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Abstract: Seven specimens of 45 steel with different residual strains were prepared
by homogeneous plastic tensile test. The microstructure of the specimens was
observed by scanning electron microscopy and the texture characteristics of the
specimens were studied by X-ray diffraction. The results showed that plastic
deformation mainly leads to dislocation increment in the microstructure rather than
obvious deformed grain morphology, texture and residual stress. Then the
dislocation density of each sample was calculated by X-ray diffraction method.
The MBN signals of the samples were tested by magnetic Barkhausen noise
method and the corresponding RMS (root mean square) values were calculated.
The results showed that the dislocation density increases and the RMS value
decreases with the increase of plastic deformation magnitude, the phenomenon
was explained deeply. By establishing the correlation between dislocation density
and RMS value, it was found that there was a good linear relationship between
dislocation density and RMS value. According to the formula provided by the
fitting curve, the dislocation density can be predicted by measuring the RMS value

of any degree of plastic deformation.
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1. Introduction

Magnetic Barkhausen noise (MBN) is a nondestructive testing technology that is
widely used in detection of thickness of carburization layer!! and film[, grain sizel®],
phase content!*>], stress®7].etc. This phenomenon is due to the interactions of domain
walls with defects like grain boundaries, dislocations, inclusions and second phases, so
the MBN is sensitive to microstructural changes of ferromagnetic materials. During
plastic deformation, microstructure of the material will change significantly, so the

MBN method can be used for characterizing plastic deformation.

Pedro P. de C. Antonio et al studied the variation of MBN signal under small plastic
deformation, he attributed the change of MBN signal to the influence of many factorst®].
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Martin J. Sablik et al tried to model the stress-strain curve with a modified theory, he
thought that the 90° domain wall would also cause the change of MBN signal, but no
further discussion was given!.. The research in this field is rare, and the experiment is
basically carried out under the action of coaxial external force, so the influence of
external force is introduced'®!'"l. In order to study the influence of dislocation density
on MBN signal separately, a special design and demonstration was carried out in this
study.

Dislocation is a common type of lattice defect in crystal materials, which is strongly
related to mechanical properties of metals, the four theories of strength for materials
are all based on dislocation theory. Dislocation has always been a hot topic in the
research of metallic materials. The microscopic mechanism of plastic deformation can
be explained by dislocation theory!'>'3], Dislocation density determines the process of
recovery and recrystallization!'*'"l. Dislocation density plays a key role in
work-hardening of materials!'®2%, In a word, dislocation provides an important
characterization method for material science research.

Dislocation density is the main parameter for characterizing dislocation. There are
several commonly used methods of calculating dislocation density, among them TEM
and X-ray diffraction line profile analysis are the most widely used techniques to
quantify the dislocation density. Each analytical method has its characteristics,
application range and limitations. TEM technique can give an in-situ observation of
dislocation morphology?'??l, however it is time consuming for a TEM sample
preparation, and obtained information is from small area. Besides, for a sample with
large number of dislocations, it is difficult to distinguish one from another, so TEM is
mainly used for low density dislocation research. XRD reveals the average data over a
relatively large area and it can be used for high density dislocation research, however,
the sample preparation and observation is complex as well.

Detection of dislocation density by non-destructive method is free of the complicated
sample preparation process, which is facilitate for life prediction!?®! and damage
assessment®!. In this paper, seven specimens of 45 steel with different residual
strains were prepared by homogeneous plastic tensile test. The microstructure of
the specimens was observed by scanning electron microscopy and the texture
characteristics of the specimens were studied by X-ray diffraction. Then the
dislocation density of each sample was calculated by X-ray diffraction method. The
MBN signals of the samples were tested by magnetic Barkhausen noise method
and the corresponding RMS (root mean square) values were calculated.

