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ABSTRACT

Changes in magnetic structures with annealing are studied using

Lorentz electron microscopy and are correlated with changes in magnetic

‘properties for the Co7].4Fe4.6S1'9.68]4'.4 amorphous alloy. Domain wall

stabilization is shown to be the dominant factor resulting in decreasing
u and increasing HC and K during Tow temperature annealing. Annealing
near TC results in an isotropic magnetic structure due to domain wall
relaxation, and éhnea]ing above Tcr

Y
crystalline particies. It is concluded that treatments capable of producing

results in magnetically hard

a magnetically isotropic structure can produce the best soft magnetic

materials.



I. INTRODUCTION
It has now been established that proper annealing treatments improve

the permeability and coercivity of rapidly quenche& amorphous alloy

1,2,3

magnets Alloys witn Tc<Tcry can be annealed above TC to increase

their ac permeability.4

When these alloys are ahnea]ed below Tc’ in the
absence of any external field, a sort of "magnetic after effect" is
observed.5 Annealing in an external magnetic field generally induces

1,6

anisotropy and leads to increased Br, reduced Hc and reduced ac u.

Also, it has been shown that magnetic fie]d.ahnea]ing, without inducing
any magnetic anisotropy, can lead to highef ac permeabi]ities.7’8
It has been suggested that directional arrangement of atom pairs occurs

9,10

during field annealing and even during annealing below TC in the

absence of an external field. Structural relaxation and stress relief

10

during annealing have been studied in some detail. However, not much is

~ known about the microstructural changes in the amorphous alloys that
accompany the'céanges in the magnetic properties during annealing. In
the present work, transmission electron microscopy is used to study the
microstructural changes and changes in the magnetic domain configuration
in a zero magnetostrictive Fe/Co/B/Si alloy during annealing. These
changes are ;orre]ated with the changes in the magnetic properties.
IT. EXPERIMENT |

Amorphous alloys of nominal cqmposi’cion'(307].4Fe4.651‘9'6814.4 were
prepared by roller-quenching techniques. Specimens Were annealed in
argon for an hour ét various temperatures and were rapid]y quenched. Thin

foils for transmission electron microscopy (TEM) were pkepared by electro-

polishing 3mm discs, cut from the annealed and unannealed ribbons.

\/



Conventional TEM and Lorentz electron microscopy (LEM) were done in a
Phi]ips EM301'tranSmission‘e]ectron'mjcroscope. Structural imaging was done
using a JEOL 200CX high resolution electron microscope. A Philips P400
analytical electron microscope with a scanning'attachment was used for
the energy dispersive microanalysis. |

6-10mm ¢ rings were punched from the samp]es and the Tow field
magnetic propefties we?e measured.for the.ring-laminated toroids.
Effective permeability was measured in a 10mQe fie]d.at 1kH2. Hysteresis

loops were obtained by an integrating flux meter. Teo T

cry? BS and K

were measured as described in References 2 ‘and 11.

III. RESULTS AND,INTERPRETATION

Electron diffraction patterns, taken from areas m]OOOZ thick and |
"2y in diameter from an as-quenched alloy specimen show diffuse rings
around the transmitted béam, charaéteristic of amorphous structures,'with
the first ring diameter corresponding to ].93 spacing. High resblution
structural 1‘mages]2 taken from the as-quenched alloys (Fig. 1) show
no trace of any crystalline order even in the aFomic Tevel. Conventional
electron micrographs show no contrast changes.

Fig. is a typical example of the magnetic domain?wa]]'structures
observed in LEM. The major boundary is a cross-tie wall having Néel type
segments with Bloch lines, characteristic of thin fi]ms.]3 In addition
to the Bloch walls, Fig. 2 shows magnetization "ripples" within the
domains. That the contrast is from magnétic fluctuations or "ripp]es".
was confirmed by applying an in-plane fie]d in ihe microscope using a
special specimen holder when these ripples were seen to get aligned.

The "ripple" effect has'beén.rohtfnely observed in fine polycrystalline

13

films =, however, thiS is the first reported'obéervation of "magnetization
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ripple" in amorphous alloys.

The behaviors of the ripples and the Bloch/Néel walls were followed
by heating the specimen in-situ. Upon heating, the ripples were observed
to relax and align along the lines of force inside the domains as shown
in Fig. 3. For temperatures up to ~300°C, no change in -the configuration of
the cross-tie walls was observed. At still highér temperatures, (>400°C),
the cross-tie walls began to relax to configurations where the angles
between the walls were nearly equal and the cross-tie structure was
more uniform. Fig. 4 shows the change in thedomain wall configuration
(and the accompanying change in the "ripple" alignment) before and
after heating the specimen to above 400°C.

In samples thermally treated to produce a few wfde]y scattered
crystals (which are known to form in this ai]oy above 480°C)]4,'Lorentz
microscopy showed that the domain walls interact strongly with the
crystalline particles aﬁishown,in Fig. 5. The chemical microanalysis of
the crysta]]ités in the STEM showed no significant difference in the
Fe, Co and Si concentrations between the crystal and the amorphous
matrix.

