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This work investigated the microstructure, magnetic properties, and crystallization kinetics of the as-spun and an-
nealed alloy ribbons of (Fesq_CoxNigpSig 33B12.66Cu1) 0.97Nbg 03, where x =0, 6, 7, 8, 9, prepared using the melt-
spinning method. The results show that adding a moderate amount of Co can improve the glass forming ability (GFA), the
first peak crystallization temperature, and thermal stability of the as-spun alloy ribbons. With x = 7, the two-stage crystal-
lization temperature interval AT, = 90 exhibits optimal thermal stability, and the alloy annealed at 673 K for 10 minutes
shows the favorable combined magnetic properties, with He = 0.12 A/m, M; = 88.7 A-m?/kg, and y. = 13800. The mag-
netic domain results show that annealing removes numerous pinning points in the magnetic domains of the alloy ribbons,
making the domain walls smoother and effectively reducing the pinning effect.

Keywords: amorphous alloys, Co substitution for Fe, glass formation ability, magnetic properties, crystalliza-

tion kinetics
PACS: 75.60.Nt, 75.60.Ch, 41.20.Gz, 75.50.Kj
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1. Introduction

FeNi-based amorphous soft magnetic materials have
shown great potential as excellent functional materials in prac-
tical applications,!'=3] due to their various excellent prop-
erties such as moderate saturation magnetization,*=! low
coercivity,’) and high magnetic permeability.'%'4 How-
ever, there are still many problems that need to be urgently
solved, such as low glass forming ability, poor thermal sta-
bility, and narrow annealing temperature range. Therefore,
it is necessary to develop FeNi-based amorphous alloys with
high glass forming ability, good thermal stability, and excel-
lent overall magnetic properties.

To improve the magnetic properties of FeNi-based amor-
phous alloys, a lot of work have been done. Adjusting the fer-
romagnetic elements can improve the magnetic properties of
FeNi-based amorphous alloys. Gheiratmand et al.!'>! reported
that partial replacement of Fe by Co reduces the amorphous
phase magnetostrictive and improves the magnetic properties
at higher temperature and frequencies. Sheng et al.l'®!7! re-
ported that (Ni0_5Feo,5,xCox)goB1OSi2Cu12r7 (x=0~0.5)al-
loys show excellent soft magnetic properties with low coer-
civity (5 A/m~14 A/m) and high thermal stability. Zhang
et al.'"® reported that adding a moderate amount of Co im-
proves the glass forming ability by lowering the solid-liquid
phase transition temperature and promoting amorphous phase
formation. Additionally, heat treatment can further improve
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the magnetic properties of the alloy. Proper heat treatment
can remove residual internal stress and reduce defects in the
alloy matrix. However, excessively high annealing tempera-
tures will cause grain crystallization and magnetic anisotropy,
which degrades the overall soft magnetic properties. Tong et
al.'"”) investigated the structural origin of magnetic softening
in FescSigBoP5 alloy after annealing. After appropriate an-
nealing, local strengthening of ferromagnetic exchange inter-
action was achieved, significantly weakens magnetic hetero-
geneity and obtain excellent soft magnetic properties. The co-
ercivity can be significantly reduced from 25 A/m to 2 A/m. Xi
et al.”") studied the effect of annealing on the magnetic prop-
erties of Fegs_,P11C2B | Cu, alloy. The results showed that the
alloy with x = 6 obtained good soft magnetic properties after
annealing at 633 K for 10 minutes, with a minimum coercivity
value of only 1.2 A/m and a maximum B of 1.66 T.

This the effects
tially substitution for Fe on the glass forming ability,

work investigated of Co par-

thermal stability, and soft magnetic properties of the
(FeqoNig0Sig 33B12.66Cui)97Nbs amorphous alloy. Mean-
while, the effects of annealing conditions on the comprehen-
sive magnetic properties, structure, and crystallization dynam-
ics of the alloys are also studied. The aim is to improve the
soft magnetic properties of the alloy, identify optimal anneal-
ing processes, and provide a theoretical basis for developing

high-performance FeNi-based amorphous alloys.
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2. Experimental procedure
2.1. Preparation of FeNi-based amorphous alloys

