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Analysis of minor hysteresis loops in plastically deformed low carbon steel
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We have measured minor hysteresis loops with increasing magnetic-field amplitude H, step by step
and have analyzed them in connection with lattice defects such as dislocations in deformed low
carbon steel. We define several magnetic parameters in the minor loops: pseudocoercive force HC*,
pseudoremanence M R;h, pseudosusceptibility at pseudocoercive force X,_,*, pseudohysteresis loss
WF*, and pseudoremanence work WR* We find several simple relations between the
pseudomagnetic properties, namely, MR*/MG*:9/ 10 and 3/5, and WR*/W;: 1/6 and 1/8, before
and after plastic deformation, respectively. These relations are due to the similarity of minor loops.
Six magnetic coefficients that are sensitive to lattice defects and are independent of H,, as well as
of the magnetic field, are obtained from the pseudomagnetic properties. These coefficients are
effective parameters for nondestructive evaluation of degradation before the initiation of cracking.
The minor-loop method has several advantages for nondestructive evaluation compared with the
traditional method using major loops. The coefficients can give us much information about lattice
defects with high accuracy. The measurements can be done at low magnetic fields less than 20 Oe
and the H, step does not necessarily have to be fine to obtain detailed information because of the

similarity of minor loops. © 2005 American Institute of Physics. [DOIL: 10.1063/1.1999853]

I. INTRODUCTION

The relationship between magnetism and lattice defects
in ferromagnetic metals was studied by the Stuttgart group at
the Max-Planck Institute four decades ago.l_3 The sensitive
properties of a magnetic structure are represented by the dis-
location density p and its distribution; the coercive force H,
increases in proportion to the square root of p, and the initial
susceptibility y; decreases in inverse of the square root of p.
The relationship was experimentally confirmed in Ni, Co,
and Fe single crystals. These magnetic properties obtained
from major hysteresis loops contain information on domain-
wall potential. Systematic study of this relationship has been
summarized by Kronmiiller and Fihnle.*

Recently, we found a method of analyzing minor hyster-
esis loops for Fe single crystals, where several pseudomag-
netic properties were mtroduced pseudocoercxve force
Hc , pseudoremanence M ., pseudohysteresis loss W,
pseudoremanence work WR , and three pseudosusceptibili-
ties, XR , Xy » and x, . These susceptibilities represent 180°
wall mobility at each point of the potential. We can obtain
information on the potential energy for domain-wall dis-
placement from these pseudomagnetic properties. The infor-
mation about the potential obtained from the minor loops is
more precise and detailed than the magnetostructure sensi-
tive properties of the major loops. The potential energy de-
pends on lattice defects such as grain boundaries, vacancies,
interstitials, impurity atoms, voids, and dislocations.’

Our interest is the extension of the minor-loop
method developed for Fe metals and alloys to A533B steel
with plastic deformation. A533B steel is low carbon steel
(0.18 wt % C, 0.15 wt % Si, 150 wt % Mn, 0.03 wt % Cu,
0.66 wt % Ni, 0.56 wt % Mo, balance Fe), and is used in the
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pressure vessel of nuclear reactors. Nondestructive evalua-
tion of degradation is the most important and urgent theme
for the pressure vessel, since the degradation of the pressure
vessel determines the lifetime of the nuclear reactor. The
purpose of the present study is to examine the relation be-
tween magnetic properties of minor loops and dislocations in
A533B steel. The present method based on minor hysteresis
loops is useful for nondestructive evaluation and is more
advantageous for nondestructive tests compared with the tra-
ditional major-loop method where coercive force, initial sus-
ceptibility, and Rayleigh constant are determined. For ex-
ample, the magnetic-field amplitude of minor loops can be
small enough to obtain the detailed information about dislo-
cations. In A533B steel without plastic deformation, for ex-
ample, the magnetic-field amplitude less than 20 Oe is
sufficient.” The sensitivity of the minor-loop method is also
of interest in the present study.

Il. EXPERIMENTAL PROCEDURE

We prepared samples of A533B steel, which are the
same as those in Ref. 8. During the manufacturing process,
the AS33B steel was austenitized between 860 and 890 °C,
followed by water quenching and tempering processes be-
tween 650 and 665 °C for 139 min. The grain size of the
AS533B steel samples determined by metallurgical micros-
copy is about 10 um. Each sample was deformed in tension
at room temperature in an Instron-type testing machine and
was then cut into a doughnut shape, as shown in Fig. |. The
magnetizing and detecting coils with 80 and 100 turns, re-
spectively, were wound on these samples and the magnetiza-
tion curves were measured at room temperature using a flux
meter. It was ascertained that the measured results were in-
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FIG. 1. Size and shape of the samples, (a) for the tensile test and (b) for the
measurements of minor hysteresis loops. The dimensions are in mm.

dependent of the number of coil turns between 50 and 150
turns. The dislocations in each sample were observed in a
transmission electron microscope (TEM).

