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Abstract 
Magnetic methods are becoming ever more widely applied to estimate residual stresses in steel products, 
therefore it is important to compare the effectiveness of using various magnetic parameters for heat-hardened 
steels. The effect of residual stresses on some magnetic characteristics, including magnetic Barkhausen noise 
parameters, electrical resistivity and elastic wave propagation velocity determined by electromagnetic acoustic 
transduction, has been studied. It is the rms value of magnetic Barkhausen noise voltage that shows the best 
correlation with residual stresses arising in steels being quenched from different temperatures. When residual 
stresses are estimated in steel products after martensite quenching followed by tempering, it is most effective to 
use coercive force (after low and medium tempering) together with the rms value of magnetic Barkhausen noise 
voltage (after high tempering). The other parameters studied are less sensitive to the variation of residual stresses 
in heat-treated steels. 
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Introduction  
 
Residual stresses arising in products being made and used govern their lifetime significantly 
[1, 2] since actual and operating stresses may differ considerably from design values due to a 
possible summation of working and residual stresses in separate product portions. Therefore 
the determination of residual stresses is a principal problem of nondestructive testing. The 
diffraction and ultrasonic methods of determining residual stresses are currently standardized 
(see, e. g., [3, 4]). Besides, other nondestructive techniques are gaining wide acceptance, 
including those based on measuring the magnetic characteristics of an object tested, such as 
coercive force, magnetic permeability, magnetic Barkhausen noise parameters (MBN) [5-9]. 
However, the literature deals mainly with the applicability of magnetic methods to the 
determination of residual stresses resulting from plastic deformation. Residual stresses are in 
this case caused mainly by a increasing density of crystal structure defects, the phase 
composition of the most frequently used structural steels being unchanged. At the same time, 
it is urgent to estimate residual stresses in steel products after hardening by quenching with 
subsequent tempering. This problem is more complicated, since the magnetic behaviour of 
heat-treated steel is affected by changes not only in dislocation density, as with plastic 
deformation, but also in the granular structure of the material and its phase composition.  
In this connection, it seems interesting to compare the efficiency of magnetic and electric 
characteristics, as well as of elastic wave propagation velocity determined by the parameters 
of the signal of electromagnetic-acoustic transduction, when used for estimating residual 
stresses in products made of carbon steels subjected to martensite quenching with subsequent 
tempering. 
 
Experimental details 
 
Specimens made of the 35, 65G and U8A steels were studied. The chemical composition of 
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the steels is given in table 1.  
 

Table 1. Chemical composition of the steels 
Element, mass % Steel 

grade С Mn Si P S Cr Ni Cu 
35 0.36 0.64 0.24 0.013 0.020 0.03 0.03 0.04 

65G 0.62 0.96 0.34 0.013 0.018 0.09 0.13 0.12 
U8A 0.75 0.22 0.31 0.011 0.005 0.18 0.16 0.20 

 
To vary residual stresses, the specimens were subjected to martensite quenching with further 
tempering. The 35 steel specimens were quenched in a water bath from 860 С, and the U8A 
steel specimens were quenched in a water bath from 800 C. 
To study the effect of quenching temperature on residual stresses and physical properties, the 
65G steel specimens were quenched in an oil bath from 830, 1000 and 1150 С. The choice of 
the quenching temperatures for steel 65G is governed by the fact that the principal changes in 
the steel structure and properties occur after quenching from temperatures not lower than 
point Ас

