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Abstract Initial permeability aftereffect measurements have been per-
formed on three sets d amorphous Coro.4Fes 6SitsB1o aloys produced with
different quenching rates. We have carried out isothermal annealings of as-
cast samples with and without longitudina magnetic field applied (H=180
G) for temperatures 473K and 573K. The annealing kinetics o the after-
effect can be understood in terms of a competition between two different
relaxation processes, the compositional and the topological short range or-
dering. Both these processes are influenced by the quenching rate.

1. Introduction

The magnetic relaxation and the structural instability  amorphous metal-
metalloid alloys are the main obstacles for a wider exploitation of their excellent
magnetic characteristics. The study of the magnetic relaxation and its stability is
important not only for technological applications, but also in order to understand
the behavior o atomic rearrangement during structural relaxation.

One d the most adequate techniques to perform this study is the so called
initial magnetic permeability aftereffect, due to its great sensitivity to structural
changes. The aftereffect o the magnetic permeability ariginates from a progres-
sive damping d domain-wall motion after any domain-wall rearrangement. This
damping comes from the reorientation of maobile atom pairs or, more generallp,
from small atomic clusters, usualy pictured as magnetic defects randomly dis-
tributed within the material and interacting with the loca magnetization direc-

tion within each domain-wall’"%. Although the nature of this interaction is still
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rather controversial®?, the directional ordering is generally assumed to be charac-
terized by an extended range o activation energies, with relaxation times obeying
Arrhenius law.

It has been observed that the as-cast atomic disorder degree frozen into the
material dependson the quenching rate (QR) at which the material is produced*®.
Higher QR always corresponds to more disordered amorphous structures®. A good
correlation indeed exists among the QR, the initial permeability aftereffect'™* and
the electrical resistivity (p) 3. Vaues o such quantities at room temperature and
their changes with annealing, attributed to structural relaxation, are dependent
on the disorder degree d the alloys. The relaxation of these properties occurs with
lower activation energies in fast-quenched alloys’.

There areindications that different types of short-range ordering processes are
simultaneously present in as-cast amorphous alloyssubrnitted to annealing. These
are the topological short-range ordering (TSRO)® and chemical short-range order-
ing (CSRO)®. The TSRO is responsible for the structural relaxation and involves
irreversible annihilation of free volume!®. The CSRO isrelated to directional order
for pairs of magnetic atoms, which can be ailmost completely reversi bleg.

The present work reports the influence of isothermal annealing treatments on
the initial magnetic permeability aftereffect and on the permeability itself. Three
sets of amorphous samples, of the same composition and produced with different
QR, are analyzed. The behavior of the measured aftereffect as a function of
annealing time can be understood in terms of a competition between the different
relaxation processes that take place in the amorphous bulk during the thermal
treatment. The kinetics of the relaxation phenomenain amorphous alloys depends
upon annealing conditions and alows us to obtain information about the effect of

different free volume content on the TSRO and CSRO processes.

2. Experimental

Magnetic permeability aftereffect and permeability were measured at room

temperature as afunction of annealing time in three sets (A,B and C) of nearly zero
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magnetostrictive amorphous Corg.4Feq6Si15sB1o samples prepared with different
QR by single-roller melt spinning in air.

The magnetic permeability aftereffect ((Ap/p).He) was measured by means of
the standard impulsive technique!! between the fixed times t; = 1s and t; = 11s.
After a rapid magnetic pulse (2 1075 s, 2 G) the subsequent permeability decay
was measured by alock-in amplifier. The amplitude o the 90 KHz drive field (He)
was chosen in order to give a maximum in the ¢ vs. Au curve?. Owing to the
displacements of the position of this maximum with aging time t, the amplitude
o He has varied between 1.0 and 20 A/m.

The permeability {x) wasobtained from the magnetic induction (B) measure-
ments in the linear region of the B vs. H curve.

Thesamples were submitted to annealing in Ar atmosphere at 7, = 473K with
and without an applied longitudinal D.C. magnetic field (H=180 G) and at T, =
573K without an applied field. To perform the measurement, the samples were
removed from the furnace and left to cool in air to room temperature.

All the ribbons had a width of ~ 1.2 mm. The queiuching rate was verified by
measurement of the initial permeability aftereffect {Ap/u)He in the as-quenched
state at room temperature® :

Set ribbon thickness(u) (Ap/u)He (arb.units)
A 22 4.3+09
B 20 10+ 2
C 19 16+ 3

The same annealing procedures were followed for various new as-quenched

samples and the average values o several measurements are reported.