IH. EXPERIMENTAL RESULTS

The stress-strain curve of the A533B steel is shown in
Fig. 2. The strain rate was 1.2% /min. The critical shear
stress o 1s about 550 MPa above which plastic deformation
proceeds. The high value of o shows a high value of
p (~3x10'° cm™2) in the initial state.®

The minor hysteresis loops were measured in the H,
range from 0 to 50 Oe and pseudomagnetlc propertles were
obtamed from every minor loop M(, , Hc Mg, We' xy
Xz » and x, corresponding to the saturation magnetization
M, the coercive force H, the remanence M, the hysteresis
loss W, and the susceptibilities, in the major loop, respec-
tively. WR is the area enclosed by a minor loop in the second
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FIG. 2. Stress vs strain curve for A533B steel samples. The points mark the
stresses at which magnetic measurements were taken.
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FIG. 3. Dependence of pseudomagnetization Mn* on the magnetic-field am-
plitude H, for A533B steel samples with tensile deformation.

quadrant. We can obtain information on the potential energy
for domain-wall displacement by examining the relation be-
tween these pseudomagnetic properties.é'7

Figure 3 shows the relation between pseudomagnetiza-
tion M, and H, in AS33B steel. The curves correspond to
the virgin magnetization curves and give us the value of the
initial susceptibility and the Rayleigh constant. While the
curves are nearly independent of true siress below o
(~550 MPa), they change considerably above o after plas-
tic deformation.
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FIG. 4. Dependence of pseudocoercive force Hcﬁ on the magnetic-field
amplitude H, for A533B sleel samples with tensile deformation.
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FIG. 5. The refation between pseudohysteresis loss WF* and pseudorema-
nence Wy * for A533B steel samples with tensile deformation.

Figure 4 shows the H, dependence of pseudocoercive
force H-'. The value of H. increases rapidly with the in-
crease of H, in the second stage, the increase becomes small
in the third stage, and H. is finally saturated. The saturation
of HC?’ occurs above 15 Qe before plastic deformation, while
it does not even at 50 Oe for the samples with plastic defor-
mation. The relation between HC* and H, in each stage de-
pends on the applied stress. The value of H, at which the
third stage starts shifts to a larger field with increasing true
stress.

The similarity of minor loops can be examined by com-
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FIG. 6. The relation between pseudoremanence M R“ and pseudomagnetiza-
tion M{,* for A533B steel samples with tensile deformation.
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paring W,," with W, and MR with M, " (see Figs. 5 and 6).
The relatlon between W,  and W, can be plotted on a
straight line in the second stage except at large values, as
shown in Fig. 5. The slope of the straight line is about 6.0
before plastic deformation and about 8.0 after plastic defor-
mation in the second stage: W, /W, =1/6 and 1/8 before
and after plastic deformation, respecuvely The deviation
from the straight line at large W, results from earlier satu-
ration of W, than W, . The saturation of W, can be ex-
plained in terms of the critical energy orlomatmo in the mag-
netostatic energy.” The relation between M, and My can be
also plotted on a straight line in the second stage below
My =5%10° and 1.5X 10* G for samples before and after
plastic deformation, respectively, as shown in Fig. 6. The
gradual deviation of MR from the straight line at large M
is caused by the same origin, the critical energy. 5 While the
ratio of MR /M,, is about 9/10 before plastic deformation, it
drastically changes to about 3/5 due to plastic deformation
and is independent of true stress. These experimental facts
suggest that the minor hysteresis loops have a similar figure
in the second stage before and after plastic deformation. This
indicates the shape similarity of 180° wall potential in the
second stage.

