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The Barkhausen noise (BN) profile of Feg;B,; 5Si; sC, Metglas changes from single to double
peaks with applied tensile stress. The second harmonics during the magnetization process
under various stresses confirm that the single and double peaks on the BN profiles can be
attributed to domain nucleation/annihilation. The variation of the initial permeability with
tensile stress indicates that the volume fraction of longitudinal domains along the stress
direction increased up to a stress of 20 MPa (stage |) and then it remained constant with
further stressing, v| (o) ~ 1 (stage Il). The total BN activity during a half (B—H) loop with
tensile stress, transient also at about 20 MPa, can be characterized by a (BN),; oc eBo
relationship, where the exponents are §, =1.761x107 2 and B, = 1.768x 1073 for stages | and
I, respectively. An analysis of (BN) in stage Il showed that the number of domains involved
in the domain nucleation/annihilation is proportional to o'/2.

1. Introduction Nippon Metallic Amorphous Ltd.), with dimensions of
A magnetization process represented by a hysteresis  2.5cm x 11 cm x 25 um, in the as-received state.
loop which is not continuous, consists of A block diagram of the BN measurements is shown

discrete jumps of the microscopical magnetization, in Fig. 1. Two coils for detecting BN were wound with
(and these sudden changes of the irreversible magnetic
flux) is referred to as magnetic Barkhausen noise (BN).
The high Barkhausen activity at the field of maximum
susceptibility in plastically deformed 3% SiFe [1] and

Function generator

Fe,oNiysMo,Bg metallic glass [2] and at the knees of Y
the hysteresis loop in annealed crystalline materials - .
[3, 4] can be attributed, respectively, to the domain- _,%rgg.&%gc\”_

wall motion and the domain nucleation/annihilation
occurring during the magnetization process. Previous

papers [5-7] showed that the BN increases or de- Sample Stressing
creases with stress depending on whether tensile or apparatus
compressive stresses, respectively, are applied. How-

ever, no comprehensive physical model is yet available 000

which accounts for the stress dependence of the BN Detecting coil

characteristics associated with the domain dynamics

in amorphous and crystalline materials. T
In this paper, the variations of the BN profile with the

magnetic field and the integration of a BN profile

during a half B-H loop, (BN),,, was studied in Y

Feg B3 5513 5C,(2605SC) Metglas under various ap-

Amplifier (Q = b)

plied tensile stresses. The results are discussed in terms L Oscilloscope —I
of domain nucleation/annihilation and the volume v
fraction of longitudinal domains caused by magneto-
elastic coupling with the applied tensile stress. BN profiles and
total BN

2, Experimental procedure measurements

The measurements were performed on a commercially
available 2605SC amorphous ribbon (supplied by Figure 1 A block diagram of the experimental set-up.
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the same number of turns (200) but in opposite direc-
tions (the so-called encircling type), and they were
located coaxially inside the primary coil generating
the magnetic field.

The stressing device consisted of a spring with a
spring constant of 1.45x 103 Nm™! It was used to
apply tensile stresses in the elastic range 0-70 MPa to
the sample inside the primary coil, in order to measure
simultaneously the magnetic properties referred to
above. The applied stress was large enough to produce
significant changes in the magnetic properties. The
fracture tensile stress, measured for the sample inde-
pendently on an Instron machine, was shown to be
1700 MPa.

A 0.1 Hz triangular waveform magnetic field of
+ 600 Am™! range was generated by a function gen-
erator (HP8116A) to saturate the sample in the pri-
mary coil. The BN voltage profile, under a constant
applied tensile stress, was amplified at a central fre-
quency of 1kHz using an amplifier (SR530) with a
QO-factor of 5, and it was recorded on a digital oscillo-
scope (LeCroy 9410). The total BN, (BN),,,, was ob-
tained by integrating the BN voltage profiles during a
half B—H loop.

3. The variation of the initial
permeability with stress
The quenched-in stress gave rise to a complex pattern of
fine and curved domains on the specimen surface
which provided two regions of domains inside the
amorphous ribbons: the domain oriented parallel and
transverse to the longitudinal ribbon direction, whose
volume fractions are designated, respectively, as v and
v, in the demagnetized state [8]. Since 26055C has a
positive magnetostriction, v, is associated with a
transverse anisotropy constant, K, and a compres-
sive stress, o, while v} is associated with a longitud-
inal anisotropy constant, K, and a tensile stress, ©,.
The dependence of the initial magnetic permeability
on the uniaxial applied stress was discussed by Chiriac
and Gobotaru [9] by taking into account the magnet-
ization rotation process inside v, (c) and the domain-
wall displacement inside v|(c). Therefore, the initial
permeability, u(o), under a small alternating current
{a.c.) perturbing field can be written as [9]

v, (o) } (1)
N + 2K (o)

where p, is the permeability of free space, M; is the
saturation magnetization and N is a proportional
coefficient of magnetostatic energy depending on the
thermal and mechanical history of the sample, and o is
the applied stress.