2. Materials and methods
2.1 Material preparations

Tensile specimens of the same size were prepared with 45 steel. The samples were
annealed to eliminate residual stress. In order to obtain different dislocation density, the
tensile method was adopted. Three specimens were stretched to break, and the
stress-strain curves were obtained. The mean maximum strain was about 21%. Then 7
specimens with different residual strains were obtained by tensile method (Fig.1), the
residual strains were 1%, 4%, 8%, 12%, 14%, 16%, and 18% respectively, the
specimens were named as #1, #2, #3, #4, #5, #6, #7 correspondingly.
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Figure 1. Tensile specimens with different plastic deformation
2.2 MBN measurements

MBN measurement was performed using the experimental system developed in the
authors’ laboratory. The test system is schematically shown in fig. 2.
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Figure 2. Experimental set-up of MBN

The U-shaped yoke placed on the surface of the sample is used to provide a magnetic
field. A sinusoidal signal provided by the function generator is applied to the excitation
coil. The pick-up coil used to detect the MBN signals is mounted in the middle between
the legs of the U-core. The original signal is amplified and filtered. To minimize
undesirable effect of eddy current in the induction process, in the experiment the
excitation frequency was set to 10 Hz, the sampling frequency was set to 200 kHz.

The morphology of one MBN signal is shown in figure 3. The MBN signal is
composed of many pulses of different intensities. In order to quantitatively describe
one MBN signal, the RMS (root mean square) is used as the eigenvalue. The RMS
voltage of the MBN signal is computed using the expression
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Vrms =+ 0 Viz)/n (D

Where V; is voltage intensity and n is the number of voltage pulses.
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Figure 3. Morphology of one MBN signal
2.3 Microstructure characterization and X-ray Diffraction Measurements

The microstructure of the specimen was characterized by scanning electron
microscope (SEM). The specimens were prepared according to the standard procedure,
etched with Nitric acid alcohol solution (4% HNO3, 96% alcohol) after grinding and
polishing. A PANalytical X-Pert system with Cu — k, radiation (A =0.154nm) was
used for XRD measurement. The X-ray tube was operated at 40 kV and 40 mA. The
diffraction lines were recorded from 2 6 =10° to 90° with a step of 0.02° to cover
the main diffraction angles of the samples. The (110), (200) and (211) pole figures were
measured and the orientation distribution function (ODF) was calculated for texture
analysis.

3. Results and discussion
3.1 Microstructure analysis

The samples for MBN and XRD measurement were free from external influences
(Force, temperature and magnetic field), the microstructure completely determines the
MBN and XRD signals. The influence of microstructure can be divided into different
factors, such as dislocation, residual stress, grain size, texture and so on. The external
force was uniformly and slowly applied to the cross section of the specimen during
tensile test, resulting in uniform plastic deformation in the material, no macroscopic
residual stress was generated in the specimens. Texture is another important factor
affecting the detection signal. Texture may be formed during plastic deformation,
Textural structure with specific orientation distribution results in anisotropy of the
detection signals. Plastic deformation can also cause grain shape changes, the size of
which depends on the composition of the material, the type of microstructure and the
degree of plastic deformation. The morphology and size of the grains will also cause
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changes in the detection signals. The microstructure and texture of the specimens were
observed.
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Figure 4. microstructure and texture observation of the #7 specimen

The corresponding result of the #7 specimen was given in figure 4. As shown in
Fig.4 (a), the ferrite (black in color) and pearlite (white in color) is uniformly
distributed, no obvious deformed structures or bands were observed. Fig.4 (b) shows
the orientation density map at different directions. According to the color scale, the
orientation density is uniformly distributed in all directions, and there is no orientation
concentration in the material. The deformation of the #7 specimen is the largest, and
there was no deformed microstructure and texture produced during tensile deformation.
The test results of other samples with smaller deformation are similar. In summary,
tensile deformation process mainly results in changes of dislocation density of the
specimens.

