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Structural and magnetic properties of nanocrystalline Fe;s_,Co,Si;3 BsCuNb; alloys
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The effects of the partial substitution of Fe by Co in an FeSiBCuNb alloy on the crystallization process and
on the magnetic properties have been analyzed. The crystallization of the amorphous melt-spun alloys, gives
rise to an ultrafine structure composed by a residual amorphous matrix and cfjetslof nm in size
Saturation magnetization and Curie temperature are analyzed in the nanocrystalline state in terms of the
estimated compositional dependence of both structural phases. Coercivity behavior is interpreted within the
framework of the random anisotropy model, where the structure and magnetic nature of the precipitated
crystalline phase plays the dominant role. While a soft magnetic behavior is ascribed to the magnetic coupling
between thex-FeSiCo crystals for low Co concentrations, the precipitation of Co rich crystals in the Co base
samples gives rise to a drastic magnetic hardening. The main interest of these new soft magnetic FeCoSiB-
CuNb alloys lies in applications at elevated temperatures, due to the improvement of the soft magnetic
response with respect to the conventional FeSi based nanocrystalline alloys.
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INTRODUCTION has been to analyze the effects of the partial substitution of
Fe by Co for an FeBSiCuNb base alloy, on the crystallization
The soft magnetic behavior of Fe-rich nanocrystalline al-process and magnetic properties. The results show that the
loys, FeSIiBCM (Ref. 1) and FeBCWM (Ref. 2 with M an  magnetic characteristics of the precipitated crystalline phase
early transition metal such as Nb, Zr, has been extensivelplay a dominant role in the evolution of the magnetic prop-
studied during the last ten yearTheir excellent soft mag- erties of the thermally treated alloys. While a drastic mag-
netic response is a direct consequence of their ultrafine graimetic hardening is observed in Co-rich samples, soft mag-
structure composed of randomly oriented bcc-Fe rich crystalaetic behavior is obtained for intermediate Co concentrations
embedded in a residual amorphous matriand mainly  close to the equiatomic (E¢Cos) ratio.
arises from the averaging out of the magnetocrystalline an-
isotropy via the magnetic interactions between the two con-
stituent magnetic phases. This magnetic softening is also re- EXPERIMENTAL TECHNIQUES
inforced by a significant decrease of the magnetoelastic
energy due to the reduction of both internal cast-in stresses Amorphous ribbons 1 mm wide, about 20n thick, and
and the effective magnetostriction. nominal  composition Fgs5 ,CoSij3 BsCyNb; (X
Within the framework of the random anisotropy model, =0,5,15,29,36,45,69,73.5) were obtained by the melt spin-
the magnetic coupling between the ferromagnetic crystalging technique. The evolution of the crystallization process
satisfactorily explains the averaging out of the magnetocrySyas monitored by differential scanning calorimetBSC-7)
talline anisotropy and thus the excellent soft magneticand thermogravimetry analysigPerkin-Elmer TGA-7,
behavior? However, the role of the residual amorphous ma-where the temperature dependence of the effective weight of
trix cannot be disregarded.e., magnetic decoupling be- the sample is analyzed under the inhomogeneous field gen-
tween the crystals above the Curie point of the residuagrated by a small permanent magnet. Conventional isochro-
amorphOUS mater and its contribution has been recently nal thermal treatment@_ h) were performed in an Ar atmo-
analyzed®’ According to these models, the exchange Corrésphere at 550°C. The structure of the samples upon
lation and the structural lengths of the crystalline and amorgnnealing was analyzed by x-ray diffractomet8IEMENS
phous phases constitute the basic parameters. D-5000 and transmission electron microscop§EOL FX
On the other hand, the demand on bulk soft magneti®ooky). Axial hysteresis loops at room temperature were
materials for high temperature applications has promoted thg\easured using a conventional induction method, while the
study of new FeCo based nanocrystalline matefiaiéIn  saturation magnetization of the samples were determined by

this new type of nanocrystalline alloys, the higher saturation,ibrating sample magnetomettySM).
magnetization and Curie temperature of the crystalline phase

determine their magnetic response at high temperatures.

