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Influence of yoke legs front shape on reproducibility of measuring conditions with change of the air gap between the sample 
and the attached yoke is investigated. The influence of the air-gap-change on the flux density inside the yoke and on the sample 
surface (in the centre between the yoke legs) was analysed using the 2D and the 3D FEM modelling. The results of modelling are 
compared with experimental results obtained from measurements with a Hall probe and differences between them are discussed. 
From the results it can be seen, that the cylindrical shape of the yoke legs front helps to stabilize the sample surface field gradient, 
which improves reliability of determination of the inside-sample field with a single Hall probe. 
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1  INTRODUCTION 

 
 

Magnetic techniques such as hysteresis and magnetic 
Barkhausen noise (BN) measurements are considered as 
potential non-destructive evaluation (NDE) methods for 
microstructural characterization and stress-strain meas-
urements of ferritic steels [1]. The effect of loading (ten-
sile deformation in elastic or plastic region, thermal age-
ing and irradiation) on magnetic parameters has been stud-
ied in many papers. The yoke (permeameter) methods are 
usually used for realization of a closed magnetic circuit, 
though the presence of the yoke significantly influences 
behaviour of the measured sample. Different kinds of so-
called single-strip testers, such as those employing hori-
zontal or vertical single and double C-yokes have been 
investigated in literature [2]. From the point of view of 
intrinsic sample parameters measurement, all of them 
more or less suffer from disadvantages in comparison with 
classical magnetic measurement methods, using the sam-
ple shaped to a closed magnetic circuit. However, the ex-
act measurement of material parameters is not a problem 
at the NDE, where we are looking merely for rela-
tive/systematic changes of the parameters during or after 
the loading. When we are concerned with the space distri-
bution of measured parameters values over the investi-
gated body surface/volume, the microstructural charac-
terization or the stress-strain in-situ measurements of 
large samples is practically feasible only using a single C-
yoke. The magnetizing C-yoke assembly usually also in-
cludes a pick-up coil situated between the C-yoke legs 
(BN measurements) or on the C-yoke body (minor hys-
teresis loops measurements) [3, 4]. In practical applica-
tions this “measuring head” is moved by a suitable posi-
tional system step by step on the surface of the investi-
gated object. Since it is not always possible to polish the 
surface to be ideally plane and smooth, the main problem 
of reproducibility of the measurement conditions at all 
places on the surface is connected with uncertainty of the 
air gap within the contact between the yoke and the meas-

ured object. The problem of influence of the air gap un-
certainty in connection with magnetic methods of NDE 
was analysed for example in [5, 6], where the 2D FEM 
modelling was used. In both papers the plane shape of the 
air gap given by the plane shape of the yoke legs and the 
measured sample was assumed. The main aim of this pa-
per is to discuss the influence of the yoke legs shape on 
the reproducibility of the measuring conditions with 
change of the air gap between the sample and the attached 
yoke. The results of modelling are compared with experi-
mental results obtained from measurements with a Hall 
probe and differences between them are discussed. The 
influence of the change of the yoke legs shape on the re-
sults of the complex MAT (Magnetic Adaptive Testing) 
evaluation of plastically deformed samples of low-carbon 
steel is discussed too. 

 
 
 

2 FEM MODELLING 
 
 

FEM modelling was performed for a disc sample with 
the thickness of 3 mm and diameter of 115 mm (Fig. 1). 
Two types of the yoke were analysed, the first one with 
the plane front of the yoke legs (Fig. 1a), and the second 
one with the cylindrical front of the yoke legs (Fig. 1b). 
Both types of the yoke had the height of 32 mm, the legs 
distance of 20 mm, and the legs cross-section of 
10x10 mm. We changed the air gap between the yoke and 
the sample from 0 to 50 µm and 200 µm. Additional com-
putations were performed with the gap realized by ten 
fractions of cylindrical humps with the height of 50 µm 
and the base cross-section of 10x1 mm of the same mate-
rial as the sample. 