3.2 Dislocation density measured by X-ray diffraction method

The dislocation density was measured according to the XRD profile analysis method.
The modified Williamson-Hall method (m-WH) is a widely used method to evaluate
the dislocation density[25,26]. The dislocation density measured by X-ray diffraction
experiment can be described by the following equation[27]:

(AK)? = (g)z + BK2C + O(K?C?) )
AK = ZW;OSG (3)
K =202 4)
B="""0 5)

2

In which, o is shape factor, d is the average grain size, 0 is diffraction angle, W is
the full-width-half-maximum (FWHM) of the XRD diffraction peak, p is the
dislocation density, A is X-ray wave length, K is the magnitude of diffraction vector,
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M is a constant parameter depending on the effective outer cutoff radius of dislocation,
in deformed materials M varies in between 1 and 2, for most instance M was selected
as 2[28,29], O indicates non-interpreted higher order terms, b is the magnitude of the
Burgers vector. C is the so called dislocation contrast factor, which is determined by the
elastic anisotropy and the dislocation type of the material

C = Choo(1 - qH?) (6)

Choo is a constant (0.258). In a similar manner, the q parameter was determined as
1.977. H? can be expressed as the fourth—order invariant function of the Miller indices
(hkl):

[z = PP HEPH2h?
T (h24Kk2412)2

(N

According to Eq. (2), the AK for each (hkl) plane was plotted as a function of K?C?,
after linear fitting, the slope  was calculated and the dislocation density p can be
obtained according to Eq. (5).

In this research, b=0.284[31], « is given as 0.9 under assumption of spherical
crystals with cubic symmetry[32], the results of X-ray diffraction was given in figure 5.
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Figure 5. XRD diffraction peaks of the specimens

As shown in figure 5, 3 distinct diffraction peaks ((110), (200) and (211)) were
detected in each sample. The diffraction peaks have obvious broadening characteristics.
FWHM values of the (110), (200) and (211) X-ray diffraction peaks were obtained
from the original diffraction data. However for (h00) plane, the value of H? in Eq. (7)
is zero. In such a case Eq. (2) cannot be applied[33], so only diffraction data from (110)
and (211) was used. The relationship between (AK)? and K2C was given in Figure 6.
After linear fitting, it can be seen clearly in Figure 6 that with the increase of plastic
deformation, the slope of fitting curve is increasing. The [ value of each sample was
obtained through fitting and the corresponding dislocation density was calculated
according to Eq. (4), as shown in table 1, the dislocation density increases with the
increase of plastic deformation.
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Figure 6. Peak broadening analysis using the modified Williamson—Hall plot

Table 1. Summary of the Coefficient of the Fitting Curve in the Modified Williamson-Hall Plot

specimen #1 #2 #3 #4 #5 #6 #7
Residual strain (%) 1 4 8 12 14 16 18
B 0.113 0.143 0.172 0.228 0.25 0.328 0.341
p (X 10%5/m?) 22 2.8 34 45 49 6.5 6.7

3.3 Dislocation density evaluated by MBN

After the XRD test, the MBN signals of each sample were tested at the same location.
All tests were carried out under the same condition. Figure 7 shows the morphology of
3 MBN signals obtained from each sample. As can be seen clearly, the morphology of
each MBN signal is spindle shaped, large in the middle, and small in the two ends. The
distribution area of MBN signal corresponding to the plastic deformation of 1% is the
largest, indicating that the MBN signal intensity is the strongest of the 7 specimens,
whereas the distribution area of MBN signal corresponding to the plastic deformation
of 18% is the smallest, indicating the weakest intensity of MBN signals. It looks as if
the difference of MBN signal morphology is not obvious between the two specimens
with similar degree of plastic deformation, on the whole, the MBN signal morphology
of the 7 samples is quite different. The MBN signal intensity of specimens from the
smallest plastic deformation to the largest plastic deformation is gradually decreasing.
In order to assess this difference quantitatively, RMS of each sample was calculated.
Because the overall appearance of MBN signals obtained from the same sample is
different. The RMS value of each sample is averaged over ten MBN signals to
minimize the effect of signal morphological differences.

