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Abstract: The aim of the present work is to introduce some novel possible ways for the 
semiquantitative analytical characterization of ferromagnetic steels. The characterization attempt 
focuses on microstructural changes occurring under the combined influence of certain 
mechanical loading as well as physico – chemical degradation factors such as applied stress-
strain, tempering processing and salt water – induced electrochemical corrosion. In this 
direction, various conveniently simple developed functional modelling approaches are used to be 
able to analyse and estimate related experimental results obtained by means of micromagnetic 
Barkhausen emission measurements. The approaches are correlated to macroscaling as well as 
microscaling parameters such as stress-strain, dislocation – controlled cell size and pinning 
spacing – strength as well as internal cell flow stress. The needed correlations and estimations 
are made on the basis of an adopted specific micromagnetic activity parameter by which the 
obtained experimental data are compared and analysed.  In this manner the opposite effects of 
internal flow stress and cell size reduction on the micromagnetic activity can reasonably be 
demonstrated where the first tends to stimulate an increase while the second a decrease in the 
specific micromagnetic parameter with progressive plastic deformation. One can further 
demonstrate that various physico-chemical degradation factors may markedly influence the 
microstructural as well as micromagnetic behaviour. For instance, hydrogen produced by 
corrosion of steel in NaCl – water solution and tempering processing lead to appreciable 
mechanical embrittlement as well as magnetic hardening of steel, expressed by an associated 
decrease in the specific micromagnetic parameter. With respect to this the tempering processing 
leads to a higher magnetic hardening compared to the corrosion process of steel.  

Key Words: Micromagnetic activity, J-parameter,cell – size, cell flow stress, q- factor, strain, 
pinning spacing- strength, dislocation, domain wall, mobility.
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1. Introduction

Physical and mechanical characterization of 
structural steels by non-destructive 
techniques may become vital for assessment 
of proper initial heat treatment and 
subsequent degradation of microstructural 
and mechanical properties of steel elements 
exposed to in service conditions such as 
creep, static or cyclic loading.  With respect 
to this, micromagnetic Barkhausen emission 
(MBE) is widely used as a basic 
characterization   technique    for    structural  

steels [1], [2], [3], [4], [5], [6], [7], [8], [9], 
[10], [11], [12], [13], [14], [15], [16]. 
Nevertheless, the underlying magnetization 
process in magnetic materials has been an 
important and difficult research subject for 
many years because of a lot of factors 
contributing to the process. This can be 
described on both macroscopic and 
microscopic scales and analysed by different 
methods, such as magnetic hysteresis 
loop, which is mainly 
representative of macroscopically – 
averaged magnetization 
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events, as well as by MBE describing 
various microscopic physical properties of 
material and including its local mechanical 
state. It is interesting to note the significant 
fact that the MBE provides a non – 
destructive information on the state of a 
magnetic material which is independent of 
that obtained by bulk magnetic techniques 
such as hysteresis. It is well- known that 
magnetization processes in ferromagnetics 
are strongly influenced by the stress-strain 
state of material under activation of 
micromagnetic phenomena determined by 
the domain wall dynamics [11], [12]. 
For instance, plastic deformation gives 
rise to regions of high dislocation density 
which due to long-range stress field 
interaction, may impede domain wall 
motion. Elastic stress also affects the 
MBE because of the magnetoelastic 
coupling effects. By these effects domain 
magnetization tends to align with an easy 
crystal axis lying closer to the direction of 
stress axis and as such to stimulate an 
increase in the MBE-rate.

The MBE can be detected as electric voltage 
pulses induced by abrupt- discontinue 
changes in magnetization which are 
the result of irreversible domain wall 
motion between pinning obstacles (sites). 
The type of obstacles which act as energy 
barriers to domain wall motion may 
be grain boundaries, dislocation 
arrays, voids, microcracks, stress 
gradients, precipitations and other 
microstructural defects or 
discontinuities.

Today, various, more o r less sophisticated 
magnetic testing techniques are used 
to characterize many types of structural 
steels [10]. However, due to the 
complexity of data interpretation, view of 
these techniques are used for a more 
easy and practical characterization of 
steels under combined influence of 
applied stress and various physico- 
chemical degradation factors [5], [8], 
[13], [14]. In this sense a correct 
explanation and interpretation of data for 
materials tested under conditions of 
combined progressive plastic 
deformation and various environmental  

degradation factors, become a complex task. 
Under these conditions, for instance, the 
superposition of residual and applied 
stress becomes competitive with peculiar, 
internal physical factors, resulting in 
an unexpected mechanical strength 
degradation of steel. The present work 
focuses on a more or less semiquantitative 
characterization of MBE- response of a 
mild steel under the combined influence of 
applied stress and various thermal and 
electrochemically corrosive environmental 
loading factors. This task is performed on 
the basis of appropriate modelling 
approaches by which relevant 
characteristic parameters are introduced and 
their adequacy and reliability analysed and 
discussed.   Nevertheless, one must be very 
careful in this attempt because there are 
some difficulties which researchers 
experience to study the MBE phenomenon. 
These are mostly related to the very 
sensitive nature of the emission to 
microstructural changes in material. 
Furthermore, a small change not only in one 
of the microstructural parameters but also in 
one of the generating or detecting 
parameters of the emission of an 
experimental set up may result in additional 
challenges to interpret in a correct way the 
obtained results [16].       

2. Theoretical Background

2.1. Basic Assumptions

A general form of specific potential energy 
of domain wall in form of 

𝐸𝑝 =
1

2
𝑎0(𝑠 − 𝑠0)2 + 𝑎2(𝑠 − 𝑠0)4 +

𝑎3(𝑠 − 𝑠0)6 … … . +𝑎𝑖(𝑠 − 𝑠0)2𝑖 (1)

can be assumed, where by definition a 
stable, minimum energy location So may by 
chosen. The desired specific domain wall 
energy stored in the unit area of crystal 
lattice, a*, is given as:

𝛾 = 𝜋 ∙ (𝐴 𝐾1 𝑎∗⁄ )1 2⁄       (2)           
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Now, by taking in Eq. (1) a0 >>ai  (i>0), one 
can obtain an approximated form of 
potential energy given by [12]: 

𝐸𝑝 =
1

2
𝑎𝑜𝑠2 ∝ 𝛾                                (3)                                                                                          

where A is the exchange energy constant 
and K1 the cubic magnetocrystalline 
anisotropy constant. The magnetic energy is 
assumed to be changing with the related 
displacements of the wall, [12]. 