The pseudohysteresis loss W; is the frictional energy of
180° wall in one cycle of a minor loop and Ma* corresponds
to the potential energy at H=H, which is the highest energy
in one minor-loop cycle. The pseudoremanence work W, :
the work to displace the domain wall from the trouoh to the
crest of the potential, and the pseudoremanence M, corre-
sponds to the trough of the potential. In our previous work
for Fe single crystals,7 we found the relations between WF':

and M," and between W, and M, in the second stage,
which are represented, respectively, by
oo Mi T
W =W (Vs) (D
and
*\n
W, = WRO(Z—’;) R. )

Here, WF0 and W,‘,0 are energy-loss and trough-depth coeffi-
cients, respectively. From least-squares fits using Mg and Mz
obtained at H,=100 Oe, ny and np were found to be
1.51+0.06 and 1.42+0.03, respectively, as shown in Figs. 7
and 8. Such values are close to those obtained for Fe metal
and its alloys (np=ng=1.5) reported previously,” indicating
that both np and np are nearly independent of kinds of ma-
terials and dislocation density. Assuming that ny=ng=1.5 for
A533B steel, the dependence of W2 and W, on true stress
was obtained, as shown in Fig. 9(a).

The relation between H and M, presents the height of
crests in the potential and can be represented by

My
He _HC(MR) ; (3)

where H.” is a crest height coefficient proportional to the
potential helght As is seen in the least-squares fits in Fig.
10, we found that while the value of n is 0.33+£0.03 below
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FIG. 7. The relation between pseudohysteresis loss W, and pseudomagne-
tization M,,"' for A533B steel samples with tensile deformation in logarith-
mic scales. The solid lines denote the least-squares fits of the data in the
second stage and the slope of 1.5 is shown for comparison with the observed
slope.

o¢, it changes to 0.50+0.04 owing to plastic deformation
and is independent of true stress above o. The dependence
of HC0 on true stress is shown in Fig. 9(b).

The pseudosusceptibility at H XH*’ is a function of
H¢" and its reciprocal Re" (=1/x,) corresponds to the re-
sistance for 180° wall displacement at H.'. As shown in Fig.
11, both Rc and HC have a simple relationship, in the sec-
ond stage, given by
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FIG. 8. The relation between pseudoremanence work WR‘ and pseudorema-
nence M,‘,a for A533B steel samples with tensile deformation in logarithmic
scales. The solid lines denote the least-squares fits of the data in the second
stage and the slope of 1.5 is shown for comparison with the observed slope.
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XTO and ,\/30 for A533B steel samples with tensile deformation.

He
R =—==R{ exp(— —C), (4)

where RC0 is a resistance coefficient corresponding to the
resistance at the potential crest, and b is a resistance constant
and depends on kinds of materials.” The value of b is
5.8+£0.9 below o, but it abruptly reduces to 3.5£0.3 and
becomes almost constant above o.. The coefficient RC0
steeply increases with increasing true stress, as shown in Fig.
9(b).

We can obtain information on 180° wall displacement at
the trough of the potential and on the average mobility of
]80O wall at the potential slope, from the relation between
xr and Mg and between x, and M., respectively. As
shown in Figs. 12 and 13, in the second stage of magnetiza-
tion process, the pseudosusceptibilities x; and x, can be

fitted by a simple formula, given by
My )
= 5
XR =Xr ( My (5)

and
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respectively. Here, XTO and Xso are mobility coefficients
which are related with the mobility at the potential trough
and the averaged mobility of the 180° wall, respectively. ny
and ng are constant and depend on kinds of materials.” While
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the value of ny is almost independent of true stress and is
0.19+0.03, ng is 0.92+0.08 and 0.58 £0.06 before and after
plastic deformation, respectively. As shown in Fig. 9(c), both
XTO and XSO decrease monotonically with increasing true
stress above o¢.

The influence of true stress on the 180° wall potential
and the mobility of the 180° wall can be quantitatively evalu-
ated from the magnetic coefficients W 0, w 0, H Co, RCO, XTO,
and XSO. In view of residual internal stress, the true stress
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value of H. was obtained from a major loop with H,
=100 Oe and both XTO and XSO are plotted by their reciprocal
value. Simple proportional relations exist between the mag-
netic coefficients and H, since these magnetic properties
were obtained by use of the magnetic domain wall as a sen-
SOT.

The dependence of W°, W2, and H° on true stress is
very similar to that of H¢. Both W,° and HCO increase at the
same rate as H¢, but WF0 increases by 60% in the same
range. These three coefficients would have the same relation
with p as H¢ in A533B steel. The small difference between
the first two coefficients and the last would be attributed to
the micro- and macrostructures of the potential due to the
distribution of dislocations. HC0 and WRo correspond to the
height of crests and the depth of troughs, respectively, and
they are more sensitive to the distribution of dislocations
than W2 in A533B steel. R, 1/x;°, and 1/x" correspond
to the resistance of the 180° wall at the crest, the bottom of
the trough, and the average slope of the potential, respec-
tively. The mobility of the 180° wall is sensitive to disloca-
tions both at the crest and the average slope, and insensitive
at the bottom of the trough (see Fig. 14). This mobility
would be the characteristic of A533B steel and can be ex-
plained by the distribution of dislocations. The cell structure
advances and the value of p increases in the cell wall by
plastic deformation in A533B steel. The increase of p would
mainly contribute to the macrostructure of potential, not to
the microstructure.