The measured values of TC,'T and B of the alloy are 457°C, 488°C,

cry
and 9.4kG, respectively. Thechanges in u and HC due to annealing are
shown in Figs. 6(a) and (b). Permeability decreases up to ~400°C and
the B-H loop has a waspwaist type shape (1like perminvar). But annealing

shows the reverse

the sample just below and above T. increases u. H_

behavior, and increases rapidly above TC when u drops drastically. The
hevavior of K wifh ;nnea]ing is similar to that of Hé. The Br of the

- sample increases slowly from ~1.0kG in the as-quenchéd alloys to ~1.5kG

‘ in alloys annealed at 400°C, above which Br increases rapidly and reaches

4.5kG for alloys annealed at 460°C.




W

" the presence of the internal magnetic field inside the domain

IV. DISCUSSION | | |
| The observed "magnetization ripples" are due to fluctuations in local
anisotropy inside a domaim. These.f]uctuations are a result of the Tow
remanence of the a]]oy | 7_ | ‘

The change in the cross-tie domain wall conf1gurat1on at temperatures

above 400°C are due to changes in 1oca1 magnet1c nroperty and hence local

- chemical composition in the a]loy At these temperatures, the atom1c

species are more mobile (compared w1th 1ow temperatures) and thus

the structure of the alloys annea]ed at these- temperatures is more
homogeneous, allowing the domain walls to re]ax as observed in Fig. 4.
For samples anneé]ed et 460°C, Br/Bs = 0.48, epproaching‘O.S; expected :
from‘an isotropic material'and thus it is not surpr%sing that domain wall
configuration (Fig. 4) in the semples changes to.the one expected for an
isotropic mater1a1; In these samples, Hc.is low and " isvhigh, as one
wou1d expecttfrom'isotropjc materia1s.

In the samples heated to still higmer temperatures (@480°C), small

crystél]ites begin to form. As seen in Fig. 5, these crystallites act

as pinning sites for the domain walls and HC increases in Fig. 6(b).

u drops for samples containing these crystallites. Since STEM analysis’

‘showed no difference in the Fe and Co concentration of the crystals and the

matrix, it is Suggested'thot the magnetic properties of the crystallites
aré-infiuenced“stromgiy by Crystajline'anisotropy. |

In samples heated to'temperatures_below.300°C, the cross-tie wall
configuration remains unchanged, while theﬁrippTes'become-more aligned.
This indicates that the effect of anneaTinguat_SUCh'temperatures is a sort
of magnetic ageing effect and the.smallfiuctuations become aligned in

5 (similar
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to magnetic fie]d annealing). Tnis leads to an'increase'invthe‘
anisotfopy tonstantEK ahd decrease tn u; This continues to_¢400°C

(Fign 6) uhti1.the atomic mobt]ity hecomes high enough for the'material.te
become 1sotrop1c The domain wa]] stab1]1zat1on is a]so respons1b]e

P
for the waspwa1st type BH 1oop in mater1als annea]ed be]ow 490°C. 5

\

'The observat1ons conf1rm exper1menta]1y the mode] suggested by Sh11k1
15 ' '

et ai | ‘ v

"It may be concluded thpm.these obseryations‘that the Fe/Co/B/Si

| tamorphoue'a11oys'consieting of avmicrostructure free.from_crysta]s_and ;
heat-treated to phoduee anuisotropic magnetic.configuration wi]] shew

l'the best soft magnetic pkoperties . These pred1ct1ons agree well w1th

" the resu]ts reported in ‘references 7 and 8.
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FIGURE CAPTIONS

1 . High reso]ution structural image and selected area electron
diffraction pattern (in'the insert) taken from as-quenched
~alloy showing no crysta111ne periddicity even'at-ah atomic

level. XBB 804 4573 . .

2 Cross-tie wall configuration in a thin foil spegimén} imaged

in the LEM mode showing. 180° Bloch wall ‘(AA), Néel segments (B),

and Bloch lines (C). Note the background "ripple" contrast inside

the domains. XBB 804 4578
3 | LEM jmages taken frbm the same area shpwing thé alignment of
" "ripples" upon aging thé sample. ‘The Bloch walls in (a), takén'
%rom as-quenchédA§amp1e are unchanged in (b) when the sample is
heated. XBB 804 4577 R
4 - LEM images showin the relaxation of doamin walls upon aging the
_sahple at temperatures above 400°C. The wall coﬁfigurafion in
B evo]ves:from that in (a) which is from the asaquenched.sample.
XBB 804 4575, |
5 LEM image'showing the interaction of domain walls AA by the
 crystalline phase B. XBB 804 4579
6(a) Plot of u vs. annealing temperature. XBL 802 4641

6(b) Plot of He vs. annealing temperature. XBL 804 4959
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