𝐸𝐻 = −2𝐼𝑠 ∙ 𝐻 ∙ 𝑠 ∙ 𝑐𝑜𝑠𝜗                        (4)                                                                                                            

The total energy has the form  

𝐸 = 𝐸𝑝 + 𝐸𝐻 =
1

2
𝑎0 ∙ 𝑠2 − 2𝐼𝑠 ∙ 𝐻 ∙ 𝑠 ∙ 𝑐𝑜𝑠𝜗                                                                                                  

(5) 

Here Is is the saturation magnetization, H 
the applied magnetization filed and θ the 
angle between the direction of applied filed 
and domain wall magnetization.  

By this, from the condition of minimizing 
the free energy, results:  

   𝜗𝐸

𝜗𝑠
= 0 = 𝑎0𝑠 − 2𝐼𝑠 ∙ 𝐻 ∙ 𝑐𝑜𝑠𝜗             (6)                                                                                    

and further  
𝑠 =

2𝐼𝑠𝑐𝑜𝑠𝜗

𝑎0
∙ 𝐻                                     (7)                                                                                      

This relationship may tentatively be seen as 
a condition of a probable transition from a 
reversible to an irreversible jump motion of 
domain wall in overcoming the potential 
energy of pinning sites (abstacles). 

Now Eq. (4) becomes: 

|𝐸𝐻| =
4𝐼𝑠

2∙𝐻2𝑐𝑜𝑠2𝜗

𝑎0
= 𝐼𝜗 ∙ 𝐻                     (8)                                                                                                  

Further we put: 

𝐼 =
4𝐼𝑠

2𝑐𝑜𝑠2𝜗∙𝑆∗

𝑎0
= 𝐼𝜗 ∙ 𝑆∗                            (9)                                                                                                      

Where I=total magnetization, Iθ = angular 
magnetization and  𝑆∗ =

𝑙𝑥
2+𝑙𝑦

2+𝑙𝑧
2

𝑙𝑥𝑙𝑦∙𝑙𝑧
= 3 𝐿⁄  

is the specific wall surface or total area of 
180 0- walls included in a unit volume 
provided that the internal stress fluctuates 

with same intensity in the x, y, and z 
directions 

(𝑙𝑥𝑙𝑦 = 𝑙𝑧 = 𝐿 = 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. ) 
[12]. 

When the angular distribution of domain 
magnetization is isotropic, than one can 
calculate 

∫ 𝑐𝑜𝑠2𝜗 ∙ 𝑠𝑖𝑛𝜗
𝜋 2⁄

𝑜
𝑑𝜗 = 𝑐𝑜𝑠2𝜗̅̅ ̅̅ ̅̅ ̅̅ =

1

3
                    

and Eq. (9) becomes 

𝐼 =
4

3
𝐼𝑠

2 ∙ 𝐻 ∙ 3 𝑙⁄ ∙ 𝑎𝑜 = 4𝐼𝑠
2 ∙ 𝐻 𝐿⁄ ∙ 𝑎𝑜      (10)                                                                                                          

Here a0, is the potential strength or gradient 
factor given as: 

𝑎0 =
𝜗2𝛾

𝜗𝑠
                                                (11)                                                                                    

Furthermore, it is known that the voltage 
signal, induced and detected in the 
experimental magnetizing set up, is given by 
the induction law given as: 
𝑑𝐵

𝑑𝑡
=

𝑑𝐼

𝑑𝑡
+ 𝜇0

𝑑𝐻

𝑑𝑡
= 𝑉𝑟𝑚𝑠 ∙ 𝐶0                        (12)                                                                                                       

Where C0 is an electronic processing 
accommodation constant and Vrms the root-
mean-square voltage measured over given 
magnetization cycles. 

Finally, one may estimate as: 4I2
S/L. a0 >> 

μ0                                                                                                                                                                     

And Eq. (12) becomes: 
dβ/dt=dI/dt=Vrms.C0                         (12a) 
 2.2 Preparative approaches 

During plastic straining a cell-structured 
dislocation array develops by a decrease in 
the related cell size. An associated effective 
internal cell flow stress field develops 
equivalent with the local stress field (seen) 
by mobile dislocations moving through the 
“forest” - sessile ones. In this manner the 
applied effective stress results from 
superposition of elastic and (shear) flow 
stress concentrated around cell walls. Thus, 
the magnetic walls are more likely to 
interact with forming cell walls rather than 
with individual dislocations since effective 
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internal stress is almost proportional to the 
absolute value of internal stress depending 
on the microstructure of dislocation 
network. In this sense the major obstacles in 
form of pinning sites to the motion of 
domain walls appear to be dislocation 
tangles localized within the cell walls and/or 
grain boundaries. Single defects, like 
isolated dislocations can interact with small 
domain wall displacements, mostly in the 
so-called Rayleigh region of hysteresis.

Thereafter, the wall motion can be 
approached by assuming, in a first instance, 
ao=constant, which means that the strength 
of potential wall does not change with time 
of domain wall motion. At the same time, it 
is advisable to introduce a simple form of an 
operative, highly localized cell (grain) stress 
field given by periodic variations as 
expressed by [12]: 

Ϭ𝑠 = Ϭ0𝑐𝑜𝑠2𝜋
𝑠

𝑙
  (13)  

Here, 𝑙is the average wave length of spatial 
(planar) variation and σ0 the amplitude of 
this field (see also Appendix-A). The 
existence of this field could be substantiated 
by the fact that it may reasonably be 
correlated to with the internal flow stress- 
aided formation of dislocations tangles-
structured cell walls [9] (see also Appendix-
A). Furthermore, the Eq. (13)   takes into 
consideration the existence in the material 
of localized, long-range, statistical 
thermoelastic stress fluctuations [10] which, 
in turn, may cause respective fluctuations in 
the  domain wall pinning energy, fact 
coupled through Eq. (13) and (14), with a 
decrease in the 𝐾𝑒𝑓𝑓. Thus, thermoelastic 
changes-stimulated irreversible wall 
displacements may also contribute to a net 
increase in the micromagnetic activity – 
determined MBE. Moreover, one can 
reasonably assume, in a “Zeroth” 
approximation, the validity of the 
expression:  𝑙 = 𝑙= effective pinning 
spacing which would determine the 
effective mean-free path length of moving 
domain wall. Thus, by means of the sketch 
of Fig (1) one may argue that Eq. (13) 

describes a stress state, developed between 
pinning sites as given by Ϭ0 = Ϭ𝑠(𝑠 → 0) and 
Ϭ0 = Ϭ𝑠(𝑠 → 𝑙) conditions determined by 
cell size and/or grain boundaries. In this 
approach it is assumed that domain walls 
initially may “oscillate” between these 
pinning barriers having a probability to 
overcome these barries and consequently to 
move irreversibly giving a Barkhausen 
event. In general, it is pointed aut that the 
above introduced internal stress field should 
be considered as an effective, highly 
localized one, affecting the mobility of 
magnetic walls, rather than an internal field 
in the usual sense  

Figure 1: Sketch of internal cell flow stress distribution.

