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Abstract. The formula for calculating the maximum permeability μm of steels from 
their coercive force Нc and remanent magnetization Mr is adjusted according to the 
results of the statistical analysis of the relationship between the magnetic parameters 
of steels in the whole range of their variability. The calculation error μm is 
consequently reduced by a factor of 2. The results of the calculation may be used in 
magnetic structural analysis of steels instead of a laborious measurement of μm. 
 A formula to calculate the initial permeability µa of steels from their Hc and Mr 

is corrected  and used to analyze the sensitivity of µa of steels to parameters of the 
hysteresis loop. 
 The results  is applied to analyze the sensitivity of μm and µa of steels to the 
parameters of the hysteresis loop. According to the results of the analysis and on 
practical examples show the structural sensitivity µm and µa is shown to be 
determined only by the structural sensitivity of Hc and Mr of this steel. The 
conditions are determined under which it is advisable to use a parameter μm and a 
parameter µa of nondestructive testing. 

Introduction  

The important magnetic parameters sensitive to the structure of steels (stress, grain size, 
lattice defects, etc.) are the coercive force Hc and the residual magnetization Mr [1 – 3]. 

The value of Hc is determined by irreversible processes during the magnetization of 
a ferromagnetic material.  Dependence of the Hc of steels on the specific changes in 
different structural factors has been previously established [1 – 6]. The ratio of Mr of a 
ferromagnetic material to its saturation magnetization Ms is determined by the type of the 
magnetic anisotropy of the material [7]. The variation range of Mr with changes in the 
structure of the material is not broad ( 866.05.0 sr MM ) [7]. However, the sensitivity of 

Mr to changes in the structural factors of steels is different from the sensitivity of Hc to the 
same factors [1 – 8]. 

The variety of tasks of the magnetic structural analysis determines the diversity of 
magnetic parameters, used during the quality control. The most important magnetic 
parameters of steels for the structural analysis are: 

- The maximum magnetic permeability μm – the maximum value of the magnetic 
permeability μ as a function of magnetic field strength H on the primary 
magnetization curve for induction [9]; 
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- The initial magnetic permeability μa – magnetic permeability on the initial and 
primary magnetization curves for induction when the strength of the magnetic 
field approaches zero [9]. 

Researchers have noticed that the sensitivities of μm and μa to technological impacts 
on the material are different from the sensitivities of other parameters [4 – 6, 10, 11]. 
However, whether μm and μa can be used for magnetic structurescopy has currently to be 
established experimentally for each control problem. 

 Such measurements of μm are time-consuming. According to [12], no less than ten 
measured values of the magnetic induction B on the primary magnetization curve (at 
approximately equal intervals of the field strength H) in the variation range of H from a 
value close to 0.5Hc of the sample’s material, to the value H approximately corresponding 
to 2Hc. Based on the results of each measurement, the value of μ is calculated. Further, the 
dependence μ = μ(H) is plotted and the μm is obtained. 

Measuring μa is also laborious and requires compliance with a number of 
conditions: "Measurement of the initial permeability of ferromagnetic materials is difficult 
due to the necessity to measure in very weak magnetic fields, followed by extrapolation to 
zero field" [4, 13]. Moreover, the initial magnetization curve for the induction expresses the 
dependence of the magnetic induction on the strength of the magnetic field during the 
process of magnetization of the thermally demagnetized magnetic material at gradual 
increase in the magnetic field [9]. Therefore, measurement of the μa should be carried out 
for a thermally demagnetized material [12, 14]. Repeated measurements of μa of samples 
that were heat treated according to given production modes are not possible after their use 
for magnetic measurements. Therefore, in the reference literature, the results of studying 
the effects of production modes of materials on their μa are less frequent than for Hc and Mr, 
for which the measurement technique, according to [12, 14], does not imply such hard 
conditions. The measurement error for μa, when the requirements of [12] are fulfilled, 
amounts to ± 6% [14]. However, as shown in [15 – 17], much of the reference data for μa, 
listed in the scientific and reference literature, do not match its actual value (to the tens or 
hundreds of percent) due to the non-compliance with the measurement requirements [12].  

Meanwhile, the analysis [16, 17] of reliable data [5] has shown that under the 
influence of technological factors the relationship between the μm and μa of steels and their 
Hc and Mr changes. Thus, the determination of the possibility of using μm and μa in 
magnetic structural analysis based on the results of a simple and reliable measurement of 
parameters of the limit magnetic hysteresis loop of the material is of current importance. 

 
The purpose of this contribution is to provide an analytical description and analysis of 
the sensitivity of μm and μa of steels to changes in the parameters of the limit hysteresis 
loop, as well as the development of recommendations for the efficient use of μm and μa for 
control of technological regimes of steel production. 

 
1. Calculation of the sensitivity μm of steels to parameters of the hysteresis loop. 
 
Let us use [18] the statistically validated [19] expression for μm of steels in the whole 
possible range of their magnetic properties in terms of the parameters of the limit hysteresis 
loop (using SI metrics):  

   crccm
HMHH ])(5.0[ 2

 ,    (1) 

where  = 0.00006 m/A;  = 0.000068 m/A. 