3
 (745 С for steel 65G [10]). The study was made on specimens with high 

manganese content, and this lowered the probability of cracking in quenching from high 
temperatures. 
The quenched 35 and 65G steel specimens (the latter after quenching from 830 С) were 
tempered at 100…610 С, the quenched U8A steel ones being tempered at 100…650 С. 
After heat treatment, the specimens were ground uniformly on all sides and electropolished in 
order to remove the surface layer hardened by grinding. 
By means of an optic microscope, average grain sizes dg were estimated on the 
metallographic specimens etched in a picric acid solution. Rockwell hardness HRC was 
determined at the load on the indenter equal to 1471 N by averaging over 6 measurements. 
The phase composition and crystal lattice microdistortions (CLM) were determined by X-ray 
diffraction analysis with the use of monochromated K-radiation of a chrome anode. The 
relative value of crystal lattice microdistortions ∆d/d (d is interplanar spacing), which enables 
residual stresses to be calculated if the type of metal microvolume deformation is known, was 
found by the method of moments [14] on the (211) line of the -phase. The content of the - 
and -phases was determined by the homologous pair method [15]. The absolute error of the 
determination of ∆d/d was 0.01 %. 
To determine the magnetic characteristics of the specimens, a permeameter circuit was used. 
A magnetic field was applied along the long specimen axis. The maximum strength of the 
internal field in the specimen reached 600 A/cm, and this provided the technical saturation of 
the specimens, whose coercive force did not exceed 40 A/cm. Coercive force (Hc) and 
maximum magnetic permeability (µmax) were determined, as well as magnetization in the 
maximum applied field, which is approximately equal to saturation magnetization (Мs). The 
error of the determination of magnetic field strength, induction and magnetization was 3 %.  
The electrical resistivity  of the specimens was determined by a four-wire circuit, the error 
being 8 %. 
Elastic wave propagation velocity V was determined through electromagnetic-acoustic 
transduction (EMAT) by the resonance method, with the use of encircling coils. A zero 
symmetric mode of longitudinal normal elastic waves was used. The external polarizing 
constant magnetic field created by an electromagnet and directed along the specimen axis was 
selected for each specimen by the peak value of the EMAT signal amplitude in resonance. 
The error of the determination of V did not exceed 0.5 %. Note that, for quenched 65G and 
U8A specimens (for 65G specimens also after tempering at 100 С) the EMAT signal 



amplitude exceeded the background noise level only slightly. Therefore we have failed to 
determine the elastic wave propagation velocity in these specimens with sufficient reliability. 
Magnetic Barkhausen noise parameters were determined on a MicroScan 600 measuring 
complex produced by the Stresstech group GmbH (Germany), with the use of a superimposed 
transducer. According to the specifications, The MicroScan 600 equipment is designed to 
determine stresses and strains in products made of ferromagnetic materials. The root-mean-
square value of MBN voltage (U), which is indicative of MBN intensity, and the number of 
Barkhausen jumps (N) in a package of 10 cycles of magnetization reversal were used as 
informative parameters. The sensor was placed in the middle of the specimen so that it could 
become magnetized along the long axis when MBN parameters were measured. The form of 
the magnetizing current was close to triangular. The amplitude and frequency of the 
magnetization reversal current were selected experimentally by the maximum value of voltage 
U. For the materials under study they were, respectively, 120 mA and 20 Hz. Six 
measurements of U and N with sensor reinstallation were made for each specimen, the results 
obtained being averaged thereafter. The maximum deviation of U and N from the average 
values did not exceed 6 %. 
 
Results and discussion 
 
The effect of carbon content and quenching temperature on the physical-mechanical 
properties and crystal lattice microdistortions of carbon steels 
The results on the investigation into the effect of quenching temperature on the average grain 
size, crystal lattice microdistortions, hardness, magnetic parameters and electrical resistivity 
for steel 65G are given in table 2. As is obvious, the average grain size dg of the specimens 
increases twice as the quenching temperature (Тquen) rises from 830 С to 1000 С, and it 
increases again almost four times as Тquen rises from 1000 С to 1150 С.  
 

Table 2. Average grain size, crystal lattice microdistortions, hardness, magnetic 
parameters and electrical resistivity of quenched steels 35, 65G and U8A 

 
Steel 
grade 

Тquen, 
оС 

dg, 
μm 

∆d/d, 
% HRC 

Hc, 
A/cm µmax µ0Ms, T U, 

mV N,×104 ρ, μΩmm 

35 860 10 0.24 58 27.2 283 1.95 44 18.3 230 
830 15 0.31 66 39.8 124 1.60 32 19.2 348 

1000 30 0.31 62 37.4 132 1.63 50 17.8 331 65G 
1150 110 0.16 57 34.1 136 1.65 170 17.2 328 

U8A 800 15 0.4 68 42.2 127 1.68 30 19.5 331 
Note: µ0 = 410-7 H/m – magnetic constant. 
 
