along the weld) was scanned, with the regions identified used for quantitative 

analysis: 
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Figure 4. Example raw absolute magnetic image showing regions of interest 

used for quantitative analysis. 

 

Differential pixel values 𝒋𝒇𝑩𝒙𝒚, and subsequent differential images, were obtained by 

performing a basic differential filter (in the direction of the applied magnetic field) on 

the acquired absolute data 𝜻𝒇𝑩𝒙𝒚, as shown below in Equation (2): 

 

𝑗𝑓𝐵𝑥𝑦 =
𝜁𝑓𝐵𝑥𝑦−𝜁𝑓𝐵(𝑥−𝑥 ̀)𝑦

𝑥 ̀
 ................................................................................................... (2) 

 

Where 𝒋𝒇𝑩𝒙𝒚 is the differential pixel value for that (𝒙, 𝒚) position (mT mm-1) for applied 

magnetic field of frequency 𝒇 (Hz) and strength 𝑩 (mT rms), 𝜻𝒇𝑩𝒙𝒚 is the raw absolute 

(mT) pixel value for position (𝒙, 𝒚), 𝒙 is the direction of the applied magnetic field and 

the probe velocity and �̀� is the 𝒙-𝒚 measurement step (mm). 

 

The impact of using differential imaging over absolute is emphasised below in Figure 5 

with a few examples of magnetic images obtained from these scans (note the clarity and 

prominence of the flaws in differential mode): 

 

 
(a) Absolute DC 40 mT image 
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(b) Differential DC 40 mT image 

 

 
(c) Absolute 500 Hz 20 mT image 

 
(d) Differential 500 Hz 20 mT image 

 

 
(e) Absolute 1 kHz 5 mT image 
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(f) Differential 1 kHz 5 mT image 

 

Figure 5. Examples of some absolute and differential magnetic 

images from some of the scans of Sample 6441-01. 

 

 

Each raw unprocessed differential magnetic image, for the range of magnetic field 

frequency and field strength scans, was quantitatively analysed to determine whether an 

optimal range with higher flaw detectability was present. This was achieved by 

calculating the rms pixel value 𝛾 for each of the three regions of interest shown in Figure 

4 above: Flaw 1, Flaw 2 and the background weld (i.e. 𝑖 =1, 2, 0 respectively). This 

calculation was extracted from Equation (3) below: 

 

𝛾𝑖𝑓𝐵 = √
�̀�2

(𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛)(𝑦𝑚𝑎𝑥−𝑦𝑚𝑖𝑛)
∫ ∫ (𝑗𝑓𝐵𝑥𝑦)

2
 dy dx

𝑦𝑚𝑎𝑥

𝑦𝑚𝑖𝑛

𝑥𝑚𝑎𝑥

𝑥𝑚𝑖𝑛
 ........................................ (3) 

𝛽𝑖𝑓𝐵 =  20 𝑙𝑜𝑔 (
𝛾𝑖𝑓𝐵

𝛾0𝑓𝐵

) 

�̅�𝑓𝐵 =  20 𝑙𝑜𝑔 (
1

2

𝛾1𝑓𝐵 + 𝛾2𝑓𝐵

𝛾0𝑓𝐵

) 

Where 𝜸𝒊𝒇𝑩 is the rms value (mT mm-1) for that region 𝒊 of interest, 𝜷𝒊𝒇𝑩 is the flaw 

SNR (dB), i.e. ratio of MFL response from flaw and weld background; and �̅�𝒇𝑩 is the 

mean flaw SNR (dB). 

 

These SNR values previously reported (12) are shown below in Figure 6 with an estimated 

error of ±10% (+0.828 dB and −0.915 dB) based on the two quantities used in the 

calculation, both containing an estimated 5% error originating from the XYZ scanner 

measurements: 
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(a) SNR plot for Flaw 1 

 

 
(b) SNR plot for Flaw 2 
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(c) Mean SNR plot 

 

Figure 6. SNR plots obtained from scans of Sample 6441-01. 

