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Variations of coercive field, induced magnetic anisotropy, and saturation magnetostriction constant
in (Co;;Siy3Bgs)oFesNb; amorphous ribbons submitted to stress and/or axial magnetic-field
annealing are reported. The annealing was carried out by using the Joule-heatingasfieate
temperature values of the sample corresponding to the intensity of the electrical current were 273,
378, 409, and 445 °and the applied stress and axial magnetic field during the thermal treatments
were 500 MPa and 750 A/m, respectively. As a result of these treatments, a uniaxial in-plane
magnetic anisotropy, which affects drastically the soft magnetic character of the samples, was
developed. €005 American Institute of PhysidDOI: 10.1063/1.1845577

I. INTRODUCTION the creep deformation process, a part of the deformation en-
ergy can be stored as structural anisotropy, or anelastic po-
Amorphous alloys are characterized by the lack of long4arization, and is released upon annealing under zero stress,
range order from both topological and compositional point ofcausing an anelastic recovery. The creep-induced structural
views. The macroscopic disorder is thought to be the origiranisotropy is itself also manifested in the creep-induced
of some outstanding properties of these materials and, ifhagnetic anisotropy.° However, there has been no direct
particular, of its magnetic softness. The local disorder is instructural observation of the anisotropy due to the anelastic
trinsical to the amorphous microstructure and is achievegolarization. It is worth to note that Suzuét allo reported
during the fabrication process. Nevertheless, it seems likelyn an observation of such atomic-bond-orientational aniso-
that some kind of small structural units with radii of less thantropy. It is well known that a large uniaxial magnetic aniso-
20 A, which cannot be detected by conventional x-ray dif-tropy can be induced in metallic glasses by annealing under
fraction techniques, can exist. These units do not fill all theapplied stress and/or magnetic fiéfd™® In contrast to the
space by a close-packed structure so that they give rise fge|d-induced anisotropy, the stress- and stress and field in-

fluctuations of the local atomic density as well as to varia-quced anisotropy can also be developed by an annealing
tions in the local atomic-bond orientations. Topologically, ahove the Curie temperature of the alloy.

point- and linelike microstructural defects also contribute to  On the other hand the so-called “nanocrystalline materi-
the fluctuating amorphous microstructure. The point to poings » which are systems consisting of two phagesnocrys-
varying local order gives rise to fluctuating local magneto-ta|line grains randomly distributed in a soft magnetic amor-
elastic anisotropies which arise from the coupling betweerbhous phase introduced a few years ago, exhibit an
internal stresses and magnetostriction. Eventually, pair ordegytstanding soft magnetic character. Yoshizaataal2® re-
ing anisotropies also can contribute to the local anisotropieported that the presence of small additions of Cu and Nb in
and may determine the magnetization process of these matgertain amorphous FeSiB-based alloys allowed the creation
rials. of a two-phase material by the devitrification of the conven-
Concerning the microstructural character of the metallictional amorphous alloy after annealing for 1 h in the range
glasses, it is remarkable that the anelastic behavior, includingetween 500 °C and 600 °@.e., at temperatures between
the anelastic recove?y,‘r’ indicates that the structural aniso- the first and second crystallization peplafter the crystal-
tropy can be induced by the mechanical deformation. Duringization, such material consists of small nanocrystatsund
10-nm grain sizeembedded in the residual amorphous ma-
dElectronic mail: wapvaalj@sq.ehu.es trix. In addition, the devitrification process of these amor-
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phous alloyswith trademark Finemgteads to the possibil- and TEM techniques. Consequently, the amorphous character
ity of obtaining rather different microstructures depending onof the as-cast ribbon has been confirmed by both XRD and
the annealing parameters as well as on the chemical comp@EM analyses.
sition. These materials exhibit extremely high magnetic soft- Thermal treatments under a tensile stress of 500 MPa
ness at certain conditions of thermal treatment. Héfzerc-  and/or a magnetic field of 750 A/rapplied longitudinally
cessfully explained this outstanding magnetic softness at® the ribbon were carried out by means of the Joule-heating
related to the ratio of the exchange-correlation len@th  technique on the as-cagC) samples. In order to develop a
domain-wall thicknegsl to the orientation fluctuation length macroscopic magnetic anisotropy, three additional kinds of
of randomly distributed local easy axéshich can be ap- thermal treatments using current anneal(@p) technique
proximated by the average crystallite si@g. In fact, the were carried out, namely,
Sne::icrtisecggﬁ;?r?%\?aellnscc?;rzsgt;?/zyvz\?i\{ﬁgi?%iﬁfgh LFzzome(l) under the simultaneous action of a tensile stress
(500 MP3, named SA;

particular compositions and volume-crystallized fractions theg) under axial magnetic fiel@750 A/m), named FA; and