3. Results

Therelative initial permeability aftereffect ((Au/u)He)t/((Aw/u)He)t, in the
sets of as-cast ribbons A, B and C submitted to isothermal annealing treatments
at 473 K isshown in fig. 1. The reference value ((Au/u)He):, is taken in each
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case at t =t = 0. Two competing (Ag/u)He trends can be observed. At the
beginning of the isothermal annealing, values for (Au/u)He) d these samples are
found to increase with t, whereas at ¢ > 1000s, a different behavior is observed
for each sample. For the set of ribbons A, (Ax/p)He continues to increase, for
the set B it remains almost constant and, for C, the aftereffect rapidly decreases
with t. The present measurements indicate that different processes (TSRO and
CSRO), producing competing effectson {Ap/u)He), occur simultaneously in low
temperature aging treatments andal so showthat the behavior depends on the QR.
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Fig.1 - Relative aftereffect of the initial
magnetic permeability {{Ap/u)He):/{{Ap/p)He):, as afunction of aging time
at T,=473K, for the sets of ribbons A, B and C prepared at different quenching
rates; QR4 < QRp < QRg.

By annealing with a magnetic fiedd applied along the sample axis, behaviors
of the ((Ap/u)He):/((Aw/u)He)s, for as-cast ribbons are shown in fig. 2. Again,
different competing effects can be observed. Inthiscase, the annealing behaviors of
the relative aftereffect of the three samples are similar, although their intensities
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are much different. It is interesting to notice that the aftereffect values here

obtained are much bigger than those found in fig. 1.
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Fig.2 - Relative aftereffect of the initial magnetic permeability

((Ap/u)He):/({Ap/u)He):, as a function of aging time at T,=473K with a
longitudinal D.C. magnetic field H=180 G, for the sets of ribbons A, B and C.

When the samples aretreated at high annealing temperature (Ta=573K), only
aslightly decreasing branch is detected for the two slowly quenched sets (A and B)
whilefor the fast-quenched set (C), the (Ap/p)He practically remains unchanged
in the anneaiing time range studied. These results show again that the behaviors
o fast and dowly quenched ribbons are different. It can be observed that the
aftereffect data obtained at 573K are somewhat scattered when compared to those
obtained at 473K, due to fluctuations in the number d domain walls.

In particular, the development & CSRO can induce significant variations of
the anisotropic distribution of different atomic species within the shell of near-
est neighbors of a given atom. The presence of an induced anisotropy, ascribed
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Fig.3 - Relative aftereffect of the initial magnetic permeability

{((Ap/p)He)/((Ap/u)He)y, as afunction of aging time at 7,=573K, for the

sets o ribbons A, B and C.
to directional ordering of magnetic pairs, was observed in Cozo4Feq6SiisBig al-
loys submitted to isothermal treatments!?. There is a direct connection between
the permeability and the inverse of the induced anisotropy. Therefore, initial
permeability measurements were performed simultaneously with aftereffect mea-
surements in order to get a general view of the induction of anisotropies during
different annealings.

Figures 4, 5 and 6 show the relative initial permeability (u:/pe,) = (1/10)
as afunction of annealing timet, at the same conditions previously described for
the figures 1, 2 and 3 respectively. These results confirm the development of an
anisotropy due to annealing at a temperature and for times where the enhance-
ments of (Au/p)He were observed. The values of u were observed to steadily
decrease with aging time, due to the development o directional order within the
Bloch walls. More abrupt changes o p were observed with the application o H

parallel to the ribbon axis during the annealing treatments than without field, at
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473K. The reduction o 70-80% o u is already observed for t < 1000s, as shown
in fig.5. When the samples are annealed at higher Ta, 573K, the ordering pro-
cesses occur more rapidly and, in the first minute of annealing, the permeability
practically reaches an equilibrium value (seefig6). The changes measured in the

ribbons with dower QR are much smaller than those found with faster QR.
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Fig.4 - Relative initial permeability g/uo as a function of aging time at
T.=473K, for the sets of ribbons A, B and C.