 

These plots show a definitive increase in flaw detectability using higher frequencies and 

stronger strength applied magnetic fields, adding confidence to the quantitative analysis 

process. Previously it was reported that these plots suggest an inflection point, where the 

SNR begins to dramatically increase, at approximately 𝑓 ≥ 200 Hz (12), with conjecture 

regarding the root cause being due to either the magnetic properties of the sample material 

(AISI 1010) or due to the electromagnetic skin effect, or a combination of both. This was 

because changes in microstructure or parent metal magnetic permeability due to higher 

frequency (i.e. magnetic relaxation) would result in less MFL from microstructure-metal 

boundaries, producing less background weld noise, increasing flaw SNR. Alternatively, 

higher frequencies of applied magnetic field are confined closer to the sample surface (i.e. 

electromagnetic skin effect), meaning that there is less perturbation from microstructures 

within the volume of the sample, producing less background noise and thus increasing 

flaw SNR. The electromagnetic skin effect could also be responsible since higher 

frequencies of applied magnetic field are confined closer to the sample surface, meaning 

higher strength magnetic field at flaw boundary, producing more MFL flaw signal and  

increasing flaw SNR. 

 

To investigate the root cause of this inflection point phenomena, the study was repeated 

using a second specimen, Sample 6441-02, which contained smaller flaws of length 8 

mm and smaller depths (estimated as > 5.6 mm for Sample 6441-01 and > 3.5 mm using 

ACFM in previous work (8, 9)) which was scanned under the same controlled conditions 

and inspection parameters as the previous study. This sample was prepared at the same 

time as 6441-01 using the same parent and weld metals, the same welding technique and 

parameters, and was performed by the same welder. As such, the inspection parameters 

were controlled and kept as similar as possible for both specimens and both 

investigations. 
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Based on the root cause theories made above, the inflection point would either remain 

constant or increase, depending on the cause of the phenomena. As such, the theory 

involving magnetic relaxation would produce no change in inflection point since it can 

be assumed that on average the microstructures in Sample 6441-01 resemble those of 

6441-02. Likewise, the theory involving the electromagnetic skin effect reducing the 

background noise due to detecting fewer microstructures would result in no change. 

However, the explanation involving the electromagnetic skin effect creating stronger 

MFL responses from flaws because of the stronger applied magnetic fields at flaw 

boundaries due to increased confinement would produce an increase in inflection point 

frequency since the flaws on Sample 6441-02 were ~38% less deep than those in Sample 

6441-01. 
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3.  Results and Discussion 
 

For consistency, the resultant images obtained for Sample 6441-02 which correspond to 

those shown in Figure 5, are shown below in Figure 7. As before, note the clarity and 

prominence of the flaws in differential mode: 

 

 
(a) Absolute DC 40 mT image 

 

 
(b) Differential DC 40 mT image 

 

 
(c) Absolute 500 Hz 20 mT image 

 

 
(d) Differential 500 Hz 20 mT image 
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(e) Absolute 1 kHz 5 mT image 

 

 
(f) Differential 1 kHz 5 mT image 

 

Figure 7. Corresponding examples of some absolute and differential 

magnetic images from some of the scans of Sample 6441-02. 

 

To test the origin of this inflection point, the same quantitative analysis was performed 

on the differential images obtained for Sample 6441-02, with SNR plots shown below in 

Figure 8.  

 
(a) SNR plot for Flaw 1 

 

0 200 400 600 800 1000

-4

-2

0

2

4

6

F
la

w
 1

 S
N

R
 

1
fB

 (
d
B

)

Frequency of applied magnetic field, f (Hz)

 5 mT

 10 mT

 20 mT

 30 mT

 40 mT

 50 mT

 60 mT



 16 

 
(b) SNR plot for Flaw 2 

 

 
(c) Mean SNR plot 

 

Figure 8. SNR plots obtained from scans of Sample 6441-02. 

 

 

Figure 8 also shows that flaw detectability is increased when higher frequencies and 

stronger strengths of applied magnetic field are used, agreeing with the previous 

investigation and adding confidence to the quantitative analysis performed. 

 

However, Figure 8 does also suggest a reduction in inflection point frequency which was 

not predicted, suggesting that the phenomena is not related to changes in magnetic 

permeability (i.e. magnetic relaxation) of microstructures / parent metal within this DC – 

1 kHz operating range or from the electromagnetic skin effect. 
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To further investigate whether this inflection point was related to electromagnetic skin 

effect, the B-H curve for AISI 1010 was used to transform the B-field applied magnetic 

field strength into quasi-H field. This was considered a quasi-quantity since the 

calibrations were obtained with some degree of lift-off involved, i.e. taken in air which 

does not have a B-H curve of AISI 1010. The strength of the applied magnetic field was 

also estimated using Equation (4) below: 

𝐻𝑑 = 𝐻0𝑒− 
𝑑

𝛿 ................................................................................................................... (4) 