From macroscopic view, the difference of MBN signals in different samples is
caused by plastic deformation. In fact it is the difference of dislocation density that
results in the different intensity of MBN signals. Fig. 8 shows the relationship between
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plastic deformation, dislocation density and MBN signal among different specimens.
As can be seen clearly, with the increase of plastic deformation degree, the basic rule is
the increase of dislocation density and the decrease of MBN signal intensity.
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Figure 7. MBN signals of the samples
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Figure 8. Variation of RMS and dislocation density with the increase of plastic deformation degree



X. Kang et al. / Study on the Mechanism and Application of Applying Magnetic Barkhausen Noise 137
3.4 Relationship between dislocation density and MBN signal

The value of the dislocation density p can be calculated from the average values of

the crystallite size D and microstrain € by relationship[34]
2\1/2
p = 22 (®)

where b is the Burgers vector.

According to Eq. (8), the dislocation density increases with the increase of plastic
strain, the research in this paper has also reached the same conclusion. The dislocation
multiplication can be well explained by the Frank-Read source model, which is usually
used to characterize dislocation generation in the bulk of a crystalline material[35].

The MBN signal intensity decreases with the increase of dislocation density, this is
determined by magnetic domain dynamics. The MBN signal is generated when the
magnetic domain moves. Any factor that hinders the movement of magnetic domains
will affect the MBN signal. Dislocations hinder the movement of magnetic domain
walls. Each dislocation will have a critical value of the pinning force per unite length,
the domain wall can move only when the external force is greater than the pinning
force provided by all the dislocations. The critical field is defined as[36]

Y cos Dcrit (9)

H.. =
crit ™ | MgL(cos Q1 —cos Q)

Where L is the distance between two adjacent pinning sites. Under the same test
conditions, the other parameters are the same. According to Eq. (9), the critical strength
H..: for MBN activity decreases as the spacing L increases. According to the model of
Nes and Marthinsen[37,38], the slip length of dislocations reduced due to the formation
of cell structures and sub-boundaries during deformation. As the degree of deformation
increases, the dislocation density increases, the value of L decreases, the critical field
strength required for magnetic domain wall motion increases, and the number of
magnetic domains that can be moved decreases, eventually the value of MBN signal
decreases.

3.5 Correlation between dislocation density and MBN signal

According to the above analysis, the law that the MBN signal decreases with
increasing dislocation density is very clear. This makes it possible to quantitatively
evaluate the dislocation density using the magnetic Barkhausen noise method, and the
relationship diagram was drawn, in which, dislocation density is abscissa and RMS is
ordinate, as shown in figure 9. The seven data points show a good linear relationship.
According to the regression analysis, the relationship between RMS and Dislocation
density can be expressed as:

__ R-3.58
T -036

(10)

Where R indicates RMS intensity, D indicates dislocation density. In order to verify
the reliability of the method, three tensile specimens were prepared using the same
material and method. The residual strain of the samples was 15% after tensile
deformation. The mean RMS value of the three samples is 1.57, substitute it into Eq.
(10), the calculated dislocation density value is 5.58 X 105 /m?. The mean dislocation
density of the three specimens tested by the m-WH method was 5.32 X 10'°/m?, the
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relative error of this method is 4.9%. The results show that the MBN method has high
accuracy in measuring dislocation density.
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Figure 9. Relationship between RMS and dislocation density

3.6 Correlation between plastic deformation and MBN signal
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Figure 10. Relationship between RMS and plastic deformation
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There is a negative correlation between plastic deformation and MBN signal, as
shown in figure 10, in which, RMS is abscissa and plastic deformation is ordinate.
Therefore, MBN signal can be used to predict plastic deformation, and the bridge
between them is dislocation density, as discussed above.

4. Conclusions

The mainly change of the microstructure of the specimens during tensile deformation
is the dislocation multiplication. With the increase of plastic deformation degree, the
dislocation density increases and the MBN signal intensity decreases. There are
remarkable negative linear relevant relations between RMS and dislocation density as
well as plastic deformation. According to the regression function, the dislocation
density and plastic deformation can be forecasted, and the prediction value is of high
precision. This study confirms that it is feasible to quantitatively evaluate dislocation
density and plastic deformation using MBN method.
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