The influence of the gap on the flux density in the 
yoke and on the sample surface field was first analysed 
using the 3D FEM modelling with the ANSYS program, 
which better approximates the real measuring assembly 
than the 2D modelling. The 3D modelling was checked 
using 2D modelling with the FEMM program, which al-
lows to use much higher number of nodes in the cross 
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section of the 3D modelled geometry together with much 
lower computation time, which was several minutes com-
pared with several hours in the case of the 3D computa-
tion. Magnetic field in the sample was excited by the cur-
rent flowing through two coils wound around the legs 
with the total magnetomotive force of 200 ampere-turns. 
 

a) 

plane of the 
2D modelling 

 

b) 

plane of the 
2D modelling 

 
 

Fig. 1. Plane (a) and cylindrical (b) yokes placed above the sample 
surface. 

Fig. 2. Static magnetization curve used in the FEM. 
 
 

As the material of the yoke and the sample we selected 
the low-carbon steel analysed in [7] with the measured 
magnetization curve shown in Fig. 2, which was obtained 
by measuring and then supplied to the programs by means 
of a text file. The way of evaluation was a solution of the 
steady-state problem for the appropriate static magnetiz-
ing current. 

We calculated - for two different yokes and for various 
air gaps - the tangential component of the magnetic field 
intensity in the centre between the yoke legs as a depend-
ence on the distance from the lower sample surface, by 
means of the 3D (Fig. 3) and the 2D (Fig. 5) modelling, as 

a) 
 

 

b) 
 

 

 
 

Fig. 3. Dependencies of the field intensity H on the distance from the 
lower sample surface d for the plane (a) and cylindrical (b) yokes, ob-

tained by the 3D modelling. 
 
 
 

a) 

 

b) 

 

 

Fig. 4. Dependencies of the flux density B on the distance d from the 
bottom of the plane (a) and cylindrical (b) yokes, obtained by the 3D 

modelling. 
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Fig. 5. Dependencies of the field intensity H on the distance from the 
lower sample surface of the plane (a) and cylindrical (b) yokes, obtained 

by the 2D modelling. 
 
 

Table 1: Percent decrease, DH, of the sample field for various air gaps 
in compare with the case of no gap, obtained by the modelling. 

Gap Humps 50 µm 200 µm 

Plane 5.1 29.7 70.1 
2D 

Cylindrical 13.3 39.5 62.6 

Plane 1.13 10.7 61.2 
DH [%] 

3D 
Cylindrical 7.1 17.5 53.1 

 
 

Table 2: Percent decrease, DB, of the yoke flux density (at d = 16 mm) 
for various air gaps in compare with the case of no gap, obtained by the 
modelling. 

Gap Humps 50 µm 200 µm 

Plane 0.64 4.59 30.1 
2D 

Cylindrical 10.4 28.5 55.4 

Plane 1.46 10.3 57.4 

DB 
[%] 

3D 
Cylindrical 5.47 17.4 50.5 

 
 

well as the magnetic flux density, B, at the centre of the 
yoke leg as a dependence on the distance from the bottom 
of the yoke leg, by means of the 3D modelling (Fig. 4). 

The presented results show that at small air gaps the 
relative decreases of the sample field (Tab. 1) and the flux 
density in the yoke leg centre (Tab. 2), compared with the 
case of no gap, are smaller for the plane yoke fronts. Only 
at the large gap of 200 µm, these relative changes are 
smaller for the case of the cylindrical yoke fronts. 

As can be seen from Figs. 3 and 5, we achieved similar 
behaviour of the magnetic field for both the 3D and the 

2D modelling. However, the sample fields in the 3D case 
are much lower than in the 2D case, which is caused by 
different stray fields between the yoke legs, since the 2D 
case assumes an infinite yoke width. In general, the de-
pendence of the field intensity on the distance from the 
sample top surface is non-linear and it is highly influ-
enced by the air gap size. In the case of no gap between 
the sample and the plane yoke, the field intensity slightly 
above the sample is practically the same as the intensity 
inside the sample. After introducing an air gap, the differ-
ence between the fields above and inside the sample in-
creases and this complicates determination of the real 
sample field using a Hall probe placed above the sample. 
Even though the slope of the field below the sample is 
much lower than that above the sample, the space under 
the measured material is usually inaccessible in real con-
ditions and therefore the field inside the sample cannot be 
estimated by measurement of the field under the sample. 
Another possibility is to measure the gradient of the sur-
face field using several probes positioned above the sam-
ple surface and than to extrapolate the field inside the 
sample [8], but this method is complicated and requires a 
more difficult measuring set-up. Therefore the measure-
ment with one probe only is frequently used. 