𝛿 = √
1

𝜋 𝑓 𝜇𝑜 𝜇𝑟 𝜎
   

Where 𝑯𝒅 is approximated strength of the applied magnetic field at the flaw depth (A 

m-1) , 𝑯𝟎 is the strength of the applied magnetic field transformed into its quasi-H 

quantity (A m-1), 𝒅 is the flaw depth (mm), 𝛅 is the skin depth (m), 𝒇 is the frequency of 

the applied magnetic field,  𝝁𝒐 is the magnetic permeability of free space,  𝝁𝒓 is the 

relative magnetic permeability of the sample and 𝛔 is the electrical conductivity of the 

sample (S m-1). 

 

Using this, the mean SNR plots for Sample 6441-01 (i.e. from Figure 6) were transformed 

as shown below in Figure 9: 

 
(a) Mean SNR plot with no B-H transformation for comparison 
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(b) Mean SNR plot with applied magnetic field transformation 

 

 
(c) Mean SNR plot with applied magnetic field transformation and estimation of 

field at sample depth 
 

Figure 9. SNR plots using transformed applied magnetic field 

obtained from scans of Sample 6441-01. 

 

Figure 9(a) shows that there is a clear distinction between the trends for SNRs with 

frequencies > 200 Hz, indicative of the inflection point phenomena. However, even with 

approximate estimation of the applied magnetic field in H-field, this distinction has been 

lessened; and with coarse estimation of field strength at the flaw depth the distinction has 

been completely removed. 

 

As such, this analysis suggests that the inflection point phenomenon is simply an artefact 

of B-H non-linearity and electromagnetic skin effect, where the low frequency strongest 
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applied magnetic fields were less represented on B-field vs. SNR plots than on ~H-field 

vs. SNR, and confirms that the applied magnetic field used in this AC MFL technique is 

affected by the electromagnetic skin effect (even though it is applied to and not induced 

in the sample). 

 

Therefore, this work has emphasised the importance and best practice to convert applied 

magnetic fields into quasi-H field quantities for fairer representation when analysing for 

optimisation and flaw detectability. It therefore also suggests it is good practice to convert 

MFL measurements into quasi-H field quantities too. 

 

This work also shows that there is no particular “optimum” applied magnetic field or 

frequency within the operational range of the XYZ scanner, DC – 1 kHz, 5 mT – 100 mT 

rms applied field, for MFL performed using an electromagnet producing such a magnetic 

field behaviour, instead showing that flaw detectability is simply increased using the 

highest frequency achievable of sufficient strength (which can be determined using this 

optimisation procedure).  
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4.  Conclusions 
 

In this work, magnetic images using a QWHE sensor XYZ scanner were obtained with 

various applied magnetic field frequency and field strengths across the complete 

operational range of the scanner (DC – 1 kHz, 5 mT – 100 mT rms applied field). 

 

Quantitative analysis was then performed to determine that there is no optimum applied 

magnetic field frequency or field strength determined by the sample material properties 

within the operational range of the XYZ scanner. This work details the iterative 

development and optimisation of the low power MFL imaging technique and outlines 

some best practice procedures regarding inspection parameter optimisation. 

 

It is intended that this work is continued with the development of a new electromagnet 

for the XYZ scanner which is capable of higher frequencies of applied magnetic field 

strength within the ≥ 5 mT rms region, to determine if such an optimum frequency exists, 

better suited to the inherent material properties or nature of MFL. It is also intended to 

use this data, along with additional investigations, to help develop the underlying 

knowledge of AC MFL mechanisms towards a simple low-strength (< 100 mT rms 

applied field) dipole model accounting for AC phenomena. 

 

Future work being undertaken to develop the maturity of the QWHE imaging technique 

includes: repeating the study using various lift-off values to measure the effect of lift-off 

for MFL imaging using QWHE sensors; developing enhanced, optimised imaging 

technology based on this underpinning research; developing image enhancement 

techniques and automated flaw detection and sizing algorithms using frequency-based 

analysis and/or spatial MFL field distribution around flaws; building a database of MFL 

responses from flaws of known dimensions for future enhanced characterisation and 

reconstruction; and developing multi-frequency / pulsed applied magnetic field 

technologies for detection, imaging, sizing and characterisation of surface-breaking and 

near-surface flaws (< 3 mm from surface) for ferromagnetic and non-ferrous conductive 

materials (i.e. titanium alloys and carbon fibre composites). 
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