) under both, tensile stre$500 MPa and magnetic field
(750 A/m), named SFA

average magnetostriction constant vanishes and the magn
toelastic contributions to the macroscopic anisotropy also be-
come negligible.

~ Continuous efforts to improve the soft magnetic proper- e have previously determined the relationship between
ties of the Finemet alloy have been made by means of modine electrical current annealing and the corresponding tem-
fications of the alloy composition. Millegt al.™ reported  perature of the sample as described in Ref. 21. The thermal
that the substitution of Fe by Co decreases the saturatiofeatment was carried out at four annealing currents corre-
magnetostriction in Finemet-type amorphous alloys. The adSponding to 273, 378, 409, and 445 °C, just beloe first
dition of Co is also expected to be beneficial to the inductiorbne and above the Curie poirithe three other ongsfor

of in-plane magnetic anisotropy in ribbons by magnetic-field1 20 s. |n order to remark on this fact, the Curie point corre-
annealing, because the substitution of Fe with Co is k”OW%ponding to the precursor amorphous matefidl’ was es-

to be effective in increasing the magnetic anisotropy constanfmated to be around 335 °€.The samples were cooled
K, of FeSiB amorphous alloyS. A large K, value can in- ynder the action of the applied stress and/or magnetic field
crease the magnetic-resonance frequency, which is advanigswn to room temperature. Thermal analysis of the treated
geous for the good permeability-frequen@y-f) property in - samples was carried out using the DSC technigue. The de-
the high-frequency region. However, the addition of Co t0yjtified structures obtained after thermal treatments were put
Fe-based amorphous alloys significantly influences the crysp evidence by the XRD and TEM observations. The grain

tallization processe.g., the density number of Cu-enriched sjze gistribution has been also determined directly from the
clusters decreases with the substitution of Fe atoms by Cogn micrographs.

ones parallel to a decrease of the density number of the het- | the following we will focus the attention on the
erogeneous nucleation sites for bee-Fe primary cr@als changes of the coercive field and the induced magnetic an-
In the present work a microstructural study, carried oUfsotropy produced by these four kinds of treatments. The
by means of differential scanning calorimetSCO), x-ray  tynical magnetic parametefgoercive field, magnetization,
diffraction (XRD), and transmission electron microscopy ang magnetization woykwere deduced from the hysteresis
(TEM), as well as experimental results concerning the in{o0p measured at room temperature by a fluxmetric method
duced magnetic anisotrop§K;,), changes in the coercive i guasistatic conditiongthe maximum applied magnetic
field (H), and the evolution of the magnetostriction constantije|q was 5500 A/m It must be noted that this value of the
(\g) in (Coy7Si3 Bo slooFe;Nb; amorphous alloy submitted 4yia) magnetic field must be quite large to approach the mag-
to stress and/or field annealing are reported. The aim of thgetic saturation of the different studied samples because of
present work is to obtain information on the stress- and stresg,gjr extremely soft magnetic character as well as of their
and field induced anisotropies and their influence on somgpidimensionallike charactétheir length is several orders of
magnetic and magnetoelastic properties in this interestinghagnitude larger than their width and thicknesSonse-
amorphous material within its amorphous state and its beginguently, the demagnetizing effects in the longitudinal direc-
ning of the devitrification process. tion can be considered as negligible. The anisotropy induced
in the sample was evaluated from the difference between the
magnetization work\,,, obtained from the longitudinal mag-
netization curves measured before and after the treatment.
Il. EXPERIMENTAL PROCEDURE The magnetization workV,, was determined from the longi-
tudinal magnetization curvilg vs H, as
Amorphous ribbons, with the nominal composition men- "
tioned above, were prepared by melt-spinning technique at W :f S,u H.dM (1)
the Institute of Solid State Physics of ChernogoloyRais- mT ), PO
sig). Magnetic measurements were carried out onto ribbons
of the following dimensions: 3.1 mm wide, 20m thick, and  whereH, was produced by means of a Helmholtz coilsystem
10 cm long. The microstructural character of the samfites providing a magnetic field of up to 5500 A/m amdis was
as-quenched and annealed stateas investigated by XRD evaluated by means of an integration of the electric signal