However, as reported in Fe-rich nanocrystalline alloys, the RESULTS

effect of the amorphous matrix could play a dominant role in

the magnetic coupling between ferromagnetic crystals at Amorphicity of the alloys was checked by x-ray difracto-
high temperature. In this regard, the aim of the present worknetry. Then, the crystallization process from the initial amor-
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FIG. 1. Thermogravimetry temperature dependence of magneti- |G, 2. X-ray diffraction patterns  for  the

zation o normalized to its room temperature value (30 °Q)], for Ferss C0Siys BoClND; heat treated alloy$T,=550°C, 1 h
as-cast alloysx=(——) 0, (--) 5, (O) 45, and(lJ) 73.5. for x=0, 45, and 73.5.

phous state was followed by thermogravimetry analysis perterized by the precipitation of randomly orientedFe(Si)
formed at a heating rate of 20 °C/min. Figure 1 shows thesrystals? As the Co content increases within the range
magnetizationr under a constant dc field of 100 Oe, versus<45, the reflexion peaks shift toward higher diffraction
the measuring temperatufle The initial decrease off(T),  angles, reflecting a contraction of the precipitated bcc lattice.
associated to the ferroparamagnetic transition of the initialn order to estimate the mean error associated with this esti-
amorphous phase, is followed by a sharp increase related taation, the x-ray diffraction patterns were fitted using the
the onset of the crystallization process. As Fig. 1 reflects, thjetveld method” Table Il shows the decrease of the mean
beginning of the crystallization process shifts towards lowelattice constang, as a function ok. For higher Co contents
temperatures with increasing Co content of the allkayBhis  (x=63), new Co-rich crystalline phases are detedted,
decrease is also confirmed through the DSC analysis. Tableyhose reflection peaks can be mainly associated to fcc and

summarizes the measured crystallization temperatures ashap Co phases. The existence of Si in solid solution with Co
function ofx. Forx=45 two well defined crystallization pro- cannot be completely excluded.

cesses are observed, characterized by crystallization tem- |n order to verify the nanocrystalline structure of the
peraturesT,,; andT,,, that in the particular case of the Fe- samples, transmission electron microsc¢p¥M) observa-
based samplex=0) are correlated to the precipitation of tions were performed in selected annealed states. Figure 3
bce a-FeSi and FeB phases, respectivélyfor higher Co  shows the characteristic TEM micrograph obtained for
contents k=69), a third crystallization process is also de- =45. As observed, homogeneously distributed nanostruc-
tected reflecting a more complex crystallization process inures are obtained, with grain sizésn the range 8—15 nm.
this range of Co-rich compositions. Similar results are obtained by analyzing the broadening of
The marked temperature gap betwégn and Ty, guar-  the x-ray peak using the Scherrer formula. The evolutiod of
antees the precipitation of a single crystalline phase for anversusx is shown in Table Ill. A maximum value ofl
nealing temperatures, belowT,,, i.e., T,=550°C. Inor- ~15nm is obtained for intermediate Co compositions (
der to analyze the structure once the first crystallization~45).
process is achieved, the alloys were submitted to isochronal With respect to the thermogravimetric curves of the pre-
thermal treatments duignl h at 550 °CFigure 2 shows the viously annealed sampled,=550°C, 1 h, o(T) shows
x-ray diffraction patterns after that annealing treatment. Aghe typical evolution of a two magnetic phase system. As an
previously reported, the Fe-based sample=Q) is charac- example, Fig. 4 shows(T) for x=0, 5, and 29, normalized
to the saturation values obtained by the VSM magnetometer
TABLE 1. Crystallization temperaturesT, as a function
of the Co content of the samples obtained through the DSC TABLE 1. Dependence of the lattice parametefor the pre-

thermographs. cipitated a-Fe(Si, Co crystalline phas¢T,=550°C (1h)] on Co
contentx.