Saturation magnetization grows a little with quenching temperature, see table 2. The 
calculation of residual austenite content by Ms [16] has shown that the structure of steel 65G 
contains 17 % austenite after quenching from 830 С and 14 % after quenching from 1150 С. 
The decrease in residual austenite content in steel 65G with increasing Тquen is verified by X-
ray phase analysis data. Similar results were obtained in [17] for hypereutectoid carbon steels. 
A rise in Тquen from 830 С to 1150 С (and hence more complete carbide solution in heating 
for quenching) decreases the hardness from 64 HRC to 61 HRC. This corresponds to the 
results obtained in [13] where the rise in the quenching temperature from 830 С to 1000 С 
decreased the hardness by about 3 HRC. 
More complete carbide solution accounts for the lower coercive force and higher maximum 
magnetic permeability of quenched steel 65G when heated for quenching, see table 2. The 



same results were obtained in [13]. 
A rise in the quenching temperature from 830 С to 1000 С causes no changes in CLM (table 
2). With a further rise in Тquen to 1150 С, d/d decreases about twice, and this seems to be 
attributable to the formation of a coarser grain structure.  
It follows from the data given in table 2 that it is the parameter U alone that correlates well 
with crystal lattice microdistortions, namely, the root-mean-square MBN voltage grows about 
1.5 times as the quenching temperature for steel 65G rises from 830 С to 1000 С, and it 
grows almost 3.5 times when the quenching temperature rises from 1000 С to 1150 С. At 
the same time, the number of Barkhausen jumps (another MBN parameter) remains 
practically constant when Тquen and CLM vary. 
Within the limits of the measurement error, the value of electrical resistivity remains 
unchanged with rising Тquen, see table 2.  
Thus, among all the characteristics, it is only rms MBN voltage that correlates with CLM. 
Other magnetic characteristics, e. g., coercive force, which is the most frequently used 
parameter in nondestructive testing, do not respond to a change in crystal lattice 
microdistortions induced by varying temperature. Yet, it follows from table 2 that coercive 
force is inversely proportional to the average grain size, and this agrees with current 
knowledge [5].  
It follows from table 2 and fig. 1 that the greatest lattice microdistortions occur after 
quenching in the steel with the highest carbon content (steel U8A), the smallest ones being 
observed in the steel with the lowest carbon content (steel 35).  
As the carbon content rises, the values of Нс and HRC increase, whereas the value of μmax 
decreases, and this agrees with the results discussed in [18]. The growth of Нс and, 
accordingly, the decrease of μmax with the increasing carbon content result from a higher 
degree of tetragonality of the martensite lattice, a higher density of crystal structure 
imperfections, a greater amount of residual austenite and a higher content of undissolved 
carbides [19]. The lowest value of electrical resistivity after quenching is observed for steel 
35 due to the lowest carbon content. The highest value of ρ was observed for steel 65G (table 
2, fig. 1). This may be due to the fact that steel 65G contains the greatest amount of 
substitutional impurity (manganese).  
In the as-quenched state, the steel with a lower carbon content has a higher saturation 
magnetization due to a lower residual austenite content (according to the data of the X-ray 
phase analysis and magnetic measurements, steel 35 contains not more than 5 % residual 
austenite, whereas steels 65G and U8A contain about 10 %). 
In the as-quenched state, as the carbon content increases, the rms MBN voltage tends to 
decrease, and, accordingly, the number of Barkhausen jumps tends to grow [20], see table 2.  
 