034911-3 Miguel et al. J. Appl. Phys. 97, 034911 (2005)

from a secondary coil surrounding the sample. More details a

can be found in Ref. 21. %) :[0-5 Wig 273 °C treatment
The evaluation of the saturation magnetostrictigmvas

carried out by the small-angle magnetization rotation SFA

(SAMR) method. As it has been detailed elsewt@rénis
method makes use of the variations in the sigvalspicked

up by a narrow coil when a saturating dc axial fiedd a CA A
small ac transverse field, and a tensile stress, are simul-

taneously applied to the sample. The experimental setup de- AC;/\

scribed above was used_to apply t.he dc field and thg tensile 400 450 500 550 600 650 700
stress, and to detect the induced signal. When a tensile stress T (°C)

o, is applied, the induced sign#l,,,, measured by a lock-in
amplifier, increases or decreases as a consequence of the in g

crement of magnetoelastic anisotropy with a transverse or an© ]:0-5 Wig 445 °C treatment
axial easy axis, respectively. The change&/i can be com-

pensated by an adequate modificatiomdgfso thatv,,, takes
the same value as before the stress was applied. In this way, | SFA

the magnetostriction is given by A
5= )\OTMSi—ZVZw = const. (2) SA A
i Sfoo——uJ
The dc axial magnetic field was large enoughp to 400 450 500 550 600 650 700
7500 A/m) to guarantee the magnetic saturation of the T (°C)
samples. More details on this method can be found in Ref. ) )
23, FIG. 1. DSC scans obtained for the different treated samples annealed at

. 273 and 445 °C. AC: as-cast, CA: current annealing, SA: stress annealing,
Special care was taken to perform all the structural, magra: field annealing, and SFA: stress and field annealing.

netic, and magnetostriction measurements in the Joule-

heated samples, since small differences in the sample cross

section or in the annealing history could mask a good corre0f magnetic anisotropy. Besides, we must point out that the
lation between the experimental results. The cross section 8SC curves are very similar in the previously treated

a fundamental parameter in the Joule-heating proceduré@mples, indicating that the stress and/or magnetic field act-
since it determines the macroscopic resistance and the locklg during the induction treatment seems to be almost irrel-

power losses during the annealing. evant for the crystallization processes.
The DSC study denotes that the substitution of Fe by Co
IIl. EXPERIMENTAL RESULTS AND THEIR ANALYSIS causes a decrease of the crystallization temperature and, con-

sequently, decreases the thermal stability of the amorphous

alloy and resulting in a grain growth. In addition, the DSC
The crystallization process in the samples submitted t@urves of the samples treated at high temperatéd® ° O

the four types of thermal treatments was investigated byoughly allows to distinguish the first peak, disappearing for

DSC technique from 0 up to 700 °C with a heating rate ofthe SA and SFA samples. This should be ascribed to the

20 °C/min. Before these measurements the indium referenGeanocrystallization process occurring at this high tempera-

was run in order to correctly calibrate the temperature. Thgyre the action of the applied tensile stress being more fa-
results of the samples previously annealed at 273 and 445 ° (0 - hie to develop such process.