Thus, the existence of such a field leads to a 
reduction in the effective magnetocrystalline 
anisotropy constant as given by [12]

𝐾𝑒𝑓𝑓 = 𝐾1 −
3

2
𝜆 ∙ Ϭ𝑠   (14)  

thus increasing the micromagnetic emission 
activity; λ is the saturation magnetostriction 
constant. 

In inserting Eq.  (14) into Eq. (2) one 
obtains: 

𝛾 = 2√𝐴𝐾1 [1 −
3

2

𝜆Ϭ𝑠

𝐾1
]

1 2⁄

= 2√𝐴𝐾𝑒𝑓𝑓  (15)        

Thereafter, by means of Eqs. (15) and (11) 
one may calculate the potential strength 
constant a0.  Since the needed algebra of 
approximation steps is somewhat lengthy, 
these are given in the unpublished data of 
the authors [17]. So, it can be shown that: 
𝑎0 ≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡.∙ 1 𝑙2⁄

WSEAS TRANSACTIONS on ELECTRONICS 
DOI: 10.37394/232017.2022.13.8 A. F. Altzoumailis, V. N. Kytopoulos

E-ISSN: 2415-1513 55 Volume 13, 2022



2.3 Uniform wall motion 

In the next second approach we introduce a 
more general formulation of cell flow stress 
compared to Eq (13):

Ϭ𝑠 =
Ϭ0

1+𝑞0
[|𝑐𝑜𝑠

2𝜋𝑠

𝑙
|

𝑞
+ 𝑞0]  (16) 

Here, q and 𝑞0 are applied stress-dependent 
parameters, where q should decrease while 
𝑞0 increase with applied remote stressϬ∞. 
The essence of this field is illustrated in the 
sketch of Fig (1). More concrete, q arises to 
be a stress field shape – strength number 
and 𝑞0 an overall stress field shift number.

It is mentioned that the wave length,𝑙 , or 
pinning spacing 𝑙 in Eqs (13) and (16) 
should obey the condition𝑙𝑔 ≥ 𝑙 ≥ 𝑙𝑐, where 
𝑙𝑔 is the average grain size (diameter) and 𝑙𝑐 
the average cell size (diameter). 
Furthermore, one may put: 

𝛾 ∝ √𝐴𝐾𝑒𝑓𝑓  (17) 

By virtue of Eq (15), Eq (16) and Eq (17) it 
follows 

𝛾 = 2√𝐴𝐾1 {1 −
Ϭ0

1+𝑞0

𝜆∙3

𝐾1∙2
[|𝑐𝑜𝑠

2𝜋𝑠

𝑙
|

𝑞
+ 𝑞0]}

1 2⁄

(18)

Using Eq (11), one may evaluate the 
potential strength number 𝑎𝑜 and as such 
after executing the needed algebra of 
approximation steps, as shown in [17], one 
obtains 

𝑎𝑜 =
2𝜋2

𝐿

𝜆∙𝛿

𝐾1
(

𝑞

1+𝑞0
) ∙ (

1

𝑙2) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∙

1

𝑙2 (
𝑞

1+𝑞0
)  (19) 

Consequently, from Eqs (10) and (12a) it 
follows:    

𝑉𝑟𝑚𝑠 =
Ϭ∞

Ϭ𝑦
𝑙2 ∙ (

1+𝑞0

𝑞
) ∙ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =

𝑐𝑜𝑛𝑠𝑡.
Ϭ∞

Ϭ𝑦
𝑙2 ∙ �̃� (20) 

Here, �̃� = (1 + 𝑞0) 𝑞⁄  is an adopted cell 
(grain) flow stress elevation factor. Again, 
as shown in the sketch of Fig (1), the 

parameter 𝑞0 increases, whereas q decreases 
with applied stress, fact which would lead to 
a contribution to a rapid increase in this 
factor and consequently in the detected 
Vrms voltage signal of the above equation. 
It should in other words be mentioned that 
the existence of the above flow stress 
elevation factor, �̃�, may stimulate, in several 
ways, a transition from a reversible to an 
irreversible domain wall jump motion. This 
can be substantiated, primarily, by the fact 
that in a highly stressed-strained 
ferromagnet material the magnetoelastic 
second-order coupling interaction 
coefficient becomes larger than standard 
values [11]. In this way, the resulting 
(strong) magnetoelastic intercell (intergrain) 
coupling effect would increase the volume 
of correlated magnetic domain regions and 
hence the number of (large) jump events. 
This, in turn, would produce an increasing  
𝑉𝑟𝑚𝑠 voltage measured in the experimental 
set-up. Moreover, with further contribution 
of other effects of stress-controlled domain 
wall dynamics [11], the height of pinning 
energy barriers may appreciably be lowered 
in further increasing the micromagnetic 
activity- determined MBE rate.Nevertheless, 
in connection to the above statements, it is 
mentioned that the internal flow stress, 
initially, may opposites to the movements of 
magnetic walls and reduce the MBE. This 
would be expressed by a reduction in the 
wall mobility, reflected by a shift of a given 
measured count rate to higher magnetizing 
fields. Generally, this would mean that an 
increase (decrease) in the wall mobility can 
be correlated with an overall shift of a given 
emission rate to lower (higher) applied 
magnetic fields. However, as demonstrated 
in a recent study by the authors [15], local 
flow stress may exhibit an indirect, 
“hidden”, stimulating effect on the wall 
mobility in the sense that it may lead to an 
appreciable increase in the pinning strength 
(force) correlated to with a dominating rate of
increase in the wall start acceleration. As 
such, due to the kinematic counterbalance of 
changes of all variables in equations 𝑙 =
�̃�𝑡2 2⁄  a net increase in the average wall 
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velocity may result in increasing the 
measured 𝑉𝑟𝑚𝑠 signal. Furthermore, with 
respect to Eq (9) and Eq (14), results that 
the primary effect of an increased internal 
(flow) stress field , concentrated around 
defects, such as dislocation tangles-
structured cell walls as given by relationship 
Ϭ𝑠 → Ϭ0 → Ϭ𝑓  and shown in Fig (1)  leads to a 
reduction in the local magnetic anisotropy 
constant towards an effective one, 𝐾𝑒𝑓𝑓, as 
expressed by Eq (14). 