High purity elements (Fe: 99.99 at.%, Co: 99.99 at.%,
Ni: 99.99 at.%, Si: 99.99 at.%, B: 99.99 at.%, Cu: 99.99 at.%,
Nb: 99.99 at.%, Mb: 99.97 at.%) were mixed in a specific
ratio using a vacuum induction melting furnace under an ar-
gon atmosphere. The master alloy ingot, with the compo-
sition (Fesp—xCoxNig0Sis 33B12.66Cu1)0.97Nbg.03 (x =0, 6, 7,
8, 9) was prepared by mixing and melting 3—4 times to en-
sure uniform composition. Then, the alloy was cast into thin
ribbons, approximately 2-mm wide and 23-pm thick, using a
standard procedure of rapid quenching of the melt on a rotating
disc (melt-spinning method) with a surface speed of 28.6 m/s.
The ribbons were annealed in muffle furnaces with argon-filled
quartz tubes at various temperatures and time, with a constant
heating rate of 5 K/min.

2.2. Characterization

The structure of the as-spun and annealed alloy ribbons
was analyzed by a miniature x-ray diffractometer (XRD, DX-
27) with Cu Ko radiation (A = 1.5418 A). Thermal analysis
was performed with a differential scanning calorimeter (DSC,
NETZSCH STA 449F3), in which the protective gas was ar-
gon, and the heating rates from room temperature to 1100 K
with 10 K/min, 20 K/min, 30 K/min, and 40 K/min, respec-
tively, and the test method was a non-isothermal test. Magne-
tization strength (M) and coercivity (H;) were measured us-
ing a vibrating sample magnetometer (VSM, Versalab) and a
DC soft magnetic measuring device (MATS-2010SD), while
an impedance analyzer (Agilent 4294 A) was used to determine
the effective permeability (UL ).

3. Results and discussion

3.1. Amorphous formation capability and thermal stabil-
ity

Figure 1 shows the XRD patterns of the as-spun
(Fea0—xCoxNigoSi6 33B12.66Cu1)0.97Nbo.o3 (x =0, 6, 7, 8, 9)
alloy ribbons. The patterns exhibit only a typical broad scat-
tering peak at 26 ~ 45°, indicating the amorphous structure of
the as-spun alloy ribbons.

Figure 2(a) shows the hysteresis loop of the as-spun
(Feqo—xCoxNigoSi6.33B12.66Cu1)0.97Nbooz (x =0, 6, 7, 8, 9)
alloy ribbons. Figure 2(b) presents the variation in saturation
magnetization (M) and coercivity (H;) of the alloy ribbons
with different Co contents. The M increases initially and then
decreases with rising Co content, peaking at 94.9 A-m?/kg
with x = 6. The initial increase of Mj is likely due to the im-
proved ferromagnetic exchange caused by Co substitution for
Fe. However, beyond this optimal Co content, My declines be-
cause of Co atoms, having a lower magnetic moment than Fe

atoms, reduce the overall magnetic moment when their con-
centration is increased. Therefore, the M decreases. The
H_ first decreases and then increases, reaching a minimum of
7.2 A/m with x = 7. The initial decrease in H, is attributed
to improved amorphous formation and a more homogeneous
structure with fewer grain boundaries and less component
segregation, facilitating easier magnetic moment movement.
However, excessive Co will increase the anisotropy of the al-
loy and increase the H,.

(Feq0—2C0,NigSig.33B12.66Cu1)97Nbs
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Fig. 1. XRD patterns of as-spun (Fe4o_xNigoCo,Sis 33B12.66Cu1)0.97 Nbo 03
(x=0,6,7,8,9) alloy ribbons.
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Fig. 2. (a) Hysteresis loop of the as-spun (Feso_,Co,NisSi633B12.66
Cuj)97Nb3 (x =0, 6, 7, 8, 9) alloy ribbons and (b) variation in saturation
magnetization (Ms) and coercivity (H.) of the alloy ribbons.

Figure 3 presents the DSC curves of the as-spun
(Fe40-xCoxNigoSig 33B12.66Cu1)0.97Nbo.oz (x =0, 6, 7, 8, 9)
alloy ribbons. All alloys exhibit three exothermic peaks dur-
ing crystallization, indicating the presence of multiple crystal-
lization processes. Figure 4 presents the 7y and AT, curves
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for the (Feqo—xCoxNig0Si6.33B12.66Cu1)0.97Nbg.03 (x =0, 6, 7,
8, 9) alloy ribbons. The data show that adding Co increases
both 73 and T, compared to the alloy without Co. This in-
dicates that moderate Co addition improves the first crystal-
lization temperature and the glass forming ability of the alloy,
thereby improving the thermal stability. At x = 7, the curve
shows the highest two-stage onset crystallization temperatures
and the largest two-stage crystallization temperature interval
(AT;), demonstrating the best glass forming ability (GFA) and
thermal stability. The results suggest that Co addition pro-
motes the formation of a high-density atomic structure, which
increases the solid-liquid interfacial energy and the viscos-
ity of the supercooled liquid. This effectively hinders atomic
movement during crystallization or solidification, enhancing
the stability of the supercooled liquid and the glass forming
ability of the alloys.