for 2 min using the four described t_hermal treatments are Figure 2 shows the XRD patterns of the as-cast and
plotted in Fig. 1. It must be underlined that the Sample%reated(409 °C and 120)ssamples as an example of the
treated at 378 and 409 °C show similar DSC plots to the one - ; .
N Structural variations induced by the above described treat-
treated at 273 °C. Therefore, the samples treated at low an- : . . .
nealing temperaturdé273—409 °G present two peaks of ments. All the diffraction patterns have been normalized in
crystallization: the first one, located around 500 °C, can béhe highg-range where the intensity cannot vary between the
ascribed to the primary crystallizations, corresponding to thélIlTerént samples owing to the very short structural distances
formation of a bec F€€o,S)-based and bee Co-based solid responsible for the scatterllng in thlsr'eglon. It is obvious
solution®* In addition, no iron segregations were found dur-that the treated samples, in comparison to the as-cast one,
ing such primary crystallization. The second peakound shqw a scattering excess which can be attributed to a crys-
650 °O corresponds to the bec to hep transformation of Cotalline peak overlapping on the amorphous halo, correspond-
particles such as can be assumed by its sharp shaped. TH@ to the crystallization of bce-Co pha&&The evaluation
presence of the two peaks in the DSC curves evidence thef the crystalline phase formed with the treatment has been
absence of crystallization of the samples; this fact must b&nade by means of a substraction of the amorphous halo of
attributed to the previous stress and/or field annealing whiclthe pattern of the as-cast samfdee an example in Fig.).3
mainly produce a structural relaxation linked to the inductionThe normalization to the total intensity constitutes the crys-

A. Microstructural analysis
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FIG. 4. TEM patterns and images obtained for the sample annealed at
409 °C for 120 s and SA, FA, and SFA treated.

ment at 409 °C for 120 s the sample is 17% crystallized and

FIG. 2. XRD patterns in the sample submitted to different treatments. Acat 445 °C for 450 s the obtained crystallized phase is 24%.
as-cast, CA: current annealing, SA: stress annealing, FA: field annealindcor SA treatment at 409 °C for 120 s the sample is 13%

and SFA: stress and field annealing.

tallinity ratio (x), which is widely used to characterize semi-

crystalline materials such as semicrystalline polyrﬁﬁm-
fined as following:

g% - la)dg
= (3

X_ 1
fqzldq

—

crystallized, and a SFA treatment at 445 °C for 300 s leads
to a y value of 15%.

The width of the crystalline peak leads to an evaluation
of the crystallite siz€D) from Scherrer’s formula,

A
D= , (4)
& coSb,

wherex=0.154 nm is the wavelength of the ®u radiation
used,e is the half-height width of the peak, and)gis the
angular position of the maximum of the peak. The crystalline

wherel andla, respectively, denote the total scattered inten{P&2ks obtained in the patterns are narrowed with longer tem-

ence andj is the scattering vectdig=4 sin #/\). The ob-

between 10 and 25 nm in the range of temperatures and

and type of the treatment. In any case, the results indicaté® ones obtained by TEM, as shown below.
that, for a given type of treatment, the higher the temperature ~ The microstructure of the annealed samples has also

and the time, the higher the obtaingdsalue. For CA treat-

)

1600

u

1200

I(a

go0 ¥

400

FIG. 3. XRD pattern obtained in the sample treated at 445 °C for 450 s. The

been studied by TEM in order to clarify the microscopic
mechanisms responsible for the magnetic anisotropy induced
by the different thermal treatments. Figure 4 shows TEM
bright field micrographs of the samples annealed under ther-
mal parametergtime and temperatuyewhich develop the
maximum of induced magnetic anisotropy as it will be pre-
sented in Sec. Il B. bcc-F€0,S) and bce-Co phases and a
residual amorphous phase were detected in the SA and SFA
samples, while the FA samples presents an amorphous state
with some clusters dispersed randomly in the amorphous ma-
trix. This microstructure of the FA sample is typically ob-
served in the Finemet alloy annealed around 450(pf@p-
rimary crystallization because of the formation of a high
number of Cu-enriched clusters that serve as heterogeneous
nucleation sites for bcc-Fe particlgsFigure 5 shows the

continuous line denotes the amorphous background and the dashed line @ain size distribution obtained for the SA and SFA samples

the remaining scattering of the crystallized phase.

corresponding to the microstructures shown in the Fig. 4. As
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FIG. 6. Hysteresis loops obtained of the as-dq#st) and the differently
treated(SA, FA, and SFA samples annealed at 409 °C for 120 s.

e— nation of the hysteresis loop shape of the stress annealed
6 8 10 12 14 16 18 sample indicates that a transverse anisotropy was homoge-
average diameter (nm) neously developed by this kind of thermal treatment.