4. Discussion

Since there exists a good correlation between (Ap/u)He and p (electrica
resistivity)®, it is suggested that the same explanation given for p can be used
to understand the (Ap/p)He behavior. A typical increase of electrical resistivity
with timeis generaly found in isothermal measurements performed in amorphous
aloys, when some type of clustering or compositional ordering of solute atoms
is present’. This compositional ordering occurring at rather low temperatures is
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Fg5 - Rddive initia permedbility p/uo as a function of aging time at
T,=473K, H=180 G, for the s&tS of ribbons A, B ad C.
believed to take place through short range atomic diffusion, not significantly af-
fecting the topology of amorphous bulk. At higher temperatures, more collective
processes are activated, involving irreversible changes TSRO, decreasing the p,
associated with a reduction of free volume’. Both ordering processes occur more
rapidly in those ribbons of faster QR.”

Our results of isothermal annealing aftereffect measurements reported in fig-
ures1to 3, can be separated in two time regions. Below 1000s the aftereffect isan
increasing function of t and for t > 1000s, (Au/u) He decreases with increasing t,
except in the case of the ribbon prepared at lower QR (set A), when it issubmitted
to annealing at T,=473 K. In this case, a dowly enhancement is always observed.

On the contrary, no increase of Au/u was observed in the Feg7NijgBis and
FegsBys ribbons even at low annealing temperatures!?®. These facts suggest that,
in the Cofgo.4Feq6Si;sB1o aloys, Co is the major responsible for the clustering

processes, since in FeNiB and FeB aloys with no Co, only a reduction of Apu/u
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Fig.6 - Relative initial permeability p/po as a function of aging time at
T,=573K, for the sets of rihbons A, B and C.
with annealing time was observed.”"

The (Au/u)He behaviors can, therefore, be explained by assuming, in fact, the
simultaneous presence of different processes responsible for structural relaxation
in as-cast amorphous alloys submitted to a suitable annealing procedure.

The decrease with annealing time of the aftereffect intensity observed in the
set of thermal treatments, above 10%s, can be ascribed to a TSRO o the structure.
The great difference between (Au/u)He vs. t curvesin A, B and C sets is clearly
related to different free volume contents initially present in these samples7.

The strong (Ax/u)He increase observed at t < 10%s is mainly due to CSRO.
The CSRO development can be seeninfigs. 4 to 6. It isinteresting to seethe great
effect that a DC magnetic field H applied during annealing has on the CSRO. As
was shown in fig 5, the field H induces anisotropy more quickly, i.e., at the very
beginning of annealing. For all the samples studied, the quasi equilibrium value

was attained before the onset of the TSRO process. It is important to observe
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that in the fast quenched ribbons the relative aftereffect behavior obtained at
T,=473K, with and without an applied field during annealing are similar. On the
other hand, in the behavior obtained for dowly quenched samples, the maximum
relative aftereffect observed with H is in fact larger by a factor 5 than those
obtained without H. A coherent shift of the relative aftereffect intensities towards
higher values is observed in aloys prepared with a lower QR. This suggests that
the processes o CSRO and TSRO are governed by the local concentration of the
excess free volume. These results are in full agreement with the concept that the
free volume existence in the amorphous aloy is effective in favoring the diffusive
processes involved in short-range ordering. TSRO and CSRO. These processes
are affected in the same way by the amount of free volume frozen in the dloy.
These facts can be shown in fig. 7, where the proportionality between aftereffect

intensities at different annealing times and QR is observed.
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Fig.T - The behavior of {{Ap/u)He):/{{Ap/u)He)y, as a function of
({Au/p)He)e,. The values of t* are taken at:tf = 10° s; ¢tf, = 4 10% and
tf =1.2-10%. (1,2:T,=473K, H = 180G; 3:T,=473K; 4:T,=573K).
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In conclusion, the present work has alowed us to show that in
Corg.4Feq 6Si1sB1o amorphous aloysthe kinetics of relaxation of (Ap/u)He issen-
sitive to the degree of bond-orientational disorder of the structure and to specific
compositional ordering processes, such as the development of directional order for

magnetic atom pairs.
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Resumo

Foram redlizadas medidas do "aftereffect” da permeabilidade magnética
inicial para trés conjuntos de amostras de ligas amorfas Cozg.4Feq 6S115B10
preparadas com velocidades de resfriamento diferentes. NGs efetuamos trata-
mentos isotérmicos para amostras "as-cast", com e sem a aplicagdo de campo
magnético longitudinal (H=180 G) a473K e 573K. A cmética do "aftereffect” em
funcgdo do tratamento térmico pode ser entendida através de uma competicdo entre
dois processos de relaxamento, os ordenamentos de curto alcance composicional e
topolégico. Ambos os processos sao influenciados pela vel ocidade de resfriamento.
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