The effect of tempering temperature on the crystal lattice microdistortions and physical-
mechanical properties of quenched steels with different carbon contents  
Figure 1 shows crystal lattice microdistortions, magnetic characteristics, magnetic 
Barkhausen noise parameters, electrical resistivity and elastic wave propagation velocity as 
dependent on tempering temperature (Тtem) for quenched steels U8A, 65G and 35. The 
dependences can be divided into three portions: 20…250 С, 250…400 С and 400…610 С. 
The following processes are known to start on the first portion: carbon precipitation from the 
supersaturated solid solution, the transformation of quenched martensite into carbon-depleted 
tempered martensite and the formation of metastable ε-carbide having a hexagonal crystal 
lattice coherently connected with the martensite lattice. As is known [21], the processes of 
carbon precipitation from the solid solution and the formation of ε-carbide in quenched 
carbon steel start as early as at 20 С. The coherent distortions occurring at the phase interface 
are caused by the difference in the crystal structures of carbide and the -phase, and by the 



difference in their specific volumes. Besides, in the range of Тtem between 100 С and 250 С 
carbon steels suffer residual austenite decomposition. 
 

 
Figure 1. The effect of tempering temperature on crystal lattice microdistortions, magnetic 
characteristics, electrical resistivity and elastic wave propagation velocity for steels 35 (○), 

65G (■) (quenched from 830 С) and U8A (▲) 
 
Carbon precipitation from the -solid solution lattice continues on the second portion, so that 



at Тtem ≈ 400 С martensite decomposition is completed, carbide phase nucleation continues, 
though less intensively, low-temperature carbides start to turn into cementite and become 
isolated [22]. The third portion is characterized by matrix recrystallization, isolation of 
cementite particles and their coagulation. 
On the first stage of tempering, crystal lattice microdistortions remain unchanged until Тtem  
100…160 С for all the steels studied, and CLM decreases with the further rise of the 
tempering temperature. This behaviour of the dependences d/d(Ttem) results from the effect 
of two factors [22], namely, quenching distortions caused by the  transformation and 
inhomogeneous metal cooling in quenching decrease practically linearly as Тtem rises, whereas 
coherent distortions resulting from the formation of finely dispersed carbides increase in the 
tempering temperature range between 20 С and 350 С. Residual austenite decomposition 
occurring at the first stage of tempering also contributes to the decrease of CLM. The 
decomposition of residual austenite is evidenced by increasing saturation magnetization at 
tempering temperatures above 160 С (fig. 1). According to the results of Ms measurements, 
austenite decomposition is completed in the steels at Тtem  250 С.  
It is obvious from fig. 1 that the above-described structural-phase transformations on the first 
stage of tempering are accompanied by decreasing Нс and ρ and increasing μmax and V. 
Similar results were obtained in [13, 19, 23 and 24]. These transformations cause significant 
changes in MBN voltage only in the instance of steel 35, for which U tends to increase (fig.1). 
For steels 65G and U8A, MBN voltage remains unchanged in the tempering temperature 
range between 20 С and 250 С. As this takes place, the number of Barkhausen jumps N 
linearly decreases for steels 35 and U8A, whereas the value of this parameter remains 
practically unchanged in this temperature range for steel 65G.  
When the tempering temperature exceeds 250 С, there is a further decrease in quenching 
distortions and some increase in coherent distortions [22]. According to [22], at Тtem ≈ 350 С, 
due to the isolation of carbide crystal isolation, coherent distortions start to decrease in carbon 
steels, and there occur dispersion distortions caused by a difference in the specific volumes of 
isolated carbide particles, -phase and carbides coherently connected with the matrix. The 
cumulative effect of these factors leads to a further monotonic decrease in CLM as the 
tempering temperature rises to 400о С.  
The increase in carbide content in the second stage of tempering is evidenced by lower 
saturation magnetization for steels U8A and 65G with rising Тtem (fig. 1). For steel 35, some 
decrease in saturation magnetization is observed only at Тtem  450 С. 
In the tempering temperature range between 250о С and 400о С a further decrease in Hc, N 
and , and an increase in μmax and V can be observed for all the steels; besides, an increase in 
the rms value of MBN voltage was observed for steel 35. Note that, for steels 65G and U8A, 
considerable changes in Hc and μmax occur at Тtem  300 С, though they change 
insignificantly after tempering at 350…400 С due to the effect of the starting coagulation of 
cementite particles.  
It follows from the results reported that, in the first two stages of tempering, it is only for steel 
35 that the MBN parameters demonstrate marked changes with varying Тtem and, hence, 
CLM. For the high-carbon steels, in the range 20 С < Тtem ≤ 400 С, U and N vary only 
slightly. 
According to [22], in the third stage of tempering (Тtem > 400 С) the quenching and coherent 
crystal lattice distortions of the α-phase in carbon steels are close to zero, and the crystal 
lattice microdistortions in them are mainly caused by dispersion distortions, whose maximum 
falls on Тtem  450 С. For steels U8A and 65G, as CLM decrease monotonically, a coercivity 
maximum pronounced to a different extent is observed near Тtem  500 С (fig. 1). That is, 
according to the theory of inclusions [25], at Тtem  500 С, the size of carbide inclusions 