Figures 7 and 8 show the evolution of the coercive field

FIG. 5. Grain size distribution obtained from TEM data for the SA and SFAgnd the induced magnetic anisotropy as a function of the
samples annealed at 409 °C for 120 s.

it can be seen, a rough fitting allows to estimate that the E 47

mean grain size of the SA sample=14.2+0.4 nm is 3 12

significantly larger than that of the SFA sample o 10 —S—273°C

(=10.1+0.2 nmy; this fact could indicate, as it has been T 8| 'E".i,’,gg

mentioned, that the primary crystallization is hindered by the 5 === 445°C

nanocrystallization occurring due to the heterogeneous . ':'_-.,,‘..

nucleation mechanism in the SFA sample owing to the pres- 4 r ‘-\_ 'E.—..—__-____ RN ) ST TV :

ence of the magnetic field during the thermal treatment. 2t S A S e e D e e
The TEM investigations, which can be considered as ol v

confirmed with the XRD data, have revealed that the dimen- 0 20 40 60 80 100 120

sions of the stable grains are in the nanometric scale like t(s)

similar soft magnetic alloys such as Finemet or Nanoperm, 80

widely studied, where spherical bcc-Fe nanoparti¢lesh "’ . D

dimensions between 5 and 20 hrandomly distributed are 5 60 G 273°C

crystallized. It seems that the diffusion field impingement ; 40 s 378°C
limiting the bce crystalgrowtf??° (effect of Nb and B atoms 20 e

at the interface nanoparticle-amorphous matrix and Cu clus-

tering does not occur in the alloy studied. F S
-20 C ‘--.-.E, ---.._a_"_;‘_’-‘:
- - 40 Riahatad Lot =
B. Induced magnetic anisotropy and coercivity 60 | 1 | | 1 |
Figure 6 shows the hysteresis loops of the as-cast sample 0 20 40 60 80 100 120
and the differently treatedSA, FA, and SFA onces at t(s)

o . .
409 °C. The typlcal soft magnetic character of the as FIG. 7. Annealing time variation of the coercive fidld.) and the induced

quenched sample is evidenced from its h)_’Ster_eSiS Gmg_e magnetic anisotropyK) at different current densities corresponding to the
reduced remanence and very small coercive idlte incli-  expressed temperatures for the different current-anné@lag samples.
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FIG. 8. Variation of the coercive fiel(tH;) and the induced magnetic aniso- FIG. 9. Variation of the coercive fieltH.) and the induced magnetic aniso-
tropy (K) with the annealing time at different current densities correspond-tropy (K) with the annealing time at different current densities correspond-
ing to the expressed temperatures for the different field-anne@ag ing to the expressed temperatures for the different stress-anngaded
samples. samples.