The amorphous state is thermodynamically a substable
structure that absorbs energy when heated and transforms into
a steady-state crystalline structure. The crystallization process
of the amorphous alloy is closely related to its crystallization
temperatures. Typically, the glass forming ability and ther-
mal stability are assessed by analyzing the DSC curves, fo-
cusing on the onset crystallization temperature (7) and the
peak crystallization temperature (7). A higher T, shows the
greater difficulty in nucleation, while a higher 7, suggests that
crystal growth is more challenging.?!! Crystallization analy-
sis methods are generally categorized into non-isothermal and
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Fig. 3. DSC curves of (FC4O,XC0xNi4osi6A33B|2A66Cul )97Nb3 (x = 0, 6,

7, 8, 9) alloy ribbons.
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Fig. 6. The relation between T, and Inf3 of (Fe4o—_,Co0,Nis0Si633B12.66Cu)97Nb3 (x =0, 6, 7, 8, 9) alloy ribbons for (a) x =0, (b) x =6, (c) x =7,

(d)x=38,and (e) x=9.

In this study,
nient non-isothermal analytical method was used.

a fast and methodologically conve-
Fig-
ure 5 shows the non-isothermal DSC curves of the as-spun
(Fe40—xCoxNigoSig 33B12.66Cu1)97Nb3 (x =0, 6, 7, 8, 9) alloy
ribbons at heating rates of 10 K/min, 20 K/min, 30 K/min,
and 40 K/min. The data shows that higher heating rates result
in higher crystallization peak temperatures, demonstrating a
clear kinetic effect. Crystallization nucleation is closely re-
lated to the annealing process. During slow heating, atoms
have sufficient time to absorb energy, diffuse, and rearrange,
leading to a shorter crystallization time. In contrast, during
rapid heating, the reduced time for these processes requires a
higher temperature to provide the necessary energy for nucle-
ation and growth. Therefore, as the heating rate increases, the
temperature of the crystallization peak also rises.
Crystallization behavior in amorphous alloys depends
on the heating temperature, and changes in the peak crys-
tallization temperature with heating rate and reflect the
thermal stability of the crystallization process. To ana-
lyze how the crystallization peak temperature is affected
by the heating rate, figure 6 presents the fitted curves of
the two crystallization peak temperatures versus Inf3 for
(Fe40—xCoxNiggSis 33B12.66Cu1)o7Nbs (x = 0, 6, 7, 8, 9) al-
loy ribbons. The relationship between 7, and In 3 for these

alloys can be described using Lasocka’s equation />3]

T,=A+BInp. (1)

In this equation, 7, represents the crystallization peak temper-
ature, 3 is the heating rate, and A and B are constants. The
constant A denotes the characteristic temperature at a heating

rate of 1 K/min, while B shows the sensitivity of 7}, to B, with
higher values of B reflecting greater sensitivity. As shown in
Fig. 6, both the first peak crystallization temperature (7,1) and
the second peak crystallization temperature (7},2) of all alloys
show a good linear correlation with In . Figure 7 shows the
variation of By and B, with different Co contents. It is evi-
dent that both By and B, initially increase and then decrease
with increasing Co content, with B reaching its maximum at
7 at.% Co. The initial increase occurs because of Co, hav-
ing a smaller atomic radius than Fe, reduces the barriers to
atomic movement when it replaces Fe. This reduction facil-
itates more rapid atomic diffusion and rearrangement during
heating, thereby increasing the crystallization nucleation rate
and making the crystallization peak temperature more sensi-
tive to the heating rate. The decrease in Bj is attributed to
the presence of y-(Fe,Ni,Co) clusters, which, once crystallized
and grown to a larger size, lead to a reduced nucleation rate
and thus a lower B value. The B, value first increases and then
decreases, peaking at 8 at.% Co. The initial increase is due to
the primary phase providing nucleation sites for the second
crystalline phase, facilitating its precipitation and causing a
slight increase in B;. However, B, then decreases as the num-
ber of nucleation sites becomes saturated, reducing the rate of
nucleation for the second phase.

