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STRUCTURAL RELAXATION IN Fe70CI'10_5P11_5M n1_5C6_5
AMORPHOUSALLOY
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The changes in the Curie temperature and magnetostri ction subsequent to structural relaxation
by isothermally annealing amorphous ribbons of nominal composition Fe;aCri0sP115MN15Ces
were examined. The alloy is low magnetostrictive in both native and relaxed states, but
significant enhancement, from 0.5 ppm to 10.4 ppm, of the saturation magnetostriction
coefficient was observed. The relaxation was attributed to free volumes anneding out and
short range order changes, both topological and chemical. A value ~ 0.85 eV of the effective
activation energy resulted from the analysis of the process kinetics.
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1. Introduction

The structure rel axation induced by annealing in ferromagnetic amorphous adloys is generally
accompanied by changes in some structure-sensitive physical properties as magnetic susceptibility,
Curie temperature, coercivity, magnetostriction, eectrica resigtivity, etc., strongly depending on both
annealing temperature and duration [1-3]. The structural processes, which are responsible for these
changes, either reversible or irreversible were observed within a large thermal range, from room
temperature up to crystallization; the associated activation energy spectrum is continuous [4], usually
between 0.5 eV and 2.5 eV [5-8]. The reversible rdaxation processes were attributed to the changesin
chemical short range order [CSRO] while the irreversible ones, mainly involve topologica short
range order [TSRO] changes [7,8]. Both magnetostriction constant (As) and Curie temperature (T¢) of
the amorphous alloys strongly depend on their chemica composition; the reader may find a synthetic
review on the subject in ref. [9]. Inomata et al. [10] show that small additions of & ementslike Mo, Cr
or Nb to Fe-based amorphous alloys lead to a decrease of both As and Tc. Significant changes,
subsequent to structure relaxation, in these physical parameters were also observed [11-16]. Thus,
Gibbs [14] reported, via As measurements, normd kinetics of thermally activated relaxation in
amorphous FeyNisB2o; he found that the maximum modification in saturation magnetostriction does
not depend on the annealing tempetature (T,) within the explored range (250 °C-350 °C). For As
measurements, Dominguez & al. [15], reported both normal and anomalous (i.e. showing a maximum)
kingtics of the structural redaxation by electric current annealing of the (CogosFenos)70Sii2Bs
amorphous aloy.

Though the litterature contains severa reports (e.g. [17-19]) on comparative studies regarding
joint examination of the structure relaxation by different methods, the problem of structural sensitivity
as exhibited by the different physical quantities used in measurements, still remains open. The present
work examines the extent to which the structural rdaxation in amorphous Fe;oCrigsP11sMnN;sCes
dloy, as induced by isotherma annealing within moderate temperature range (300 °C - 360 °C) is
reflected in Tc and As changes; the microscopic mechanisms responsible for the reaxation process
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and the assodi ated effective activation energy (En) were determined from the Tc dependence on the
annealing time (t,).

2. Experiment

Samples 120 mm long were cut from amorphous ribbons of Fe;pCrigsP11sMn sCss nomina
composition, 2 mm width and 30 pum thicknes, manufactured by the single-roller technique. The
amorphous nature of the as-quenched alloy was confirmed by X-ray diffraction, Mossbauer
spectroscopy and the crystallization temperature (T, = 540 °C) was determined by differential therma
analysis at 15 °C/min. hesting rate.

The experimental setup schematidly drawn in Fig. 1 was used to examine the magnetic and
magnetod astic behaviour of the samples in different structural states (i.e. as-quenched and anneal ed,
respectivey). Performing 12 bit resol ution data acquisition on a computer, magnetic hysteresis loops
and M(T) records were carried out; in addition, the fundamental magnetization curves were obtained
by direct reading the display of two digital voltmeters (0.1 % precision).

From the magnetization vs. temperature records (with the sample reaching technica
saturation) the Curie temperature was eval uated numerically using the dassical “M? “ method.

The fidd dependence of the linear magnetostriction examined by means of the Villari effect.
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Fig. 1. A schematic drawing of the experimental setup: a very low distortion power generator
(oscillator plus power amplifier) was used to produce a 20 Hz sinewave magnetic field, a
caibrated resistor (R,=10.0 Q) provided a voltage drop proportional to the instant magnetic
fieldstrength, a K-type thermocouple (th) was used for the temperature measurement and a
non-inductive resistor (H), biased by a stahilized voltage supply (E), enabled the sample (9)
heating within the pick-up coil (c). A; and A are precision instrumentation amplifiers (AD-
521, Analog Devices) of appropriately set gains, Int. is an op-amp (OP-50, PMI) based
precision integrator and VF is an op-amp based (LM-108, National Semicond.) voltage
follower. The non-linearity of the AC/DC converters was less than 0.2 %. The compensation
system for the air flux effect in the pick-up coil mainly includes atrimmable air cored mutual
inductance.

Isotherma annealing was carried out on samples taken from the same amorphous ribbon at
T.=300 °C, 320 °C and 360 °C, in vacuum, using a cylindricad non-inductive dectric furnace.