becomes commensurable with the thickness of domain walls in these steels. For steel 35, the 
dependence Нс(Ttem) has no extrema owing to a lower carbon content than in the other steels 
studied and, consequently, a lower carbide content. At the same time, for all the steels, there 
is a minimum on the dependence μmax(Ttem) at Тtem  500 С, as it was reported in [13, 19].  
The structural changes in the range between 400 С and 610 С cause lower values of N and ρ 
and higher values of U. Thus, the processes of cementite isolation and coagulation have no 
effect on the dependences N(Тtem) and ρ(Тtem), and they are accompanied by an intensive 
growth of MBN voltage.  
The elastic wave propagation velocity for steels 35 and 65G keeps growing at Тtem exceeding 
400 С, and this agrees with the data reported in [23, 24], whereas for the steel with a higher 
carbon content (U8A) the value of V decreases a little as the tempering temperature changes 
from 450 С to 500 С (fig. 1). This may be due to the fact that the greatest amount of 
cementite is formed in steel U8A: the Young’s modulus of cementite is 20 % lower than that 
of solid solutions of carbon in iron [26], and the velocity of the elastic wave mode excited in 
the experiments reported here is proportional to the square root of Young’s modulus [27]. It is 
obvious from fig. 1 that the effect of cementite on V manifests itself only in the high-carbon 
steel and only after the coagulation of carbide precipitations. 
Thus, for heat-hardened carbon steels, the cumulative effect of carbon precipitation from the 
supersaturated solid solution, -carbide formation, residual austenite and martensite 
decomposition, cementite formation with subsequent isolation and growth of cementite 
particles causes a monotonic decrease in crystal lattice microdistortions as the tempering 
temperature rises. These factors in their turn have different effects on the physical 
characteristics of the steel studied, namely, the MBN parameters and electrical resistivity, as 
well as CLM, vary monotonically with the variation of tempering temperature, and the Тtem 
dependences of Нс, μmax and V have peculiarities related to the coagulation of cementite 
particles. 
Figure 2 presents the d/d dependences of Нс, μmax, the MBN parameters (U and N), ρ and V 
resulting from the dada given in fig. 1. It is obvious from fig. 2 that, for steel 35, the 
extremum related to cementite coagulation is absent from the dependence Нс(d/d), however, 
in the range d/d = 0.05…0.15 %, coercive force is not very sensitive to changing CLM. For 
steels 65G and U8A, the unique dependence Нс(d/d) is observed only when d/d > 0.16 %, 
that is, at tempering temperatures below 450 С. When d/d < 0.16 %, the dependences 
Нс(d/d) for high-carbon steels are not unique. Thus, the coercimetric method for estimating 
crystal lattice microdistortions is inapplicable to products made of carbon steels after 
quenching accompanied by the coagulation of carbide precipitations.  
The value of maximum magnetic permeability of steel 35 decreases monotonically 3 times as 
crystal lattice microdistortions increase from 0.05 % to 0.24 % (fig. 2). For steel 65G, all the 
changes in μmax, namely, a decrease from 600 to 150, occur when d/d ranges between 0.15 
and 0.28 %. Outside this range maximum magnetic permeability is not sensitive to changing 
CLM. In the instance of steel U8A, the increase of d/d from 0.14 % to 0.4 % leads to a 
decrease in maximum magnetic permeability, whereas at crystal lattice microdistortions 
amounting to less than 0.14 %, i. e. after quenching causing carbide coagulation, the 
dependence μmax(d/d) is not unique. Consequently, maximum magnetic permeability, as well 
as coercive force, is inapplicable as a test parameter when the amount of CLM is estimated in 
products made of high-carbon steels after quenching and high tempering. 
The electrical resistivity of all the steels increases monotonically with crystal lattice 
microdistortions. For steel 65G, as d/d increases from 0.05 to 0.31 %, the value of electrical 
resistivity increases more than 1.5 times. For medium-carbon steel 35, this dependence is also 
monotonic,  grows linearly with d/d, however, the change in  is only 20 % (fig. 2). The 