Crystallization activation energy represents the energy
barrier that must be overcome for an amorphous alloy to trans-
form into a crystalline structure. A higher activation energy
shows greater difficulty in crystallizing the amorphous alloy
and higher thermal stability.[>>->6] This energy can be deter-
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mined using the Kissinger formula, given as follows: >’}

In(B/T?) = —E/RT +C, 2)

where E denotes the crystallization activation energy, 7T is
the characteristic temperature, R is the ideal gas constant
(8.314 J-mol~ 'K~ 1), and C is a constant. The crystalliza-
tion activation energy was determined by curveting In(f/T})
against 1000/7,, for various heating rates and crystallization
peak temperatures, followed by linear fitting as shown in
Fig. 8. The activation energy is obtained by multiplying the
slope of the fitted line by R.
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Fig. 7. Variation of By and B, values with different Co contents.

96 (a) T, Q@ z=0-T};
hadl QO = 6—Tp1
Q = 7—Tp1
—10.0t 9 z=8-Tp
Sa x=9-T),,
~
o —10.4F
5
—10.8} ?
119l z|=7 deviilxtion poilnt 2::0I deviatioln point
1.28 1.30 1.32 1.34 1.36 1.38 1.40
1000/Tp (K1
9.2 (b) Tpe Qx=0-Tp
—oar Qx=6-Tp
Qxr = 7—Tp2
—9.6¢ @z=8-T,
& -10.0} @ =9Iy
~
<
= —10.4¢
—10.8F
—11.2¢+ =0 deviation pIint
1.15 1.20 1.25 1.30 1.35

1000/T,, (K1)

Fig. 8. Kissinger fit diagram of the (Fe40_xCo,Nig0Sie 33B12.66Cu1)97
Nb; (x =0, 6, 7, 8, 9) as-spun alloy ribbons: (a) 71 and (b) 7.

Table 1 presents the calculated values of the crystalliza-
tion activation energy for (Fe4o—,Co,Niq0Sis 33B12.66Cu1)97Nb3
(x=0, 6,7, 8,9) alloys. It shows that the activation ener-
gies for secondary crystallization (E;) are higher than those

for primary crystallization (E1) in all alloys, indicating that
secondary nucleation is more challenging and requires more
energy. As the Co content increases from 0 to 9 at.%, Ep;
first increases, peaks with x = 7, then decreases, and increases
again with x = 9. The initial increase is likely due to the larger
size of y-(Fe,Ni,Co) clusters, which raises the resistance to
crystallization. This larger cluster size requires the atoms to
absorb more energy to meet the kinetic conditions necessary
for nucleation and growth of the crystalline phase, resulting
in a higher Ej,;. The decrease in Ep; may be attributed to the
bonding strength and atomic arrangement in the alloy. The
atomic bonds of Co and Fe are stronger and arranged more
closely, which is conducive to the formation of clusters and
For the
x =9, more clusters may increase the activation energy. For

reduces the energy required for atomic diffusion.

Ep, as Co content increases from 0 to 9 at.%, E, initially in-
creases, peaks with x = 6, then decreases, and increases again
with x =9. The initial increase is due to fewer nucleation sites,
requiring atoms to diffuse longer distances, thus increasing the
energy. The subsequent decrease could result from the clus-
tering effect of Co, which provides more nucleation sites and
reduces the energy needed for diffusion. For the x = 9 alloy,
higher Co content may lead to more y-(Fe,Ni,Co) phase pre-
cipitation, reducing Fe content and increasing B proportion,
which stabilizes the residual amorphous phase but requires
higher temperatures for B diffusion, raising E},;. Thus, adding
an appropriate amount of Co improves thermal stability, with
the x = 7 showing the best stability.

Table 1. Crystallization activation energy of (Fe4o—Co,Nis0Sis33B12.66
Cuy)97Nbs (x =0, 6, 7, 8, 9) alloy ribbons.

x (at.%) Ep1 (kJ/mol) Ep (kJ/mol)
0 190.56 372.30
6 300.97 569.01
7 372.30 404.06
8 307.29 398.49
9 328.24 544.48