For further analysis, we will use the sensitivity m
xS of the value of μm to the 

parameter x (which can be Hc or Mr), determined by the formula [20, 21]: 
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where μm  is  the change of μm corresponding to a change x of the parameter x when all 

other parameters are constant; xm
/  is the derivative of μm on the parameter x. 

The sensitivity m
xS  indicates to which extent the change of the parameter x changes 

μm (for example, at m
xS = 0.9, a 1% change of x leads to a 0.9% change of μm). 

From (2) using (1), we obtain: 
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2. Analysis of sensitivity of μm of steels to Hc and Mr.  
 

The dependence )( cH HS m

c
 in the range 0 < Hc < 8 kA/m of variation of Hc for steels is 

shown in Fig.1. Analysis of the obtained results shows, that the sensitivity m

rMS  is positive 

and equal to 1 over the entire range of variation of the properties of steels. The sensitivity 
m

cHS , on the other hand, is always negative, and for the most common structural steels       

(1 kA/m < Hc < 6 kA/m) ranges from –0.95 to –0.85 (at Hc  3 kA/m), and back to –0.95 . 

 
Fig. 1. The dependence of the sensitivity m

cHS  on the change of Hc of steels. 

Calculation according to formula (4). 
 
Analysis of the character of variation and the numerical values of the sensitivities 

m

rMS  and m

cHS  allows -- without performing measurements of the parameter μm -- to 

determine, whether it is advisable to use μm as the control parameter in non-destructive 
testing of production of steels with specified properties. 

The premise of the appropriateness of usage of this parameter is the monotonicity of 
change of the residual magnetization Mr of the steel when the regime of technological 
processing changes. The second necessary condition is the constancy of Hc of the steel 
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during the same processing or the monotonic change of Hc in the direction (increase or 
decrease), opposite to the direction of change of Mr. 

For example, Fig. 2 shows how well the parameter μm combines the monotonic 
dependences of the parameters affecting it -- the Hc and Mr of a steel 30 – on the tempering 
temperature Tt  in different ranges of the temperature change. 

  

 
Fig. 2. Dependence (according to [10]) of the coercive force Hc (square), the remanent magnetization 

Hc (O), and the maximum magnetic permeability μm ( ) of steel 30 on the tempering temperature Tt . 
 
Thus, when CTC t 750700 , the Hc of steel 30 stays virtually unchanged, and at 

CTC t 800750  the Mr is practically constant. However, μm of steel 30 decreases 

monotonically in the whole range of CTC t 850700 . At CTC t 750700  this happens 

due to a monotonic decrease in Mr, and at CTC t 800750  – due to the monotonically 

increasing Hc. 
The residual magnetization Mr of steel 30Ch13, when the tempering temperature Tt 

changes in the range CTC t 350150 , changes monotonically (Fig. 3), but not much 

(6%). The coercive force Hc of this steel in this range varies more significantly (13%), but 
at CTC t 350300 , there is no dependence of Hc on Tt. On the other hand, the parameter 

μm of steel 30Ch13, when T0 changes in the entire range of CTC t 350150 ,  varies 

monotonically and 3 times stronger than the parameter Mr. 
In the case when with a change in the technological factor, the Hc  of a steel varies 

monotonically and the Mr changes non-monotonically or not significantly, using μm  as a 
parameter of NDT is not advisable: The sensitivity of this parameter to changes of the 
technological factor will be lower than sensitivity of the parameter Hc, and the complexity 
and uncertainty of the measurement – higher. 

 
If studies have found that at a change in the technological factor, both Hc and Mr of 

a steel change non-monotonically (such as the Hc and Mr of steel 3 and a composite 
material “steel 08X18H10T – steel 3” change with applied voltages in Figures 2 and 4 in 
[11]), then it is unnecessary to carry out additional measurements of the dependence of μm 
for these materials on the technological parameter. The measurement results will in any 
case show (Figs. 2 and 4 in [11]) that it is not possible to use this parameter in testing. The 
numerical values of μm, if necessary, may be obtained with sufficient for practical purposes 
accuracy using the formula (1) based on the measured Hc and Mr. 
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Fig. 3. Dependencies (according to [5, tabl. 49.2]) of Hc (square), the Mr (O) (calculated according to 

the formula [22]), and μm ( ) (calculated according to the formula (1)) of steel 30Ch13 on the tempering 
temperature Tt. 

 
In the case (Fig. 4), if at a change of the technological factor, both Hc and Mr of a 

steel do not change significantly, there is no reason to expect significant changes in the 
parameter μm and conduct complex measurements of this parameter. 

 

 
Fig. 4. Dependences (according to [5, tabl.51.3]) of the coercive force Hc (square), the residual induction Вr 

(O), and maximum magnetic permeability μm ( ) of steel 95X18 on the tempering temperature Tt. 
 