x (%) Ty (°C) Ty2 (°C) Tys (°C)
0 553 690 x 8 a®
5 543 687 0 2.8403-0.0005
29 524 702 15 2.835-0.005
36 512 690 29 2.8325-0.0004
69 450 644 690 36 2.8322-0.0004

73.5 478 612 645 45 2.8293-0.0004
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FIG. 4. Thermogravimetric temperature dependence of magne-
tization o normalized to the saturation values for the annealed
samplegT,=550°C, 1 h: x=(—) 0, (-) 5, and(O) 29.

FIG. 3. Transmission electron microscoffyeM) image for the

annealed sampler,=550°C, 1 h with x=45. (up to about four orders of magnitudeith the precipitation

of Co-rich phases fok=63. Forx<45, the main effect of
[os(emu/g)]. From the analysis of these curves for differentthe partial substitution of Co is an initial increase hh.,

Co contents, the evolution of the Curie temperafly®f the  followed by a noticeable magnetic softening arowd45.
amorphous phase after the segregation of the crystalline

phase can be obtained. Figure 5 shows this evolution and its DISCUSSION
comparison with theT, value in the precursor amorphous ) ) o
phase(Fig. 1). While for x<36, T, does not exhibit signifi- The crystallinea-Fe&(Si) phase, characteristic of the Fe

cant changes after the crystallization process, it sharply dé2ased compositionx(=0), has been extensively studid.
creases for higher Co contents after nanocrystallizationl!S ordered form F¢Si presents a fcc D@type structure with
Moreover T, for the precipitated crystalline phase can betWoO nonequivalent Fe sites with a magnetic moment of
also estimated through the(T) curves, assuming the fol- 1.3%:g and 2.2Qig (Fe, and Fe, respectively. It has been
lowing temperature dependence of the saturation magnetiz&OWn that when transition metal impurities are added to
tion of the crystalline phase fof >T.(amorph)*® o(T) Fe&Si, in the part!CL_JIar case of addition of Co, a §|ngle fcc
=04(0)(1-T/T.)?; with =0.36. This critical exponent phase (Fg_qu/S|)'|s observed foys2:15, with Igttlce pa-
law is strictly valid close to the Curie point. In fact, the fametera, decreasing when Co substitutes Fe into thg Fe
comparison with th& ¢ values obtained from Fig. 1 give rise Sites-~“"Thus, in our present case, the detected lattice con-
to a maximum difference close to 12% far=0. Such a traction withx (see Table )l can be correlated to a similar Co
maximum difference is introduced as an error bar in datgubstitution and the formation of the ternary FeCoSi phase
displayed in Fig. 5. However, even within this range of estj-for x=45. Taklng the lattice contraction in the reported ter-
mated error, it can be clearly seen that the main effect of th8ary F&-,Co,Si alloys as reference data, the mean compo-
Co substitution is to increase significantly. for x<45, and ~ Sition of the precipitated crystalline phase can be estimated
subsequently to decrease it for higher Co contents. (see Table IV. However, a slight modification must be intro-
Finally, Table Ill summarizes the coercivity, at room

temperature after the mentioned thermal treatment as a func- .
. . 7 . . 800  crystalline phase ,
tion of x. As previously reported’! H. drastically increases
TABLE IIl. Evolution of mean grain sized, coercive fieldH, 6004
and estimated magnetocrystalline anisotré&pys a function of the i
Co content of the alloy. o
X (%) d (nm) H. (A/m) ky (InP) > 4007
0 11 1.7 14.%10° 17 E’ *
5 12 3 9.5¢10° 200- .
15 13 5 9.5¢10° B-g
29 13 9 9.%x10° 0 20 40 60 80
36 14 7 9.%X10° X (%)
45 15 4 7.&10°
69 8 110 FIG. 5. Curie temperaturé, versus Co content in the as-cast
73.5 5 10500 state (@) and after nanocrystallization: nanocrystalline phase