3.2. Annealing temperature dependence of the magnetic
properties

Figures 9(a) and 9(b) show XRD patterns of the alloy rib-
bons with x = 0 and x = 7 after annealing in the temperature
range of 673 K to 848 K. Figure 9(a) shows that the alloy
with x = O still has an amorphous structure after annealing
at 673 K and 698 K. The a-FeNi(Si) main phase is precipi-
tated after annealing at 723 K. After annealing at 848 K, the
precipitated phase transforms from o-FeNi(Si) to y-FeNi(Si).
At the same time, a new crystalline phase, the hard magnetic
phase (FeNi)B appears. The increase in annealing temperature
leads to an increase in the intensity of the diffraction peaks,
suggesting that the content of the precipitated phase increases
with the increase of temperature. Figure 9(b) shows that the
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x =7 alloy exhibits an amorphous structure at annealing tem-
peratures from 673 K to 723 K. After annealing at 748 K,
the o-(Fe,Ni,Co) main phase precipitates, and after annealing
at 848 K, the precipitated phase partially transforms from «-
(Fe,Ni,Co) to y-(Fe,Ni,Co) with the appearance of (FeNi),3Bg.
The three different crystalline phases precipitated correspond
to the three exothermic peaks of the DSC curves in Fig. 5. In
addition, the crystallization temperature of x = 7 is higher than
that of x = 0 alloy. This is consistent with the DSC results, in-
dicating that the addition of Co improves the thermal stability
of the alloy. Comparing the XRD patterns of the alloys with

x =7 to the standard PDF card of the y-(FeNi) phase, it was
found that the crystal peaks shifted towards higher angles. Co
atoms substantially dissolved into the y-(Fe,Ni,Co) lattices to
replace Fe atoms.[?®%°] Because the atomic radius of Co is
smaller than Fe, causing a distortion of the y-(Fe,Ni,Co) lat-
tices and a reduce of the lattice parameter a,l*" resulting in
the reduce of the crystal plane spacing d, thus leading to the
diffraction peaks of y-(Fe, Ni, Co) shift to higher angles.!'¢!
Figure 9(c) shows the lattice constant a of the x =0 and x =7
alloys annealed at different temperatures. With the annealing
temperature increase, the lattice constant a reduces.
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Fig. 9. XRD patterns of (Feso_,Co,NisSig 33B12.66Cuj)97Nb3 (x = 0, 7) alloy ribbons annealed at different temperatures. (a) x = 0, (b) x = 7, and
(c) lattice constant a of the x = 0 and x = 7 alloy ribbons annealed at different temperatures.
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Fig. 10. Variation of (a) H, and (b) M with annealing temperatures of (Fe49_,Co,Nis0Sig33B12.66Cu1)97Nbs (x =0, 6, 7, 8, 9) alloy ribbons.

Figure 10 shows variations of H. and M with anneal-
ing temperature for (Fegp_xCo0,NigpSis 33B12.66Cu1)0.97Nbg.03
(x=0,6,7,8,9) alloy ribbons. In Fig. 10(a), the H,. of the al-
loy initially decreases and then increases, reaching a minimum
at 673 K. The decrease in H, is attributed to the annealing pro-
cess, which eliminates internal stresses, reduces defects, and
results in a denser, more uniform structure, thereby diminish-
ing the pinning effect on domain walls. The subsequent in-
crease in H, is due to the alloy entering a structural relaxation
state, which improves magnetic crystal anisotropy. At an an-
nealing temperature of 748 K, the H, increases significantly
due to the formation of crystalline phases and grain growth,
which deteriorates the soft magnetic properties. Figure 10(b)
shows that the M; of the alloy exibits an overall increasing

trend. The slight increase observed before significant anneal-
ing is due to the reduction of internal stress, while the increase
observed later is attributed to the precipitation of crystalline
phases. Notably, the (Fe33Co7Nis0Sig 33B12.66Cu1)0.97Nbg.03
alloy shows the best overall magnetic properties after anneal-
ing at 673 K, with A, of 0.12 A/m and M of 88.7 A-m?/kg.
Figure 11 the of
(Fe33Co7Nig0Sig 33B12.66Cu;)97Nbs ribbons in as-spun state
and annealed for 10 minutes at different temperatures. The

shows magnetic  domain

as-spun magnetic domains are mainly composed of irregular
and disordered multi branch magnetic domains and fingerprint
like magnetic domains, which are due to the presence of lo-
cal internal stress, resulting in uneven distribution of magnetic