This, in turn, would create an effectively 
lowered pinning energy barrier to domain 
wall motion resulting in an increase in the 
micromagnetic activity. However, there are 
many vague points about the distribution of 
internal (flow) stresses and since, in 
addition, the magnetostriction is basically 
anisotropic, so the magnetic antistropy 
induced by such stresses would be fairly 
complicated. Furthermore, it is assumed, in 
a first approximation, that the measured 
count rate, N, may be expressed by simple 
functional relationships as follows (see also 
Appendix-B): 

𝑁𝑚 = (
Ϭ∞

Ϭ𝑦
) ∙ 𝜉𝑜 ∙ [1 𝑙𝑚⁄ ] (21)   

𝑁𝑝 = (
Ϭ∞

Ϭ𝑦
) ∙ 𝜉𝑜 ∙ [1 𝑙1 𝑝⁄⁄ ]

𝜉𝑚.𝑝            (22)                                                               

with 𝑁𝑚 = 𝑁𝑝 = 𝑁= measured count rate. 
Here, 𝑚 = 𝑓𝑚(𝑙)= mobility number as a 
function of pinning spacing, l, and 𝑝 =

𝑓𝑝(𝑙)= pinning strength number as a function 
of, 𝑙; 𝜉𝑜 is a set-up constant. As such, results 
that 𝑓𝑚(𝑙) ∙ 𝑓𝑝(𝑙) = 𝜉𝑚,𝑝= microstructural 
pinning state accommodation constant and 
𝜉𝑜 is a macroscopic accommodation 
measuring constant (Ϭ∞ and Ϭ𝑦 are the 
remote applied stress and yield stress 
respectively). It is noted that the 
relationships (21) and (22) would 
numerically ensure the existence of the 
experimentally established suppressed – 
equilibrated parabolic increase in the 
measure count rate, N, [8]. This could be 
attained by a balanced – competitive 
decrease in the both parameters l, m of Eq 
(21).

In this context and for the sake of 
consistency with the reality of experimental 
findings [8] one may postulate as follows: 
an increase in the plastic deformation would 
lead to a decrease in the wall mobility 
number, m, and an increase in the pinning 
strength number, p. Thus, two extreme 
conditions of microstructural pinning state 
may exist: first,  𝑙 → 𝑙𝑙𝑖𝑚

+ ,  𝑝 → 𝑝𝑙𝑖𝑚
+ ,  𝑚 →

𝑚𝑙𝑖𝑚
+  and second 𝑙 → 𝑙𝑙𝑖𝑚

− , 𝑝 → 𝑝𝑙𝑖𝑚
− ,  𝑚 →

𝑚𝑙𝑖𝑚
− . Here,𝑙 → 𝑙𝑙𝑖𝑚

+ ,  𝑝 → 𝑝𝑙𝑖𝑚
+ ,  𝑚 → 𝑚𝑙𝑖𝑚

+  
are the characteristic upper limit of the 
related parameters whereas 𝑙 → 𝑙𝑙𝑖𝑚

− ,  𝑝 →

𝑝𝑙𝑖𝑚
− ,  𝑚 → 𝑚𝑙𝑖𝑚

−  the characteristic under 
limit of the same parameters. Therefore, the 
first condition simulates a tendency to a 
hard whereas the second one a tendency to a 
soft magnetic material. Furthermore, the 
first condition would simulate a 
micromagnetic activity controlled by large 
number of small jump events whereas the 
second one an activity controlled by small 
number of large jump events.

Concerning Eqs (20), (21) and (22) it is 
further mentioned that the presence of “ 
empirical” macroscaling stress factorϬ∞

Ϭ𝑦
, in 

the above equations could be substantiated 
by the experimental findings presented in 
Fig (2), where the measured count rate, N, 
and 𝑉𝑟𝑚𝑠 signal show similar trend of 
behaviour with applied stress. In this context 
one may roughly assume that N≈ constant. 
n, where n= pinning sites density. This 
assumption would be valid for the same, 
given instant conditions.  

Figure 2: plot of the Barkhausen emission signal of count 
and volte respectively. 
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Now, by introducing the specific 
micromagnetic activity (s.m.a.) parameter  
𝐽 = 𝑉𝑟𝑚𝑠⁄𝑁 as a basic measuring and 
analysis parameter, [5], [13], [14], [15] one 
obtains through Eqs (20) and (21): 
𝐽 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑙2+𝑚 ∙ �̃�)              (23)                                                        

It is emphasized that the above proposed 
specific parameter results essentially to be a 
microscaling, applied stress-independent 
variable. In this manner the influence of 
(nominal)-macroscaling applied stress on 
the micromagnetic activity is practically 
“decoupled” from the internal-microscaling 
(flow) stress variable  and as such, the 
above-proposed specific activity number J 
would reflect the sole influence of the latter. 
In addition, due to the relative strong 
functional dependence on, l, the above 
parameter seems to be (very) sensitive to 
small microstructural changes occurring in 
the material. 

2.4 Non-uniform wall motion

By this approach the existence of a finite 
variable of wall jump velocity 𝑉𝑤 is 
assumed. This fact can be connected with 
the more general assumption that the 
potential strength,𝑎𝑜 may change with time 
of wall motion. On combining Eqs (10) and 
(12a) we get: 
𝑑𝐼

𝑑𝑡
≅ [

1

𝑎0
∙

𝑑𝐻

𝑑𝑡
+ 𝐻 ∙

𝑑

𝑑𝑡
(

1

𝑎0
)] ∙

4𝐼𝑠
2

𝐿
       (24)

Taking into consideration Eq (19) and 
following the approximating steps given in 
[17] one obtains
𝑑𝐼

𝑑𝑡
=

4𝐻∙𝐼𝑠
2∙𝑉𝑤∙𝑙

𝜋2∙𝛿∙𝜆∙𝐿
[(

1−𝑞

𝑞
) ∙ (𝑞0 + 1)] =

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. [𝑙 ∙ (
1−𝑞

𝑞
) ∙ (𝑞0 + 1)]       (25)

Now, we adopt a kinematics approach 
where the wall velocity  𝑉𝑤 is a variable with 
time i.e. 𝑉𝑤 = �̃�𝑡 and �̃� is the constant wall 
start acceleration. 

Further it is𝑙 = �̃� ∙ 𝑡2 2⁄ = 𝑉𝑤 ∙ 𝑡 2⁄ , where by 
elimination of time, one obtains𝑉𝑤 = √2�̃�𝑙. 
As such, from eqs (25) one may have [17]: 

𝑉(𝑟𝑚𝑠) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (𝑙
3

2 ∙ �̃� ∙
Ϭ∞

Ϭ𝑦
)      (26)

Here, �̃� = (
1−𝑞

𝑞
) (𝑞𝑜 + 1) is the new adopted 

cell (grain) flow stress elevation factor. It is 
interesting to note that the ratio of this factor 
to that of Eq (23) becomes proportional to 
1-q which should increase with applied
stress (plastic deformation). This means that
the non-uniform wall motion approach
compared to the uniform one simulates a
stronger stress elevation factor effect in
increasing the measured voltage signal.
Thus in a similar procedure as for Eq (23)
we obtain:

𝐽 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑙3 2+𝑚⁄ ∙ �̃�) (27)

2.5 Bulging-coupled wall motion 

By this approach we taken into 
consideration the possible, finite, bulging 
displacement (deflection) of pinned - fixed 
domain walls ass observed experimentally 
in [18] and shown in the stretch of Fig (3). 

