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INTRODUCTION

Evaluation of plastic deformation and internal stresses in constructions made of low�carbon and lightly
doped steel is an urgent tasks of nondestructive testing and, in particular, magnetic structurescopy. A num�
ber of papers have been published on this topic [1–8]; however, the behavior of induced magnetic anisot�
ropy related to the residual mechanical stresses (after the plastic deformation) is not still clear.

In our previous works [9–12], the formation of an easy�plane (EP) magnetic texture perpendicular to
the pre�stretching axis as a result of plastic deformation was experimentally confirmed.

In [9, 10] simulation of the ratio of compressed and stretched metal grains after plastic deformation by
stretching based on coercive force and residual magnetization measurements was carried out. Formation of
LP�type anisotropy can be explained using the data from these experiments. Magnetic anisotropy in the
massive solid samples was measured by an attached primary converter; the results were reported in [11, 13].
This method not only has some advantages from the practical point of view, but also a number of disadvan�
tages, such as a non�uniform magnetizing field and the influence of the sample shape and dimensions on the
measured parameters.

Magnetic�anisotropy measurements as a rule are carried out using anisometers, with the samples being
disc shaped. In contrast to an infinitely thin disc, the definite thickness and, hence, demagnetizing factor
of the real samples should be taken into account when estimating the induced anisotropy. It is noteworthy
that the demagnetizing factor that is measured along the sample plain is constant regardless of the angle.

With the results of the magnetization being constant, the angular dependencies of magnetic particles
can be compared.

In [14] the energy of the induced magnetic anisotropy was measured directly, in [15] the difference of
the coercive force values was determined, and in [11] the behavior of the differential magnetic permeabil�
ity in the limit of the hysteresis loop measured along and perpendicular to the stretching axis of the low�
carbon steel samples was described. Despite the attempt to estimate the magnetic parameters during plas�
tic deformation caused by stretching [11, 12], these estimates were hampered by scale parameters, such as
the sample shape and dimensions, as well as by the complexity of the data treatment technique. Therefore,
the problem of the determination of magnetoisotropic properties at high (more than 10%) plastic defor�
mations is still unsolved.

In this work induced magnetic anisotropy as a function of plastic deformation in low�carbon steel
plates was measured by different techniques. The value of the coercive�force anisotropy along and perpen�
dicular to the pre�stretching direction has been compared with the value of the magnetization anisotropy.
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MATERIALS AND METHODS

Flat experimental samples of the following dimensions were manufactured: length, 194 mm; width,
70 mm; and height, 1.4 mm. The working�area dimensions were 70 × 70 mm. The plates were manufac�
tured of St20 carbon steel and were pre�annealed.

The samples were stretched using a testing machine within the 0–28% relative elongation range. After
stretching or plastic deformation, discs with a diameter of 30 mm were cut out of the central parts of the
plates. A disc was placed between the electromagnet poles. The strength of the electric field in the electro�
magnet gap was 215 A/cm and the tangential component of the field at the disc surface was approximately
35 A/cm. The normal component of the scattering field was registered by a Hall sensor mounted above the
edge of the disc. The angular dependence of the magnetization was determined from the magnetic�scat�
tering data.

The coercive force was measured using a magnetometric installation at a maximum magnetizing field
of 1200 A/cm.

RESULTS AND DISCUSSION

Previously [11], the dependence of the differential permeability on the field on the limit hysteresis loop
was determined along and perpendicular to the deformed plates of low�carbon steel. Let us return to this
work to the difference of the energies that were spent for magnetization reversal in mutually perpendicular
directions. Let us assume that the energy difference is determined by the magnetic anisotropy that is
induced by plastic deformation.