The transverse anisotropy constant, K (c), is given
by

mw=mMﬂﬂ?

K. (o) =3/20(— ol +0) (6<lo) @
=0 CRICA)

where A, is the saturation magnetostriction coefficient.
The transverse anisotropy constant decreased with the
applied tensile stress, and it became zero for ¢ = | o]
As the tensile stress was applied to the sample, v, (o)
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decreased with the stress level and it exceeded the
compressive stress, ¢ > | o, |, due to reorientation of
the magnetization. As a result, v;(c) increased at the
expense of the transverse volume fraction, and is
signified by the increase in p(c), which depended on
the stress level.

The increase in p(c) with the applied tensile stress is
shown in Fig. 2. The rapid increase in p{c) for smali
applied stresses, ¢ < 20 MPa, arises from decreases in
K| (o) and v, (c), and/or increases in v(c); See Equa-
tion 1. The plateau of u(c) for ¢ > 20 MPa signifies
that the most domains were aligned in the longitud-
inal ribbon direction; that is, v)(c) ~ 1 and v, (6) =~ 0.

4. The characteristics of the BN

in relation to domain

nucleation/annihilation
The change in the irreversible magnetic flux density is
caused by the change of the magnetic moment during
the nucleation/annihilation and by the displacement
of domain walls [10]. However, the change of the
irreversible magnetic flux density due to the displace-
ment of domain walls is negligible in the 2605SC
sample, since the domain walls are slightly pinned [9].
Therefore, the major contribution to the irreversible
flux change arises from the domain nucleation/anni-
hilation by the domains in vy rather than the domains
in v,. These make the dominant contribution to the
BN signal because the domain-wall energy in v, is
twice that in v, [11]. Then the irreversible magnetic
flux density, By, inside v; can be described by

B, = aNn,a vy (3)

where a is the irreversible magnetic flux density gen-
erated when the magnetic moment in the single
reversing domain exceeds the domain-wall energy,
which embraces the potential barrier for domain nuc-
leation/annihilation. N, is the number density of
domain walls participating to nucleation/annihilation
n vy,

The characteristics of the BN measured by a detec-
ting coil under an applied stress during the sweep-
ing of magnetic field are proportional to the time
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Figure 2 The variation of p(o), under a small a.c. perturbing field,
with the tensile stress.



derivative of the irreversible magnetic flux, dB;/dt.
dB;
BN(H)=c—— 4
(H)y=c ar (4)
where ¢ is a dimensional constant converting to the

voltage signal which varies with the number of turns
and the cross-sectional area of the coil etc.

dBirr . dNn’a(G, H) dH
@ " f@uC— g
(4a)
, dN, .(o, H)
c a(o‘)u”(c)———d—H———

where dH/dt is a constant for a triangular waveform
magnetic field which is denoted by ¢'. The derivative
dN, .(o, H)/dH represents the distribution of the
number density of nucleated/annihilated domains
during a hali-cycle of magnetization. Therefore, the
BN signal in Equation 4 signifies the distribution of
nucleation and annihilation of domains during a half
B-H loop cycle. Consequently, the total BN, (BN),,,
during a half cycle is obtained by integration of the
BN profile in Equation 4, as follows

dB;
BN),,, = c——dH
( )t ' jhalfcycle dt

®)
= ¢ a(G)U“(C)Nn,a(U)

where ¢” is a constant, equal to the product of ¢ and ¢'.
Thus, (BN),,, is proportional to a(o) N, ,(c) and v)(c)
during half a hysteresis loop.

5. Results and discussion

The second harmonics under the small applied a.c.
magnetic field, P,(H), are equivalent to the second
derivatives of the magnetic induction with respect to
the field [12], and the peaks of the second harmonics
correspond to the nucleation and annihilation fields
H, and H,, respectively, measured at 20 Hz with a
small a.c. perturbing field, H,,,, = 20 Am ™. The vari-
ations of the second harmonics with the magnetic field
at various tensile stresses are presented in Fig. 3 where
the field interval, AH, , and the height of peaks in-
crease up to about 20 MPa; they remain constant over
20 MPa. Thus, P,(H) is proportional to
dN, .(o, H)/dH in Equation 4a, which represents the
rate of the domain-wall nucleation/annihilation.

The BN profiles for | kHz analysing frequency at 0,
10, 20, 40 and 70 MPa are shown in Fig. 4. The
prominent single peak of the BN profiles, which is
broader than AH, ,(0) under zero stress, is caused by
the overlapping of the BN generated during the nucle-
ation and annihilation of the domain walls. The small
fluctuating peaks at both sides of the main BN peak
may be caused by domain rotation from the satura-
tion magnetization to the local easy axis because of
the local compressive stress inside v, (0) before the
domain nucleation/annihilation takes place. As the
stress increased, the single peak of the BN profile under
zero stress spilt into two peaks of nucleation and
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Figure 3 The variation of the second-harmonics curves with the
magnetic field under applied tensile stresses of: (a) 0 MPa, (b)
10 MPa, (c) 20 MPa, (d) 40 MPa, and (¢) 70 MPa.
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Figure 4 The variation of BN profiles (at a 1kHz analysing
frequency) with magnetic field for applied tensile stresses of:
(a) 0 MPa, (b) 10 MPa, (c) 20 MPa, (d) 40 MPa, and (¢) 70 MPa.

annihilation fields, and the BN profile broadened; and
H, and H, shifted toward lower and higher applied
magnetic fields respectively. The higher nucleation BN
peak, compared to the annihilation BN peak, in Fig. 4
is the same as the behaviour observed in 3%SiFe
single crystals [4], and in annealed and textured ma-
terials [2-3], however, the mechanism has yet to be
explained.