Figure 3:  Schematic Presentation of wall motion by 
bulging displacement 

We define𝑙𝑒𝑓𝑓 ∝ (𝑙 − 𝑙𝑏), where 𝑙𝑒𝑓𝑓 is the 
effective wall displacement l the pinning 
spacing and 𝑙𝑏 the current bulging length. In 
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addition, we define the current changes in 
the effective wall displacement as ∆𝑠 →

∆𝑙𝑒𝑓𝑓 = ∆(𝑙 − 𝑏𝑙) = ∆𝑙(1 − 𝑏) where 0 ≤ 𝑏 ≤

1 is a bulging strength number. Thereafter, 
the final form of the needed specific 
micromagnetic activity parameter becomes: 
𝐽 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡[𝑙 ∙ (1 − 𝑏)]3 2+𝑚⁄ ∙ �̃�     (28)

 or in a simpler from 

𝐽 ∝ 𝑙𝑒𝑓𝑓
3 2+𝑚⁄

∙ �̃� (29)

At this place it is mentioned that tensile 
stress applied in the direction of magnetic 
field favors the growth of longitudinal-basic 
magnetic domain in suppressing the existing 
transverse-supplementary ones, anchored on 
the first. Otherwise, without applied stress, 
the transverse-supplementary (secondary) 
domains, due to the magnetostrictive 
friction effects, would exhibit an increasing 
pinning energy barrier to the movement of 
the basic domains.  This would mean that 
under applied stress conditions and hence by 
an increase in the cell (grain) flow stress 
elevation factor (�̃�) and for the same pinning 
sites, the wall membrane may execute 
reduced bulging deflections reflected by 
associated small bulging strength number, b, 
fact witch according to Eq.(10) would lead 
to an increase in the specific parameter, J. In 
general, concerning the relationships (27) 
and (28) it should be noted that the complex 
interplay between the opposite effects of a 
decrease in pinning spacing, and a decrease 
in wall mobility number, m, as well as an 
increase in the �̃� – stress factor with plastic 
deformation, should lead to the final net 
value of the desired J – parameter. 

machine of Intsron – type. The ultimate 
stress was 380 MPa and the yield stress 
(0.2% offset) was 190MPa. Before 
testing, the samples were exposed to a 
corrosive environment produced by a 
continuously sprayed 3.5% NaCl 
aqueous solution. All corrosion 
experiments were pe   rformed at room 
temperature (25C0). The exposure time 
were 200, 400, 600, 800, 1000 hours. 
The final corrosion product formed on 
the spe                                                            cimen surface wa s in a greatest 
part, as obtained by X- ray 
diffraction analysis, a ferric oxyhydroxide 
(FeO-OH) component. The produced 
corrosion layer was removed by dry air blast 
and soft natural bristle brush revealing 
underneath a black and strong adhering. It is 
pointed out that during the corrosion 
production of atomic hydrogen takes place 
by the basic electrochemical reactions [13]. 
Tempering process of specimens was 
conducted by means of air ambient heated at 
temperature 440Co. After tempering the 
specimens were cleaned by appropriate 
etching to remove any eventually formed 

oxjdation layers. 

 Figure 4. Schematic of Block diagram of used magnetic 

Barkhausen set up.

Table 1. The chemical composition of used low-
carbon steel 

C Mn Si Ni Cr Mo S P N 

0.05 0.44 0.015 0.016 0.015 0.002 0.016 0.02 0.004 
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3. Experimental Procedure
A block diagram of the experimental set up 
used for the measurement of micromagnetic 
Barkhausen emission (MBE) is shown in 
Fig (4). More details about the measuring 
technique can be extracted from [5], [13], [14], 
[15] .The specimen had dogbone – type 

geometry where thickness was 2mm, width 

10mm and the effective gauge length 

100mm.The chemical composition of used 
low-carbon steel are presented in Table 1.
 The samples were subjected to uniaxial tensile 

test at room –temperature and nominal low 

strain   rate  10-4/s,  using   a   universal  testing

E-ISSN: 2415-1513



4. Results and Discussion

In previous works [5], [13], [14], [15] 
the authors have introduced the J-mode of 
analysis by means of the 
adopted specific micromagnetic activity 
(s.m.a) parameter J. The advantages of this 
mode of analysis are explained in details in 
the mentioned works. Following this mode 
of analysis the Fig (5) is presented, where 
for sake of practical discussions the 
stress-strain curve and corresponding 
magnetic J-strain curve of as received 
(virgin) material are plotted together. 

�̃�

Figure 5: Applied tensile stress and specific ME-response 
parameter plotted against operative strain for initial, 
corrosion (hydrogen) free condition.   

In this Figure an almost “simultaneous” 
increase in both curves with strain up to a 
certain strain point can be observed. This 
point coincides with the ultimate tensile 
strength determined by the plastic instability 
of necking formation in the material. 
Beyond this strain point both curves 
decrease continuirly up to final fracture. Let 
this point be seen as a critical strain, 𝑐𝑟 
characterized by development of triaxial 
tensile stress field resulting in the creation 
of internal damage sites in form of 
microvoids, microcracks dimples and 
cavities which may growth and coalesce 
leading to final fracture. Thereafter, as 
shown in [13], [14], it can be assumed 
that this critical point separates the 
evolution of the stress-strain as well as J-
strain curve in two basic-distinctive 
regions; a prenecking (I,I*) and a 
postnecking (II,II*) region. At the same 
time, one can observe that the evolution 
of the magnetic J-strain curve is 
characterized by numerous small and/or 
large changes in form of consecutive 

minima and maxima occurring in the 
material. For instance, the initial-linear 
increase in the J-curve observed up to the 
strain point of about 1%,in the magnetic 
prenecking region I* ,suggest to assume a 
dominant contribution of the stress elevation 
factor 𝑞~ in stimulating, as shown by Eqs 
(27) and (28), a linear  increase in the s.m.a.
number J. This strong dominance is
corroborated by the fact that up to this point
a more or less homogeneous distribution of
low-density dislocation arrays exists. This
would mean a relative small changes in the
average pinning spacing, l, or density and as
such, according to Eq (27), this would have
a negligible influence on the J-number.
Beyond the 1% strain point the J-curve is
characterized as mentioned by formation of
consecutive abrupt steps of minima/maxima.
This is because beyond this strain point a
cell-structured network develops rapidly in
reducing the cell size and hence the
effective pinning spacing, l, fact which
according to Eq (27) and (28) tends to
reduce the J-number. Thus, in other words,
the oscillating opposition of the �̃�-factor
effect and pinning spacing l-effect leads to
formation of the above-mentioned
consecutive-equilibrated maxima/minima
steps in the J-strain curve.