electrical resistivity of eutectoid steel U8A increases about 1.2 times as CLM range between 
0.05 % and 0.37 %; with a further increase in CLM, the value of  for this steel changes much 
more intensively. Thus, for all the steels, electrical resistivity varies uniquely with CLM. 
However, the error of the determination of  is rather high, and for steel 35 the variation of 
electrical resistivity with CLM does not exceed the measurement error. Besides, it should be 
taken into account that steels have a high temperature coefficient of resistance and that a 10 
С temperature rise causes an about 7 % increase in electrical resistivity of steels [28].  
 

 
Figure 2. Magnetic parameters, electrical resistivity and elastic wave propagation velocity as 
dependent on the relative value of crystal lattice microdistortions for steels 35 (○), 65G (■) и 

U8A (▲). 
 

It is obvious from fig. 2 that, for all the steels, the rms value of MBN voltage decreases 
monotonically as the level of CLM increases. However, significant variations of U for high-
carbon steels are observed only at d/d  0.20 %. Thus, the rms value of MBN voltage has a 
fairly high sensitivity to the crystal lattice microdistortions in heat-treated high-carbon steels 
in the range of d/d where the coercimetric method is inapplicable. For the heat-treated 
medium-carbon steel, the parameter U has a fairly high sensitivity to a change in crystal 



lattice microdistortions in the entire range of this change. 
The number of Barkhausen jumps decreases linearly in the entire range of the change of 
crystal lattice microdistortions for both the medium-carbon steels and the high-carbon steel. 
However, the change of this parameter is small, about 20 % (fig. 2).  
For the steels with 0.36 % and 0.62 % carbon, the dependences V(d/d) are unique, whereas 
for the eutectoid steel, the velocity of elastic wave propagation changes nonmonotonically 
with increasing CLM: in the range d/d = 0.05…0.11 %, i. e., after high tempering, V grows, 
whereas it decreases notably with a further increase in CLM corresponding to lower 
tempering temperatures (fig. 2). 
It follows from the results reported that it does not seem possible to estimate crystal lattice 
microdistortions in carbon steels over the entire range of tempering temperatures by one 
separate magnetic parameter, especially in steels with a high carbon content. The most 
effective is the use of coercive force and the rms value of MBN voltage combined: to estimate 
CLM, the coercimetric method can be applied at tempering temperatures below about 
300…350 С, the rms MBN voltage measurement technique being applicable at higher 
tempering temperatures. 
 
Conclusions 
 
Steel 65G taken as an example illustrates that it is the rms value of MBN voltage that has the 
best correlation with crystal lattice microdistortions characterizing residual stresses in steels 
quenched from different temperatures.  
When crystal lattice microdistortions are to be estimated in carbon steel products after 
hardening heat treatment (martensite quenching with tempering), it can best be done through 
the simultaneous use of coercive force (after low and medium tempering) and the root-mean-
square value of MBN voltage (after high tempering). Such parameters as the number of 
Barkhausen jumps, electrical resistivity and elastic wave propagation velocity are less 
sensitive to changes in CLM. The maximum permeability can be used for estimating crystal 
lattice microdistortions in medium-carbon steel.  
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