and residual amorphous matr(id).
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TABLE IV. Volume CryStaIIine fractionvc and estimated com- fo”owing magnetic moment for each constituent: Fe
position of the crystalline phase and residual amorphous matrixasa 1 35,, (Fg, site§ and 2.2Qg (Fg sitey; Si=
function of the Co content of the allay —0.07ug; Co=1.70ug.* Table V summarizeg.; and the
. _ saturation magnetizatiom, for some selected compositions.
x (%) vc (%)  Crystalline phase  Residual amorph. phase \yhile 4, slightly increases witx as a consequence of the

: : higher Co moment with respect to the substitutegl &@ms
0 80 Fe,Si Fe3,Si4B4sCusNb . . -
@l Gl B4 s o, in emu/g remains roughly constant due to the higher

155 gg FF Qggossslils :iezegosz:“g“g%sgw atomic weight of Co atoms. Moreover, taking the experimen-
87017k 8- 082l4Bas- L5015 tal values of the saturation magnetizatiog(exp), of the
29 [ F&,C03,5k6 Fe17C0;65i5B4CUND; 5 annealed alloys measured at room temperature, and assum-
36 8 FQ,C0u0She Fe1.C0nSBaCNDLs  ing oy~ gg(cryst) for the crystalline phase, the saturation
45 76 F@4C050Sis6 Fe11C0,0SigB3sCUNb; magnetization of the residual amorphous matrixamorp)
is evaluated:
duced, since the initial Fe base sample presents a slightly os(exp =vcog(crysh+(1—uvc)og(amorp. @)
highera value than the reported stequiometric;¥iephase, Table V summarizes the obtained results where the initial

that can be ascribed to a higher Fe contents($ig).**  as-cast valuerg(as-castis also included. First, the decrease
Similar Fe enrichment for the prempltated Crystal“ne phaSQ)f O-S(amorp) withx supports the estimated increase of the
has been previously reporteti-? Co content of the residual amorphous médttixsee Table

On the other hand, the mean composition of thelv). In addition to this, the moderate increasese{amorp)
residual amorphous phase can be also evaluated takirfgr x=5, is in agreement with a similar increase in the initial
into consideration the volume crystalline fraction, og(as-cast) of the amorphous all¢see Table V. Regarding
estimated through the area under the crystallizatiorthe evolution after nanocrystallization, a slight increase in
peaks obtained by the DSC analysis of the previouslyrg(amorp) is observed fox=5 with respect to the initial
annealed samplesi.e., x=15: Feag0,s5i;3B,CyNb;  as-cast value correlated with a similar enhancement.in
=v.(F&7C0,7Si;g) + (1—v¢) (F&3C0sSiyB,CleNb;s)]. The  (see Fig. 5 On the contrary, the samples with higher Co
evolution of the composition of both phases indicates that th€ontent, present an opposite behavior, that is, a decrease in
Co atoms, in addition to partially substituting the Fe in theos(amorp) andT¢ after crystallization with respect to the
precipitated crystalline phase, remain in a certain percentagjq@'“al os(as-cast) value. Although the existence of an en-
in the residual amorphous matrix. In fact, this rough estimahancement iflc as a result of the exchange polarization of
tion agrees with the observed evolution f of both mag- the residual amorphous ‘matrix cannot be qompletely ex-
netic phases with (see Fig. 5. First, the increase of, with cluded due to the short distance between grains, the compo-

x in the crystalline phasex€45) can be directly associated sitional dependence seems to play the dominant role in the

. . . . .observed evolution witk. In fact, if the exchange polariza-
with an Increase. In the Co concentration as obse_rved IIE[?|on of the residual amorphous matrix dominates the evolu-
Fe;_,Co,Si (Ref. 19 and Fe_,Co, (Ref. 23 crystalline