Bearing in mind the above findings and 
statements one may proceed to the 
following indicative approach to estimate 
and characterize certain micromagnetic 
state-coupled microstructural parameters. 
First of all, for simplicity of this approach, it 
is assumed in Eq (27) that m << 3/2 (or p >> 
2/3) which would mean a negligible 
influence of wall mobility on J-parameter 
associated with a high, pinning strength as 
well as high pinning density fact, equivalent 
with a reduced pinning spacing, l. 
Thereafter, from the J-strain curve of Fig (5) 
one may extract the following specific 
magnetic values related to the strain: 𝐽0,1% ≈

0,08 and𝐽1% ≈ 0,092. The first value 
corresponds to the microyielding strain of 0, 
1% and second one to the progressive 
yielding of 1% strain at which cell-
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formation sets on [19]. Next, using Eq (27) 
one can obtain the ratio.

𝐽0,1% 𝐽1%⁄ = (𝑙0,1% 𝑙1%⁄ )
3 2⁄

∙ (�̃�0,1% �̃�1%⁄ ) =

0,08 0,092⁄ ≅ 0,81 (30)            

Using the earlier established linearity of j 
with strain, dueto dominating effect of the  
�̃�– factor, one may suggest �̃� ∝ 𝜀% and as 
such �̃�0,1% �̃�1%⁄ ≈ 1 10⁄  which leads to the 
finally basic result:

𝑙0,1% 𝑙1%⁄ ≈ (8)2 3⁄ ≈ 4 > 1 which means 
𝑙1% ≪ 𝑙0,1%  .                                                           

It is mentioned that the above give strain 
value of 0, 1% corresponds to the early 
deformation stage of microyielding where 
dislocation motions and multiplications are 
vanishing. Consequently, this stage can be 
seen as a state of an initial pinning spacing 
equivalent to the average grain size of steel, 
i.e. 𝑙0,1% ≈ 30𝜇𝑚. Thereafter, from the
above relationships, one way deduce that
under conditions of early stages of plastic
deformation and  within the prenecking
range, the initial-nominal pinning spacing is
reduced at least  to about 30/4 ≈ 8𝜇𝑚, fact
which means that during this strain range,
formation of fresh dislocation-aided pining
sites should occur within the crystal grains
of iron. Now, the behavior of the J-curve
beyond the characteristic stain point,�̃�𝑐𝑟,
needs, and within the postnecking I*-region
some different interpretations and
explanations. At this point, as above-
mentioned, high triaxial tensile stress fields
develop by producing volumetric damages
within the formed cell areas. These damages
act as additional pinning sites for domain
walls in reducing the effective pinning
spacing, l, and increasing pinning strength
and hence reducing the wall mobility
number, m. Furthermore, an increase in the
triaxial tensile stresses facilitates a relative
increase in the complementary (secondary)
transverse domain walls population,
anchored to the basic-longitudinal domains.
This, in turn, facilitates an increase in the
magnetostrictive friction which means
larger bulging deflections, i.e. larger bulging

strength numbers, b in Eq (28). 
Consequently, according to this, the 
combined effect of a rapid decrease in, 𝑙𝑒𝑓𝑓 
and a (modest) decrease in wall mobility 
number, m, seems to dominate over the flow 
stress elevation factor �̃�-effect resulting in a 
net decrease in the obtained J-curve of Fig 
(5). Thus, this behavior can be correlated to 
with an associated increase in the magnetic 
hardening of the material [5], [13], [14]. At 
this place it should be pointed out, that 
the magnetic measurements were 
conducted by holding as far as possible, the 
pick-up probe within the necking region, 
thus minimizing elastic unloading effects 
caused by necking instability phenomenon. 

Figure 6: Mechanical stress-strain and magnetic J – 

response curves for 200 hours of corrosion time 

. 

Figure 7: Changes in the J-parameter in function of applied 
strain for specimens corroded for different times. 
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Figure 8: Changes in the J-parameter in function of applied 
strain for specimens of different times of isothermal 
heating. 

In Fig (6) and Fig (7) the obtained magnetic 
J-strain curves for untreated (virgin) and 
treated specimens after their exposure to 
corrosive NaCI- water solution for 
increasing given times are presented. By the 
way, one  can demonstrate that iron exposed 
to solt-water solution may be subjected to 
hydrogen-induced microstructural 
degradation [8], [13], [20], [21] . Thus, one 
can clearly observe the overall large, drop-
like shift of all curves of treated specimens 
to lower values of s.m.a.- J compared to 
untreated specimens. This behavior should 
clearly be related with an associated 
hydrogen-assisted magnetic hardening effect 
occurred by corrosion in steel [5], [13], [14], 
fact which, in a more or less 
phenomenological way, may shortly be 
explained as follows: atomic hydrogen, by 
diffusion, is preferably accumulated at 
internal stress gradient sites and/or other 
microstructural defects [20]. In this manner 
two major competitive hydrogen-assisted 
effects occur; first, stress relief and second 
void initiation and growth [20]. For the 
micromagnetic activity the first leads to an 
attenuation of cell-flow stress elevation �̃� 
−factor and the second to a decrease in the 
pinning spacing, 𝑙, in Eq (27). Consequently, 
according to this equation the above 
mentioned large shift of the curves of 
treated specimens to lower J-values should 
be attributed to a related increase in the 
magnetic hardening [5], [13], [14].

Thereafter, one can also observe in Fig (7) 
that for ‘critical’ times of exposure larger 
than about 200hrs, the mentioned hydrogens 
effects tend to attenuate toward a limiting 
overall magnetic hardening. This behavior 
could be attributed, at first, to an exhaustive 
void production and hence a pinning spacing 
reduction. An additional explanation for the 
above observed ‘collective’ large shift of 𝐽-
curves to lower magnetic values may , in 
short, be given an 

the basis of a kinematics- aided approach 
presented by the authors in a previous study 
[15]. as fallows: since the stress-relief effect 
can dominate over that of void creation [20], 
it follows that the rate of reduction in the 
wall start acceleration, �̃�, is dominating 
larger than that of reduction in the pinning 
spacing, 𝑙. Thus, due to the kinematic 
equilibrium of rate of changes of all 
variables in Eq l=�̃�𝑡2/2, a correlated net 
increase in the traveling time, t, should 
result.  