The relations of Eqs. (4)—(6) deviate in comparison with
those of Egs. (1)—(3), though the former are more sensitive to
dislocations than the later (see Figs. 7, 8, and 10-13). The
deviation of the pseudosusceptibilities is their fundamental
character. The pseudosusceptibilities depend on the mobility
of the 180° wall in the potential with a fractal structure. The
mobility changes accidentally even at the bottom of trough,
which seems to be the most stable point among three special
points of the potential. The pseudoproperties WF*, WR*, and
H." reflect the average structure of the potential and are
insensitive to the fractal structure of the potential.

The coefficients give us much information on the inter-
nal structure including lattice defects and are useful for non-
destructive evaluation of degradation in ferromagnetic mate-
rials. The coefficients have several advantages for
nondestructive evaluation compared with the traditional pa-
rameters obtained from major loops. One of them is the
small magnetic field required for measurements; the major
loop can be obtained by the application of the magnetic field
higher than 100 Oe in A533B steel, while the minor loops
can be obtained by the magnetic field less than 20 Oe. This
advantage is useful in the design of equipment. A set of
minor loops yields us six magnetic coefficients and the in-
formation about the degradation is much greater than that
available with major loops. The disadvantage of the minor-
loop method is the necessity of a large number of minor
loops. It is possible, however, to decrease the number by
taking advantage of the similarity of minor loops.

The initial susceptibility y; can be obtained from the
virgin magnetization curves shown in Fig. 3. The value of x;
contains more experimental errors than He. The magnetiza-
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tion does not increase linearly near the origin and it is diffi-
cult to draw a straight line at the origin. The nonlinearity
near the origin is caused by the irreversible magnetization
process in the initial stage. We could not observe the revers-
ible magnetization process at the initial stage even in Fe
single-crystal samples.s‘6 The relation between y; and p can
be theoretically obtained on the supposition of the reversible
process.4 Theoretically, Rayleigh constant « decreases in in-
verse proportion to p.4 The reliable relation between « and
true stress could not be obtained from the magnetization
curves shown in Fig. 3. This can be due to the fact that the
curves shown in Fig. 3 are not exactly the same as the virgin
magnetization curves or the Rayleigh rule does not hold true
in A533B steel. The experimental results of y; and « are not
introduced in this paper.

Degradation proceeds by neutron irradiation in the
nuclear pressure vessel. We have confirmed that magnetic
coefficients obtained from minor loops are sensitive to deg-
radation in A533B steel. The relation between the coeffi-
cients and the degradation by neutron irradiation will be re-
ported in the near future.

V. CONCLUSIONS

The influence of dislocations on the 180° wall displace-
ment in A533B steel was examined experimentally by an
analysis of minor hysteresis loops from the viewpoint of the
potential. The following conclusive findings were forthcom-

ing.

(1) The minor hysteresis loops are similar in the second
stage independent of the magnetic-field amplitude, and
there exist several simple relations between the pseudo-
magnetic  properties: WR#/W,,—*=1/6 and 1/8 and
Mg /M, =9/10 and 3/5 before and after plastic defor-
mation, respectively.

(2) The magnetic coefficients W, W.°, and H/? yield in-
formation on the internal structure including lattice de-
fects such as dislocations. With increasing dislocation
density, both WR0 and HC0 largely increase, indicating
that the height of crests and the depth of troughs in-
crease with the height of the potential.

(3) The magnetic coefficients R, x;°, and XSO yield infor-
mation on 180° wall mobility at the characteristic points
of the potential. Among them, RCO and the reciprocal of
Xso show a large increase with dislocation density. This
means that the 180° wall mobility is very sensitive to
dislocations at the crest and the average slope of the
potential.

(4) The magnetic-field amplitude required to obtain the
magnetic coefficients is much lower than that for major
loops and is less than 20 Oe for A533B steel with plastic
deformation.

(5) The magnetic coefficients are effective for investigation
of lattice defects, because they give much information
about the potential of the 180° wall and are more sensi-
tive than the magnetic properties obtained from major
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