3. Results and discussion

The effect of a rdatively small longitudinal tension, one order of magnitude lower than the
averageinterna stress ({oi)~30 MPa,) usua ly observed in the as-quenched amorphous aloys[20], on
the magnetic behaviour of the examined composition is illustrated in Fig. 2, where the hysteresis
| oops of the samplein the as-quenched (Fig. 2a) and annealed (Fig. 2b) states are plotted.
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The important enhancement observed in both magnetization swing and magnetoelastic

response of the anneal ed sampl e clearly suggests domain wall depinning by structure rel axation.
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Fig. 2. The effect of the elastic stress (extension) on the magnetic behaviour of the amorphous
FeCriosP11sMn;sCss aloy: @) in the as- quenched state; b) after annedingat 370 ° C for

H[A/m]

1 hour.

The structure relaxation Kineti cs was examinned by T¢ changes (from the value Tco= 56 °C
in the as-quenched state) with the isotherma anneding time (t;); in Fig. 3 the variations

ATc(ts) = Te(ta)- Tcoare plotted.
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Fig. 3. The Curie temperature evol ution wth the isothermal anneding time (t,) with the

amorphous FezCrigsP11sMny sCeqs aloy.

A normal kinetics may be observed in the explored range of annealing temperatures; the
saturation value ATcma that was reached after t, exceeding 10* s is an increasing function of Ty a
maximum rel ative Tc change of ~ 4% resulted for T, = 360 °C.
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The kinetics ana ysis based on the Kohlrausch-Williams-Watts modd [6, 21]

ATC (ta) = ATC, max [l_ @(p(— ('[/17)B )J ey

where 1 is the effective rdaxation time and [ is a parameer representing the direct measure of the
width of the activation energy spectrum. From fitting the experimental data, values of 3 between 0.45
to 0.65 resulted. The effective relaxation time (T) can be assumed to obey an Arrhenius-type law:

T_l(Ta) = Vo, eff exp(— Ea /kBTa) )

where the parameter v, « is the equivalent of the attempt frequency and E, is the effective activation
energy. From the Arrhenius plot, the values 1.96 x 10* s™* for v,, ¢ and 0.85 eV for Ex resulted.

Dong et al. [5], using single-Debye rdaxation function in relaxation kingtics studies via He
measurements on amorphous CosgNioFesSi;Bis have obtained v, = 9.6 x 10* s*, a value which is
comparable as order of magnitude with v, found in our experiments. According to Kronmuller
et al. [21], the dtructure reaxation can be attributed to free volumes annealing out and to the
accompaning CSRO changes.

The anneal-induced magnetostriction changes were evaluated using a method based on the
Villari effect [23]. It consistsin measuring the “magnetod astic susceptibility”:

n=n(H,0)=(0M/do),, €)

where H and o are the applied magneti ¢ fidld and d astic stress, respectively.

The determination of n(H,o) was carried out by tracing the fundamental curves at constant
tension; in Figs. 4 and 5 some examples are given with the sample in the as-quenched and annealed
states, respectivdy, clearly showing the effect of the structure rel axation by anneaing.
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Fig. 4. The effect of longitudinal extension on the magnetization curve (the Villari effect) of
the amorphous Fe;,Cri sP11 sMN; sCq 5 dloy in the as-quenched state.
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Fig. 5. The effect of longitudina extension on the magnetization curve (the Villari effect) of
the amorphous FezCri0sP115Mny sCe 5 Al oy after anneding a 370 ° C for 1 hour.
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If the applied stressis suffid ently small that its effect on the magnetizationis reversible,
simple al culations lead to the fid d strength dependence of the magnetostriction [24]:

"
AH)=u, Iimojq(H,a)dH 4
7770

The “vanishing stress conditions’” (o —0) were imposed by the magnetic flux measurement
resolution of the magnetization channd (A, +Int, Fig. 1) and correspond to o = 2.67 MPa and
o = 0.67 MPafor the as-quenched and the anneal ed states, respectively.

In Fig. 6 the fidd dependence of the magnetostrictive strain is plotted:
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Fig. 6. The field dependence on the linear magnetostriction of the amorphous
FenCriosP11sMnysCe s dloy. @) inthe as - quenched state and b) after annealing at 370 °C for
1 hour.

A significant increase, from 0.5 ppmto 10.4 ppm, of As was detected. For completeness' sake,
in Table 1 values of the re ative changes AAs/As in some amorphous aloys are summarized.

Table 1. Relative As change as an effect of isothermal annea ing in some amorphous aloys.

Alloy MAJAs | Annesling conditions Reference
FexoNizB 2 ~1.3 | isotherma, T,=350°C, t,=10 min. [14]

(}\S as quenched :13'10_6)

Fe70Cr10_5P11_5M n1_5C6_5 "20 IS(')therma|, Ta:37OOC, ta:60 min. thIS pape'
(}\S as quenched = 0-2'10-6)

C066_5Fe353- 12813 ~50 ISOtherma|, Ta:34OOC, ta:60 min. [15]

(}\S as quenched = '0-6'10-6)

One may note that the low magnetostrictive compositions exhibit larger changes as an effect
of anneal-induced structure rd axation.

4. Conclusions

The structure redaxation activated by isotherma annedling in the amorphous
FeoCripsPiisMnisCss aloy was investigated by Curie tempeaure and magnetostriction
measurements. The examined composition exhibits moderate T¢ and low magnetostriction in both
native and rdlaxed states, however, the two measured physical parameters proved to be sensitive to
the relaxation process. The observed changes in T¢ alowed the annealing kinetics study, leading to of
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the identification mechanism of reaxation microscopic (free volumes annealing out and CSRO
changes) and assod ated activation energy determination (Ex= 0.85 V).
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