Furthermore, since pinning spacing 
reduction leads to a related reduction in the 
magnetic volume changes, B, by virtue of 
the relationship Vrm &B/t, a associated 
reduction in the induced voltage should 
result , fact which , in turn , by virtue of Eq 
𝐽 =Vrms/N, leads to a net decrease in the 
needed 𝐽 − parameter . (Void creation 
causes an increase in the number of pinning 
sites density n and hence would lead to a 
decrease in the above 𝐽 -ratio). 

 In Fig (8) the specific magnetic data 
obtained for specimens subjected to 
isothermal heating –tempering treatment at 
440 C0for given processing times are 
presented. It is known that in steels, cooled 
slowly or isothermally heated in the 
temperature range of 400 C0 to 600C0 an 
embrittlement takes place [22]. 

It is in general accepted that such 
embrittlement is a result of segregation of 
impurity elements (atoms) at prior austenitic 
grain boundaries and various internal stress-
strain gradient sites. Such embrittling 
elements may be P, As, Sn, Sb e.t.c. 
Although the actual mechanism for temper 
embrittlement remains unclear, it is believed 
that segregation of impurities may 
substantially reduce the atomic cohesive 
bonding energy of lattice at these sites 
[22].This, in turn, lowers the critical local 
stress necessary to generate volumetric 
damage sites in creating new internal (free) 
surfaces fact which leads to premature- 
unexpected degradation of material. 

WSEAS TRANSACTIONS on ELECTRONICS 
DOI: 10.37394/232017.2022.13.8 A. F. Altzoumailis, V. N. Kytopoulos

E-ISSN: 2415-1513 62 Volume 13, 2022



At the same time, during isothermal heating 
in this temperature range, a so – called 
recovery process takes place, which is a 
multistage process including all the 
elementary processes taking place prior to 
recrystallization [19]. Recovery should be 
understood as a process of microstructural 
perfection of a metal by redistribution and 
annihilation of point defects, as well as, by 
redistribution and partial annihilation of 
dislocations. During this process a reduction 
of internal stresses by stress relaxation in the 
elastically distorted regions occurs , due to 
thermally activated shear when the yield 
stress at given temperature becomes lower 
than the elastic strain produced by 
dislocations [19]. In the above mentioned 
figure one can clearly abserve, that beyond a 
certain characteristic strain point an overall 
drop-like decrease in the 𝐽 -curve arises. As 
it was shown in previous studies [5], [13], 
[14], this strain point almost coincides with 
the ultimate strength point of the tensile 
engineering stress-strain curve. Thus, at this 
point a plastic instability phenomenon takes 
place by necking formation in the tested 
specimens. This, in turn, is related with a 
rapid creation of volumetric internal damage 
sites in form of voids, dimples,  cavities and 
microcracks. Consequently the creation of 
such damages at ultimate tensile strength 
point is strongly enhanced by the above –
mentioned temper processing effects. The 
damages created in this way act as 
additional pinning sites in reducing the 
pinning spacing 𝑙. Nevertheless, due to large 
flow stress restriction, the �̃�- factor effect is 
also reduced. The reduction in the both 
parameters, l and�̃�, leads, according to eq 
(27), to a rapid reduction in the 𝐽 -parameter.

Thereafter, the formation of drop- like 
decrease in the curve observed for larger 
tempering time, 8 and 16 hrs, should be 
attributed to an intensive and very rapid 
segregation of atomic impurities at defect 
sites thus leading to a drop-like decrease in 
the J-curves. The above –described behavior 
is related with an increase in the magnetic 
hardening tendency of material fact which 

means that the larger is the drop the higher 
results to be the magnetic hardening degree. 
In this sense, a larger shift to lower 𝐽 -values 
of the temper curves compared to the 
corrosion curves of Fig (7) can be 
distincted. This means that tempered 
specimens are subjected to an increased 
magnetic hardening compared with Na-Cl 
corroded one. Furthermore, the more or less, 
stabilized- horizontal evolution behavior of 
the J-curves observed for 8 and 16 hrs, of 
tempering beyond the critical drop- point 
could be attributed to a balance of reduction 
in 𝑙 and ,this time, an increase in the 𝑞~-factor 
effect due to the existence of high triaxial 
tensile stresses in the necking region. 
Moreover, the absence of such large drops 
of decrease in the corrosion curves of Fig 
(7) may be attributed to the fact that temper
effect seems to exert a stronger influence on
the magnetic properties of steel compared to
hydrogen effects. This is because of larger
difference of embrittling species, hydrogen
and phosphor, fact which by segregation –
accumulation, large- sized species cause
associated large volumetric damage. An
additional explanation for the observed
lower 𝐽-value of temper specimens
compared to corrosion ones, can be given by
kinematics- aided approaches [15] as
follows:

Temper processing causes intensive stress 
gradient relaxation due to dislocation 
redistribution and strong bounding energy 
reduction effect. This would cause, 
compared to corrosion, respective larger 
reductions in the pinning strength (force), 
and hence in the wall start acceleration of 
domain walls. As such, by virtue of 
kinematic counterbalance in equation, 𝑙 
=�̃�𝑡2/2 , and bearing in mind that pinning 
spacing changes in tempering and corrosion 
due not differ substantially , a correlated 
larger net values of travelling time ‘t’ should 
result in tempering . In turn, it results that 
pinning spacing- controlled magnetic 
volume change in  ‘B’ also not differ 
substantially,  and as such from relationship 
Vrms ∝B/t , a lower value of the induced 

WSEAS TRANSACTIONS on ELECTRONICS 
DOI: 10.37394/232017.2022.13.8 A. F. Altzoumailis, V. N. Kytopoulos

E-ISSN: 2415-1513 63 Volume 13, 2022



voltage results in tempering. Thus, finally, 
by equation 𝐽=Vrms/N a lower net value of 
s.m.a. should be expected in tempering. This
is because pinning density, n, or count rate
N, increases with decreasing pinning
spacing.

5. Conclusion

The semiquantitative analysis presented in 
this study may help to give more detailed 
and plausible explanations concerning the 
complex interplay between micromagnetic 
activity and deformation – assisted 
microstructural changes in a mild steel 
under condition of applied stress and 
various physico- chemical degradation 
factors investigated by means of data 
obtained from micromagnetic Barkhausen 
emission measurements. As such, by 
adequate functional relationship, 
approaches, developed in this direction , a 
specific micromagnetic activity ( s.m.a.) 
parameter was introduced by which the 
combined – opposite effect of microscaling 
parameters such as cell size – controlled 
pinning spacing and internal cell – flow 
stress on the micromagnetic activity may 
reasonably  be revealed , analysed and 
explained. In this context the stimulating 
effect of internal cell-flow stress in 
increasing the s.m.a- parameter and the 
depressive effect of the cell-size reduction 
in decreasing this parameter with plastic 
deformation can also be revealed and 
analyzed. The dominance of the internal 
cell- flow stress in increasing the s.m.a. – 
parameter within the prenicking  
deformation range can be demonstrated. 