In the case of the cylindrical yoke fronts, the slope 
above the sample is higher than that with the plane yoke 
fronts, but it changes only slightly with the air gap. It 
should be noted that the air gap width depends on the ge-
ometry of sample surface, but in general it is expectable 
that the cylindrical yoke will better fit on the sample sur-
face and therefore the gap width will be smaller than in 
the case of the yoke with the plane legs. On the other 
hand, in the case of the cylindrical yoke fronts the field 
intensity in the sample is approximately 60 % lower com-
pared with the plane yoke, and therefore to achieve the 
same field in the sample it is necessary to use much higher 
magnetizing current. This can be a problem especially in 
the case of a very rough sample surface, when it would 
not to be easy to achieve saturation of the sample. 

 
 

Table 3: Comparison of the sample field extrapolation errors for the cy-
lindrical and the plane yokes using the 3D modelling. 

Gap No gap Humps 50 µm 200 µm 

Cylindrical 0 10.77 21.26 114.14 
δ (%) 

Plane 0 19.79 57.31 221.74 
 
 

Small change of the surface field gradient with the gap 
can be utilized to increase the precision of measurement 
of the sample field with a single probe positioned above 
the sample. In this case, the field in the sample can be 
extrapolated from the field slightly above the sample, us-
ing the known slope of the field obtained from a meas-
urement at no gap. The comparison of the error of evalua-
tion of the sample field using this method between the 
cylindrical and the plane yokes, obtained from the 3D 
modelling, is given in Tab. 3. The evaluation error δ is 
calculated using the following equation 
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where He is the extrapolated field obtained using the dif-
ference of the fields inside and at the position of the probe 
in the case of no gap, and Hr is the real field inside the 
sample. The distance of the probe from the sample surface 
should be small, since the non-linearity of the field gradi-
ent increases with this distance from the surface. How-
ever, it is restricted by the distance between the centre of 
the active area of the probe and the edge of the probe sub-
strate, which is usually several hundreds µm. Further, it is 
generally hard to establish very small distances, especially 
on very rough sample surfaces. As a compromise, we 
choose for modelling the distance of 0.5 mm. 

As we can see from Tab. 3, the evaluation error of the 
single probe method with the cylindrical yoke fronts is 
smaller than in the case of the plane yoke fronts for all 
sizes of the gap. This error increases with the size of the 
air gap. It should be noted that we compared the evalua-
tion errors at the same air gap, but for the real uneven sur-
face the effective air gap in the case of the cylindrical 
yoke fronts should be smaller (or at worst equal) than in 
the case of the plane yoke. This could further favour the 
cylindrical yoke legs before the plane legs. 

The difference between the evaluation errors of the 
both yoke cases changes also with the probe distance from 
the sample surface. When we move the probe away from 
the top sample surface, the change of the field with the air 
gap in the case of the plane yoke increases and therefore 
the difference between evaluation errors of these two 
types of the yokes increases. On the contrary, the decrease 
of the distance between the sample and the probe favours 
the plane yoke. To decrease the evaluation error further it 
is suitable to enlarge the width of the cylindrical yoke 
legs, which results in a decrease of the surface field gradi-
ent, as we can ascertain by comparing Fig. 3b for the fi-
nite yoke width with Fig. 5b for the infinite yoke width. 
However, the dimensions of the yoke legs are usually re-
stricted by the sample size. 

 
 

Table 4: Surface field gradients for different static permeabilities of the 
sample. 

 
 
 

We tested also the influence of the sample permeabil-
ity on the surface field gradient. The permeability of the 
cylindrical yoke, µy , was the same as in the previous mod-
elling and we varied the static permeability of the sample  
µs , from 1 to 1/3 times the static permeability of the yoke. 
The field gradients ∆H/∆d obtained from the fields inside 
and 0.5 mm above the sample by means of the 2D model-
ling for two different gaps are shown in Tab. 4. From the 
table we can deduce that the permeability of the tested 
object should not change substantially, otherwise the 

change of the field gradient and therefore the evaluation 
error of the proposed method would be high. 