We can not agree with the authors [5], who have counted as structurally-sensitive 

parameters of steels their Hc and μm, without mentioning the Mr . To the contrary, the 
primary structurally-sensitive parameters of steels are Hc and Mr. The structural sensitivity 
μm of steels is "secondary": it is determined by the structural sensitivity Hc and Mr only. 
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3. Calculation of the sensitivity of μa of steels to parameters of the hysteresis loop. 
 
Let us use the obtained in [23] based on the results of [19, 17] statistically validated 
dependence of μa of steels in the whole possible range of change in their magnetic 
properties on their Hc and Mr (using SI system): 

c
H

rcc
a He

MHH
c )359.2(

])068.0(06.05.0[
75.1

2

 .  (5) 

Results of statistical analysis of the dependence  of the  μa on the Hc and Mr when 
calculating μa according to (5) have shown [23] that the formula (5) is applicable not only 
for the qualitative assessment, but also for calculation of the value of μa for steels based on 

Hc and Mr. The average relative error  of calculation of μa according to (5) is less than the 
sum of the measurement errors for standard methods of measuring  the parameters in (5) (

%7.10 ). 
We analyze the sensitivity of μa to the structurally sensitive parameters Hc and Mr., 

which influence μa according to (5). From (2) using (5), we obtain: 
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Analysis of the sensitivity of μa of steels to Hc and Mr has shown that the a

rMS  is 

equal to 1 in the entire range of change of properties of steels. Thus, the change of Mr of 
steels at constant Hc leads to a proportional change in μa. 

The sensitivity a

cHS  is positive in the range of variation of Hc for most common 

structural steels ( mkAHmA c 1.2680 ) and reaches a maximum 369.0a

cHS  at Hc 1.3 

kA/m (Fig.5). Outside this range, the a

cHS  is negative and when moving away from this 

variation range,  a

cHS  approaches –1, reaching this value at Hc = 0 and Hc ≈ 6.5 kA/m 

(Fig.5). 
 

 
Fig. 5. Dependence of the sensitivity a

cHS  on changes in Hc of steels. Calculation according to 

Eq.(7). 
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The difference in the dependences )( cH HS a

c
 according to Fig.5 and )( cH HS m

c
 

according to Fig.1 determines the difference in structural sensitivity of parameters μa and  
μm. 

The obtained result allows to develop recommendations for the effective use of μa 
for magnetic control of modes of production and operation of steels. For steels with  

mkAHmA c 1.2680 , in which with changes in the technological factor T, the Hc and 

Mr change in the same direction (increase or decrease), measurement of μa (conducted in 
compliance with requirements in [12]) provides a higher sensitivity to changes in the factor 
T, than measurement of Hc or Mr. Outside of this range of changes of Hc (for example, for 
hard magnetic steels), the prerequisite for the effective use of μa for monitoring changes in 
T is the variation of the dependencies Hc(T) and Mr(T) in opposite directions. 

The correctness of the proposed recommendations is confirmed by the results of 
measuring the magnetic parameters of steels 25 and 70 depending on the degree of plastic 
deformation , presented in [24, Fig.2]. Thus, in the range of 5.325.0 , the coercive 
force Hc of steel 70 decreases monotonically from 1.64 kA/m to 1.15 kA/m and the Mr  
increases monotonically from 613 kA/m to 1293 kA/m. At the same time, according to the 
results of the performed analysis, the dependence μa( ) is not monotonic. For steel 25 in 
the range of 2.41.1 , the coercive force Hc does not change (within the experimental 
error) and is close to 1.2 kA/m. At the same time, the Mr increases monotonically from 734 
kA/m to 1307 kA/m, and the dependence μa( ), as follows from (10), is monotonic and has 
the same character as the dependence  Mr( ). 

Application of the developed recommendations in magnetic structural analysis and 
for the control of the stress state of steels will allow to avoid complex measurements of μa, 
replacing them with simple and precise measurements of Hc and Mr. 
 
4. Conclusions.  
 
1. The results of analysis of the structural sensitivity of the maximum permeability μm and 
the initial permeability μa of steels clearly indicate that the structural sensitivity μm and μa 
are "secondary." They are completely determined by the structural sensitivity of the 
coercive force Hc and the residual magnetization Mr of the steel in a superposition 
determined by relations (1) and (5). 
 
2. Using μm of steels as the parameter of nondestructive testing of changes in the 
technological factor T is advisable only if Mr of the steel varies monotonically with 
changing T, and Hc is constant or varies monotonically in the opposite direction (increase 
or decrease) to the direction of change of Mr. In this case, the sensitivity μm to changes in T 
is higher than sensitivity of Hc and Mr. 
 
3. Using μm of steels as the parameter of nondestructive testing of changes in the 
technological factor T is advisable only if: 

1). In steels with mkAHmA c 1.2680 , a change in the T leads to changes in Hc 

and Mr in the same direction (increase or decrease).  
2). In steels with H outside this range, a change of the T leads to the change of Hc 

oppositely directed to the change in Mr. 
In these cases, the measurement of μa can ensure a higher sensitivity to changes in 

T, than measurement of Hc or Mr . 
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