. tion of T, an enhancement with respect to the initial as-cast
alloys. On the other hand, the dec_reasé’pbf the r_e5|dual value should be observed for =45 as the result of the
amorphous matrix withx, supports its enrichment in Co at-

s e L ) increase of the exchange constant and magnetic moment of
oms since a similar evolution is observed in FeCo basegne precipitateda-FeCoSi crystalline phase. However, as
amorphous alloy$® o Fig. 5 shows the Curie point of the residual amorphous ma-
~ Assuming the phase distribution in Table IV, the satura+rix presents in this range of compositions an opposite be-
tion magnetization of each magnetic phase can also be estyior, that is, a decrease with respect to the initial as-cast
mated. The effective magnetic moment per atemassoci-  value.

ated to the precipitated crystalline phase can be evaluated Thus, according to the previous structural analysis the soft
assuming the selective substitution of thg Béoms and the magnetic behavior of the nanocrystalline state for samples

TABLE V. Estimated magnetic moment per atqoy and its corresponding saturation magnetizatgn
of the precipitated crystalline phase, and saturation magnetizatigiamorp), of the residual amorphous
matrix. Experimental saturation values of the annealed dllQy=550 °C, 1 I, og(exp), and in the initial
as-cast amorphous stadg(as-cast).

o og(amorp) og(exp) og(as-cast)

X (%) pnl g (emu/g (emu/g (emu/g (emu/g

(crystalline phase (amorphous (experimental (experimental

phase annealegl as-cast
0 1.36 148.0 163.7 151.1 148.9
5 1.37 147.9 198.9 158.1 155.8
29 1.39 147.6 107.6 139.2 127.2
45 1.43 147.5 62.0 127.0 112.42
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with x=45, should be ascribed to the precipitation of anthe crystalline anisotropy of the precipitated crystalline phase
ultrafine FeCoSi phase. On the other hand, the drastic magan be estimated through the combination of E@$.and
netic hardening for Co base compositions=(69) would be  (3). As summarized in Table Ill, the partial substitution of Fe
mainly determined by the precipitation of highly anisotropic by Co results in a decrease lin as it is found in crystalline
Co-rich crystalline phases. This evolution can be analyzedre-Co alloys around 40 % at. GdTherefore, while the ini-
with the help of the random anisotropy mod&kuccessfully  tial slight increase irH. with x is mainly correlated with the
applied by Herzerto these nanostructural systems. Accord-increase in the mean value @ffor x=45 the decrease ity

ing to this model, the magnetocrystalline anisotropy constanis high enough to overcome the effect of the grain growth
k., of the precipitated crystalline phase is averaged out whegiving rise to a noticeable decreaseHrp .

the exchange correlation lengthy=+A;/k; (A; the ex- With respect to the influence of the residual amorphous
change constaptexceeds the orientation fluctuation length matrix, the decrease afg(amorp) andT. for 29<x=<45

of randomly distributed local easy axek,(>5). On this  should give rise to a diminution of the strength of the mag-

assumptionH. is related to the average anisotrogy; by netic coupling. However, such a magnetic hardening is not
observed since the coercivity presents a noticeable magnetic
Kot k‘l‘d6 softening around=45. Although, the suggested decrease in
He=Pe - ~Pc a3 (20 K, with x could be hidden by the hardening effect of the
MolVls MoV . . .
residual amorphous matrix, the evolution of the exchange
whered=§ andp. is a dimensionless prefactor. constant of the crystalline phas&;, must be also consid-