 
 
 

3  EXPERIMENTAL RESULTS 
 
 

To verify the previous results of modelling experimen-
tally, we measured the surface field gradients using an 
universal tangential Hall probe with the active area of 
100x100 µm and with the distance between the active area 
centre and the probe surface of 250 µm, in the same ar-
rangement as in Fig. 1. The magnetomotive force applied 
to the yoke was 100 ampere-turns. From the results listed 
in the Tab. 5 we can see that in the case of the yoke with 
the plane legs fronts the surface field gradient changes 
substantially, unlike the case of the cylindrical legs fronts, 
as we ascertained also by modelling. However, the fields 
in the sample were about 50 % higher than the fields ob-
tained using the 3D modelling, even at the lower magne-
tomotive force. This discrepancy can be explained by the 
difference between the magnetization characteristics of 
the measured and modelled materials. 

 
 

Table 5: Measured surface field gradient as the dependence on the air 
gap size for the cylindrical and the plane yokes. 

Gap (µm) 0 50 100 

Plane 385 615 635 ∆H/∆d 
(A/m/mm) Cylindrical 670 670 650 

 
 

Table 6: Measured decrease, DH , of the sample field at the air gap of 
50 µm in compare with the case of no gap, for various magnetomotive 
forces (MMF). 

MMF [At] 19 38 54 108 

Plane 29.7 37.7 36.0 24.5 DH 
[%] Cylindrical 33.1 27.2 22.7 17.0 

 
 

Additional measurements performed to investigate the 
influence of the magnetizing current on the gap-induced 
change of the sample field are summarized in Tab. 6. 
From the table can be seen that at higher magnetizing cur-
rents the gap-induced change of the field in the sample 
magnetized by the cylindrical yoke is lower than in the 
sample magnetized by the plane yoke. This is caused by 
the decline of the field change in the sample magnetized 
by the cylindrical yoke, which starts at lower magnetizing 
currents than in the case of the plane yoke fronts, due to 
local saturation of the small volume of the cylindrical 
yoke in contact with the sample. 

As an example of comparison between plane and non-
plane (spherical) yokes we investigated the plastic defor-
mation of low-carbon steel using these yokes. Hysteresis 
measurements of minor loop families were done with 
magnetization parallel to the strain direction and MAT 
parameters [9] were evaluated. Some of the most sensitive 
dependences of the MAT parameter (the ratio between the 
permeability of the non-deformed sample, µn, and the 
permeability of the sample deformed to a particular strain, 
µ,) on the strain ε for various current values, Ia, and am-

µs /µy 1 1/1.5 1/2 1/2.5 1/3 

No gap 728 686 654 624 596 ∆H/∆d 
 (A/m/mm) Humps 762 712 662 620 602 
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plitudes, Im, of the magnetizing current are shown in 
Fig. 6. 
 
 

a)

 

b)

 

 

Fig. 6. Measured µn/µ-MAT parameter versus strain ε for the plane (a) 
and spherical (b) yokes. 

 
 

From the graphs we can see that the sensitivity of the 
MAT parameter on the strain is higher in the case of the 
plane yoke fronts, where the best sensitivity is achieved 
for small amplitudes of the magnetizing current. On the 
contrary, the best sensitivity in the case of cylindrical 
yoke fronts is achieved at high amplitudes of the magnet-
izing current, since at low amplitudes the induction signal 
is very noisy. 

 
 
 

4  CONCLUSIONS 
 
 

From the results it can be seen, that the cylindrical 
shape of the yoke legs helps to stabilize the magnetic field 
in the sample only at large air gaps and large magnetizing 

currents. Small change of the surface field gradient with 
the gap size in the case of the cylindrical yoke can be util-
ized to decrease the error of measurement of the sample 
field by means of a single probe, using the proposed 
method. To make the method feasible, we have to know 
the surface field gradient and the permeability of the sam-
ple should not change substantially. Further, using the 
yoke with the cylindrical legs fronts can substantially de-
crease the sensitivity of the measured parameter in the 
MAT method. The other disadvantage of the cylindrical 
yoke fronts is a higher magnetization current needed to 
achieve the same field in the sample as in the case of the 
plane legs fronts. 
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