annealing time for, respectively, CA and FA samples with theCo-rich amorphous alloys relaxed by the current-annealing
annealing temperatufg,,, as a parameter. As it is expected, technique™ Similar remarks can be inferred from the experi-
the FA treatment induces longitudinal anisotropy whichmental resultgvariation of coercive field and induced aniso-
could simultaneously produce a magnetic softngag in  tropy) originated by the SFA treatmefig. 10.
evidence by a decrease of the coercive jiglde magnetiza- The evolution ofK,,,, as a function of the annealing
tion process being mainly caused by a displacement of theemperature for the three kind of thermal treatments is shown
domain walls. In this case, a mechanism of atomic-pair orin Fig. 11. We can observe that tKg,,, value corresponding
dering could be ascribed for the origin of this field magneticto SA and SFA increases with the annealing temperature up
anisotropy. to a maximum value, which may be roughly related to a
The stress annealing treatment develops a magnetic amaximum of the coercive field. The increasekofindH,, at
isotropy with the easy axis transverse to the ribbon axis; thisiigher temperature&p to 409 °Q could be ascribed to a
fact implies that the magnetization process is mainly due taise in the value of the intensity of the interactions between
the magnetization rotation at large applied magnetic fieldsthe metallic atoms and, consequently, an increase of the in-
Figure 9 presents the evolution Bff. and K;,q with the an-  duced anisotropy could be expected. This argument is linked
nealing time for the SA samples,,, (with the annealing to the internal stress relaxation produced by thermal treat-
temperature as a parametehs it can be seen, the stress- ment in the metallic glasses. Similark,,., for the FA treat-
induced anisotropy increases monotonically with the annealment decreases with the current density down to minimum
ing time reaching a maximuni,,,, after an annealing time value. Such minimum is observed again at around 400 °C.
tmax THIS tyay Value decreases with the annealing temperafor an annealing temperature higher than that of the maxi-
ture T4,y Such decreasing should be ascribed to the activamum, K,,,, monotonically decreases witfy,,
tion of mechanisms, which are in competition with the in- We present in Fig. 12 the maximum values of the coer-
duction of magnetic anisotropy. Therefore, the maximum ofcive field (H'™) achieved at each treatment as a function of
the stress-induced anisotropy for each isothermal treatmettiie annealing temperature. These maximum values of coer-
can be considered as a “maximum valuk,,. It must be civity are obtained for the same annealing time as the maxi-
noted that the small values of the coercive field for the treatmum of induced anisotropy given in Fig. 8. As it can be seen,
ment at 273 °C, which should be ascribed to the structurathe evolution ofH?'®* with the annealing temperature results
relaxation of the amorphous phase, is predominant to th& be quite similar to the one of the stress-induced anisotropy
nearly zero transverse-induced anisotropy at this low annealat least with significant differences between the CA and FA,
ing temperature. It must also note that the valueslipgbb-  with respect to SA and SFA treatment$herefore, a corre-
tained at the highest annealing temperature of 445 °Qation between the coercive field and the stress-induced an-
(around 4—6 A/m are quite similar to those reported for isotropy seems to be implied in this stress-annealed alloy.
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FIG. 10. Variation of the coercive fielH.) and the induced magnetic

anisotropy(K) with the annealing time at different current densities corre- The evolution of the saturation magnetostriction constant
sponding to the expressed temperatures for the different stress and fieliiS a function of the thermal treatments is presented in Fig.
annealed SFA) samples. 6 6
13. Small values ohg (around 2<x 107°-6X 107°) are ex-
pected for this amorphous alloy and such evolution should be

On the other hand, the importance of the two-phase sysexplained taking into account the coexistence of two magne-
tem in the nanocrystalline state has been discussed in detadstrictive phases of different signs with a relative maximum
for the Finemet alloy:*"*' As it has been mentioned in the around 420 °Qlexcept for the CA sampleThe changes of
Introduction section, in two-phase system there is a ferroa, below such temperature could be ascribed to the relax-
magnetic coupling, which is responsible for the soft mag-ation process, while around 420 °C it seems to indicate the
netic properties, between the amorphous and nanocrystallirfgst steps of the beginning of the crystallization procgs¥.
phases. This coupling depends on the size of the crystallites, For an annealing temperature above 420 °C, the pres-
and, specially, on the induced magnetic anisotropy. ence of a small amount of crystal grains could be considered

Finally, it has been shown that the stress annealing imo explain the magnetostrictive behavior. The low effective
Finemet alloy causes the distance of the Fe atoms to be elomagnetostriction in the nanocrystalline samfileated at a
gated along the direction parallel to the tensile stfé€on- high temperature of 445 °\Ccould be interpreted in a first
sequently, the magnetic anisotropy induced by stress annealpproximation by assuming a simple superposition of a volu-
ing will appear and the domain wall will array perpendicular metrically weighted balance among two contributions with
to this elongated directioff. *°In addition, the structural ori- negative signs arising from the bcc-FeSi graing,) and
gin of this anisotropy is mainly in the crystalline phages hcp-Co grains(\g,) and with a positive sign form the re-
-Fe(Co,S) and a-Co phasekand not in the amorphous sidual amorphous matrig2™ according to Ref. 38,
phase, as it was previously suggested by Krausl>® In
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FIG. 11. Variation of the maximum induced anisotropy const&pt,,) Vs FIG. 13. Variation of the saturation magnetostriction constantvs the
the annealing temperatures of the CA, FA, SA, and SFA samples for 2 minannealing temperatures of the CA, FA, SA, and SFA samples for 2 min.
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