Nevertheless, the dominance of damage- 
assisted cell size and pinning spacing 
reduction effect in decreasing the s.m.a. 
parameter within the postnecking  
deformation zone, may also reasonably be 
explained.

By using the adequately developed 
functional approaches, the influence on the 
s.m.a. - parameter of certain environmental

degradation factors such as temper 
processing and electrochemical corrosion of 
material exposed to NaCl- water solution 
can also, in a semiquantitative way, be 
revealed and analysed. Thus, one can 
demonstrate, that the physico-chemical 
degradation factors such as hydrogen, 
introduced by solt-water corrosion, and 
impurities segregation introduced by 
tempering processing , may lead to a 
substantial reduction in the s.m.a. – 
parameter.  By this reduction an associated 
embrittlement as well as a magnetic 
hardening of steel occur. The needed 
explanations are given on the basis of 
compenting effects of cell-size- controlled 
pinning spacing and pinning strength on the 
micromagnetic behaviour. With respect to 
this, due to larger cell- flow stress 
restrictions occurring in tempering, 
determined by impurities segregation- 
induced critical- local fracture stress 
reduction, an increased magnetic hardening 
in tempered specimens compared to 
corroded ones appears. Within the fraim of 
the obtained findings the used functional 
approaches seem to be able to give plausible 
semiquantitative explanations of 
measurement data.

Appendix-A

Generally, it is known that [22]: 
Ϭ∞ = 𝐻 ∙ 𝜀𝑛 (A-1)

Specifically, one may assume: 

Ϭ𝑜 → Ϭ𝑓 = 𝐻�̃�𝑛 =internal cell flow stress           
(A-2) 
And further one may obtain 
𝑑Ϭ𝑜

𝑑�̃�
→

𝑑Ϭ𝑓

𝑑�̃�
≅ 𝐻𝑛�́�𝑛−1 = �̅�𝑜          (A-3)

and also:
Ϭ∞

�́�
= �̅�∞ (A-4)

�̅�𝑜 = average strain hardening rate and �̅�∞ = 
average rate of change in the (remote) 
applied stress with strain of cell formation. 
It is further assumed that the overall plastic 
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strain range of extensive cell formation 𝜀̃ =
(2 − 18)% and as such the given average 
strain value of cell formation 𝜀 ≅ 10%. 
Bearing in mind these data and that for mild 
iron𝐻 ≈ 500𝑀𝑃𝑎, 𝑛 ≈ 0,11 [22] one may 
finally approximate:

�̅�𝑜 �̅�∞⁄ ≈ 1 6⁄     (A-5) 

Consequently, one can reasonably assume 
thatϬ𝑜, changes slowly compared to applied 
stress,Ϭ∞, and hence changes also slowly  
with plastic strain- induced cell size 
reduction and as such the first (Ϭ0) may be 
taken as a constant parameter in the related 
relationships in the text.

Furthermore, the proposed internal cell- 
flow stress may roughly be correlated with 
the dislocation tangles density of cell-wall 
formation asϬ𝑜 ∝ √𝑆𝑡, where St is the 
dislocation density in the cell wall [9]. The 
later seems to increase not substantially with 
plastic deformation [9] and hence with cell 
size. Thus, Ϭ𝑜 should, ones more, be taken 
as a constant parameter in the related 
relationships in the text.

APPENDIX-B

For the count rate emission one can choose, 
as far as possible, simple functional 
approaches in function of wall mobility, m, 
and /or pinning strength, p, as given by:

𝑁𝑚 =
Ϭ∞

Ϭ0
𝜉𝑜 (

1

𝑙
)

𝑚
and 𝑁𝑝 =

Ϭ∞

Ϭ0
𝜉𝑜 (

1

𝑙
)

1 𝑝⁄

                                                                                 
(B-1) 
Thus, the validity of the following condition 
should exist: 
𝑁𝑚 = 𝑁𝑝 = 𝑁= average measured count rate 
which means:

Ϭ∞

Ϭ𝑦
𝜉𝑜 (

1

𝑙
)

𝑚
=

Ϭ∞

Ϭ𝑦
𝜉𝑜 (

1

𝑙
)

𝜉𝑚,𝑝
=N        (B-2)

with m=fm (l) and p=fp(l) as a wall mobility 
and pinning strength function respectively

It results that 
𝑓𝑚(𝑙) ∙ 𝑓𝑝(𝑙) = 𝜉𝑚,𝑝= functional correlation 
factor of microstructural pinning state.  

One can further assume a simple functional 
relationship between wall mobility and 
pinning spacing as given by expression: 

𝑓𝑚(𝑙) = 𝑎 ∙ 𝑙𝛽,(𝑎, 𝛽 ≤ 1)   (B-3)  
As such, the following microscaling 
functional relationship approach should 
result for the count rate function:  

𝐹𝑁(𝑙) = (1 𝑙⁄ )𝑎𝑙𝛽

 , from which one can easy 
find 𝑙𝑚𝑎𝑥 = 1 𝑒⁄ 1 𝛽⁄  and also by L’ Hospital 
limit law one may calculate:

𝑙𝑖𝑚
𝑙→𝑜

𝐹𝑁(𝑙) → ∞𝑜 → 1 (B-4)       

Thus, by means of the above 
assumptions the following schematic 
sketch presented in Fig (9) may be 
constructed: 

Figure (9), Schematic of ‘suppressed’ parabolic increase in 
the count rate function (FN) with decreasing cell size.  

Thus, In this schematic presentation an 
equivalent, the parabolic increase in the 
count rate in function of the decrease in the 
cell size parameters, l. can be simulated. 
Thereafter, one can establish:

𝑙𝑚𝑖𝑛 ≥ �́�1 𝛽⁄ ≥
1

𝑒
≈ 0,35𝜇𝑚 (B-5)            

This means that the final condition of 
validity of the related approach should be 
given as:  0, 35 μm ≤ 𝑙 ≤ 30𝜇𝑚= grain size.

With respect to this validity condition it is 
worth noting that the evaluated low limit 
value of cell size, 𝑙𝑙𝑖𝑚 ≅ 0,35𝜇𝑚 , is not 
dissimilar to the smallest cell size values 
observed in fine-grained iron after 
progressive plastic deformation [19]. 
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