A plot of semi-logarithmic (BN),,, (normalized by the
zero stress) versus the tensile stress is shown in Fig. 5.
(BN),,, increased rapidly with the applied tensile stress
for o < 20 MPa (stage I), and then it slowly increased for
6 > 20MPa (stageII). The two straight lines with
different slopes were obtained by least square fitting
and they divided into two regions at 20 MPa. The
increase of the normalized (BN),, can be described by
the product of a(c), N, (o) and v(c) in Equation 5,
although the exact nature of the increase in each of
these parameters is unknown. However, Fig. 5 sugge-
sts that (BN),, increases exponentially with tensile

4433



W b oo
]

Stage |

Stage I

Normalized (BN},,,
N
T

M} i

60 70 80

L
r— ] 1 1 1 1 1
0 0 10 20 30 40 650

Tensile stress (MPa)

Figure 5 The total BN normalized by the zero stress plotted against
the tensile stress, at an analysing frequency of 1 kHz.

stress since

(BN),,, = ¢’ a(o) v (6) Ny, .(0)
(6)

oc ebo

where P is a constant representing the two slopes in
Fig. 5 where

B, =1761x10"%  (in stage])
(7

B, =1758x1073

In fact, (o) in Fig. 2 suggests that v (o) increases in
the ribbon direction for ¢ < 20 MPa and v(o) = 1 for
6 > 20 MPa with applied tensile stress. The domains
may have a complex pattern due to the interaction of
the magnetization inside vy and v, for o < 20 MPa,
while simple domains mostly oriented along the rib-
bon axis prevail for o > 20 MPa.

B, is very small for stage II in comparison with
B, in stage I, and thus the series expansion of Equa-
tion 6 yields

(in stage II)

(BN),o o« B0 (8)

We consider that the change of the irreversible
magnetic flux by domain nucleation/annihilation in
stage II is proportional to the single-domain-wall
energy, y(o) [13], since

a(o) o« y(o) oc (K12 ©)

where the uniaxial anisotropy constant to the ribbon
direction, K (o), inside v|(c) increases linearly with
applied tensile stress since

K(0) = 3/2,(c, + 0) (10)

Thus, a(o) is proportional to the square root of the
applied tensile stress, a(c) oc /2, and Equation 6 can
be rewritten as

(BN)yy ¢ 612N, o(0) o€ B0 (11)

The average domain width has been shown to de-
crease with the applied tensile stress in 2605SC (an-
nealed for 2 h at 345°C [14]) and in grain-oriented
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3% SiFe [15], which suggests that the number density
of domain walls, N, ,(c), increases with the applied
tensile stress. The linear relationship between the ap-
plied tensile stress and (BN),, in stage IT leads us to
conclude that N, (o) is proportional to ¢*/2.

6. Conclusion

The stress dependence of the BN profile and of (BN),,,
during a half B-H loop was investigated in a
Feg,B,;.55i; sC, amorphous ribbon for the as-quen-
ched state. The variation of the initial permeability
with the tensile stress indicates that the volume frac-
tion of longitudinal domains along the stress direction
increased up to a stress of 20 MPa and then it re-
mained constant at a value with further stressing,
vj(c) = 1. The variation of the second harmonics dur-
ing the magnetization process under various stresses
suggests that the peaks on the BN profiles can be
attributed to domain nucleation/annihilation. The
two stages of variation of (BN),,,, during a half B~H
loop, with the tensile stress, transient at 20 MPa, can
be described by the exponential relationship (BN),,,
aebo, where there are two different slopes §; = 1.761
x 1072 and B, = 1.758 x 1073 for stages I and II,
respectively. The first stage increment of (BN),,, with
the tensile stress is related to the increase of the
domain volume fraction parallel to the tensile-stress
direction and to the interaction of the magnetization
inside both the parallel and transverse domain vol-
umes; however, the second stage can be attributed to
the increment in the number of parallel domains and
to the potential barrier for domain nucleation/annihil-
ation with tensile stress. The linear increment of
(BN),,, in stage II implies that the number of domains
involved in the domain nucleation/annihilation is pro-
portional to the square root of the tensile stress,
N, .(c) oc 6%, The results suggest that BN is more
sensitive to the applied tensile stress than to the
macroscopic magnetic properties such as the initial
permeability or the second harmonics.
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