The rising branches of the limit hysteresis loops for a plate that was subjected to stretching with a rela�
tive elongation of 6% are presented in Fig. 1. The energy of the induced magnetic anisotropy was calcu�
lated from the difference of the areas under the curves that were measured along and perpendicular to the
plate. The same calculations were carried out for different deformation degrees with relative elongations
of 4, 6, 15, 25, and 30%. The dependence of the calculated values on the degree of plastic deformation is
presented in Fig. 2.

According to the results, the energy of the induced magnetic anisotropy substantially increased up to
the relative elongation of 6–15% and then fell sharply. With some approximations, the values of the resid�
ual stress that arise in the plates after plastic deformation caused by stretching can be calculated from the
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Fig. 1. The rising branches of the limit magnetic�hysteresis loops along (curve 1) and perpendicular (curve 2) to a plate
with 6% deformation.
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data that are presented in Fig. 2. The energy of the induced magnetic anisotropy was compared with the
magnetoelastic energy of the residual stresses (3/2λ100σ). According to the calculations, the residual
stresses increased from ~38 to ~130 MPa at relative elongation of 4% and 6–15% respectively, and then
decreased with the further increase of the plastic deformation. However, the reliability of these data is not
satisfactory due to the side scattering of the magnetic flow around the electromagnet poles and the unac�
counted influence of the gap between the poles and the plate.

Next, 30�mm discs that were cut from the central parts of the pre�stretched plates were tested. The
angular dependences of the relative magnetization for disc�shaped samples placed into an external con�
stant magnetic field of 215 A/cm are presented in Fig. 3; the internal field was approximately 35 A/cm.
The experimental technique was described above.

EP�type magnetic anisotropy of samples with relative elongations of 6 and 12% is illustrated in Fig. 3.
The minimum values of the scattering fields (magnetization) are observed along the pre�stretching axis of
the plate (angles of 0, 180, and 360°) and the maximum values are seen along the perpendicular direction
(angles of 90 and 270°). It is seen that the anisotropy value rises with the increase of the plastic deforma�
tion. The deviations of the values curve 1, which correspond to the disc that was cut out of the initial plate
are due to the measurement error. The relative difference of the magnetization along and perpendicular
to the stretching axis as a function of relative elongation presented in Fig. 4 is based on these measure�
ments. It was shown that induced magnetic anisotropy increases with an increase in the plastic deforma�
tion up to 10–12% and then decreases.

In addition, the coercive force along and perpendicular to the pre�stretching axis for different levels of
plastic deformation was determined (Fig. 5).

The relative difference of the coercive forces as a function of the plastic deformation is illustrated in
Fig. 6. It should be noted that the maximum relative difference is achieved at a deformations of approxi�
mately 10%.
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Fig. 2. The remagnetization energy difference along and perpendicular to the pre�stretching axis as a function of the rel�
ative elongation.
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CONCLUSIONS

The following conclusions can be made based on this study:

1. Induced magnetic anisotropy increases with the degree of plastic deformation, with its maximum
value being observed at a relative elongation of 10–15%. Anisotropy is thought to be formed by residual
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Fig. 3. The angle dependencies of the relative magnetization for the samples with different degrees of relative elongation:
1, initial sample; 2, relative elongation, 6%; 3, 12%. M0, magnetization along the pre�stretching axis.

Fig. 4. The relative magnetization difference along and perpendicular to the stretching axis as a function of the relative
elongation.
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stresses (after plastic deformation); thus, it can be concluded that these stresses decrease monotonously
at deformations in the vicinity of the breaking point.

2. The residual stresses can be estimated quantitatively from magnetic�hysteresis loops along and per�
pendicular to the deformed material that are constructed using adjacent electromagnets.

80

70

60

50

40

30

20

10

302520155 100

Δl/l, %

ΔHc/Hc
along

%,

Fig. 6. The relative difference of the coercive force along and perpendicular to the pre�stretching axis as a function of rel�
ative elongation.
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Fig. 5. The coercive force as a function of the relative elongation:
Curves 1 and 2, measurements along and perpendicular to the pre�stretching axis, respectively.
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