This model is strictly valid for a single phase crystalline ered. In fact, the increase in this range of compositions of the
material. However, under certain circumstances the more renagnetic momenty, , andT, of the crystalline phase should
alistic multiphase nature must be taken into consideratiomave associated a parallel increaséin Thus, the opposite
and the role of the residual amorphous matrix cannot be discontributions of both amorphous and crystalline phases is
regarded(i.e., initial stages of nanocrystallization and closeroughly balanced A= \/A;A,) and according to Eq3) the
to the paramagnetic transition of the residual amorphous maeffective anisotropk.; would mainly depend on the magne-

trix). According to modified model3]"the magnetocrystal- tocrystalline anisotropy and on the mean grain size of the
line anisotropy is averaged out when the exchange correlgrecipitated crystalline phase.

tion length of the residual amorphous mattixis larger than Finally, we must keep in mind that the technological in-
the mean intergranular distan@=d[1/vY3~1]. Then for  terest of these new FeCo based nanocrystalline alloys is re-
(L,>D), ke can be expressed as lated to their potential high temperature applications. In this
) 4 regard, Fig. 4 clearly shows the improvement in the magnetic
vokid® response at high temperaturi@screase ofrg of the FeCoSi
eff =T A3 3 alloys with respect to the Fe base sampléis improvement

must be again correlated to the particular properties of the
with A=A1A,, A,: exchange constant of the amorphousprecipitated FeCoSi crystalline phase. In this sense, its
phase. However, those cases leadingltp<(D) would give  higher magnetic moment and Curie temperature optimize the
rise to a magnetic decoupling of the crystatgz~k; and  high temperature magnetization response, with respect to the
thus to a drastic increase H, . conventional Fe base alloy. New studies are now in progress
In our present case, due to the high volume fractign,  where the temperature dependence of the magnetization pro-
the crystals are very close to each other, with an estimatedess of this new FeCoSi soft magnetic alloys is analyzed in
mean distanc®~1 nm. Therefore, the coupling condition deep detail.
with respect to the exchange transmitter capacity of the
amorphous phaseL¢>D) is fulfilled even for the highest
Co concentrationsx=69). However, as Table Ill shows, a
drastic magnetic hardening is observed for Co-rich composi- The evolution of the structural and magnetic properties
tions. In these cases, owing to the precipitation of highlywith the substitution of Fe by Co for the
anisotropic Co-rich phases, the exchange forces are not abie,; 5 ,Co,Si;; BsC;Nb; alloy series is presented in this
to overcome the magnetocrystalline anisotropy and the corwork. The devitrified state obtained after annealing at 550 °C
dition L,>d is not fulfilled. For instance, in the sample with (1 h) is mainly composed by ferromagnetic crystélgith
x=69 (d~8nm), taking A;=10Jm and k; mean grain sizes in the range of tens of nanomptsus
=5 10" J/n? (fcc Co), leads to a reduction ih; close to 14 rounded by the residual amorphous matrix. While a
nm, which is comparable with the mean crystalline size. Ina-FeCoSi phase is observed fos 45, new Co-rich phases
this case, although the crystals are magnetically decoupleake observed for compositions beyoxd 45. In spite of the
the exchanges forces would slightly smooth the anisotropghanges in the magnetic characteristics of the residual amor-
value as in the case of nanocrystalline spring magfiets. phous matrix withx, the magnetic behavior of the samples
However, forx<45 both conditiongL,>D andL,>d) are mainly determined by the structural and magnetic prop-
are fulfilled and the magnetic softening results as a conseerties of the precipitated crystalline phase. In particular, a
guence of the magnetic coupling between crystals. Considesoft magnetic behavior is obtained fo= 45 ascribed to the
ing the experimentalH. and v, values, p.=0.27, A magnetic coupling between tha-FeCoSi crystals. The
=10"11J/m anduoM¢=1.38 T (nearly constant fokr<45),  higher Curie temperature of the precipitated crystalline phase

CONCLUSIONS
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in these ranges of Co concentrations, determines the imsarra(Project: Aleaciones ferromagtieas blandas de intese
provement of their magnetic response at high temperaturegcnolmico e industrial. The authors wish to thank Profes-

with respect to the Fe base alloy.
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