domains and high coercivity.!?®! After annealing, the magnetic
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domains of the ribbons change from fingerprint like to regular
ribbons-shaped, and as the annealing temperature increases,
the width of the magnetic domain first increases and then de-
creases, reaching its maximum value at 673 K. The wider the
magnetic domain, the easier it is to flip, the easier the do-
main wall is to migrate, the smaller the pinning effect on the
magnetic domain, and the smaller the coercivity. Therefore,
the coercivity of the ribbons first decreases and then increases
with the increase of annealing temperature, reaching its min-
imum value at the annealing temperature of 673 K, which is
consistent with the results of the coercivity in Fig. 10(a).
Figure 12(a) shows the effective permeability () pro-
files of (Feqp—xCoxNigSis 33B12.66Cu1)0.97Nbg.o3 (x = 0, 6,
7, 8, 9) alloy ribbons at various annealing temperatures. As
can be seen from Fig. 12(a), the U increases and then de-
creases with increasing annealing temperature and reaches a

;
1
i

¥
1 d<20 pm

maximum at an annealing temperature of 673 K. The p. val-
ues for the alloys are 10600, 12400, 13800, 10900, and 11400,
respectively, with permeability approaching zero after reach-
ing the crystallization temperature. Figure 12(b) shows the p.
of the alloy under the optimal annealing condition, annealing
for 10 min at 673 K. Figure 12(b) shows that, with the ad-
dition of Co, U is higher than that of the x = 0 alloy in the
frequency range of 1 kHz to 10 MHz. Figure 12(c) shows the
Ue varies with the external magnetic field (Hy) at 1 kHz. As
Hy, increases from 1 A/m to 60 A/m, p first increases and
then decreases. The maximum L corresponds to the pinning
field (H,) of the alloys. A smaller pinning field shows fewer
pinning points and defects in the alloys. The results show that
the alloy with x = 7 has the lowest H,, of 20 A/m, suggesting
superior soft magnetic properties.

20 <60 pm

Fig. 11. Magnetic domain of (Fe33C07Nis0Sig 33B12.66Cu1)97Nb3 ribbons (a) as-spun and annealed at different temperatures for 10 min, (b) 648 K,

(c) 673 K, and (d) 698 K.

2.4
1.4f oo (| P H=1A/m 673K  (b) PR f=1kHz ()
L @x= _ 22rx=6
12r S o= o%:"o :g;g *z="7
Al.O' -0-1'3 1.0 "ogoq:o o@m=" AQ.O'QIiS
© < o y °°3303 cr—8 |5 >zr=9
= 08¢ 8 ’g::%:, ox=9 |2 1.81
F % o
<06 3 A 3 1.6}
0.4} ? 0.5 Lal . o
021 1.2} . ;
(013 ; ! i
3007600 640 680 720 760 (o3 104 100 106 107 1970 10 20 30 40 50 60

Annealing temperature (K)

Frequency f (Hz)

Hy (A/m)

Fig. 12. (a) Effective permeability (te) of (Feso—xCoxNisSis 33B12.66Cu;)o7Nb3 (x =0, 6, 7, 8, 9) ribbons annealed at different temperatures, (b) the
Ue of x =0, 6,7, 8,9 at.% ribbons annealed at 673 K and (c) the change of e with Hy, at 1 kHz of x =0, 6, 7, 8, 9 ribbons.

Table 2. Coercivity comparison of FeNi-based amorphous alloys.

Alloy H, (A/m)

(Fe33Co7Nig0Sis.33B12.66Cup )97Nb3 (the study) 0.12
Fe39Ni3oB12.82Si275Nb; 3P4 139 0.65

(Nig 5Fe 3C00.2)30B10Si2Cuy Zr7”) 5
FegoNisSixBgP4Cu;© 14.3
(Fe4oNigoSis.4B12.6Cu1)0.97Nbg 039 0.25
Fe4oNizgMoyB5® 0.94
(Fe70Niz0)ssNbo.sB1a.s” 17

3Ref. [1], Y Ref. [16], YRef. [27], YRef. [32], ©Ref. [33], DRef. [34].

To further investigate the impact of annealing times
on the soft magnetic properties of amorphous alloys, the
(Fe33C07Nig0Sig 33B12.66Cur)g7Nbs alloy was annealed at
673 K for 3 min, 10 min, and 20 min. Figure 13(a) shows

the XRD patterns of the (Fe33C07Nis0Sig 33B12.66Cu)g7Nbs
alloy ribbons annealed at 673 K for different time. It shows
that XRD patterns remain scattering peaks after annealing,
indicating that the alloy remains amorphous structure. Fig-
ure 13(b) presents the variation of Mg and H. with annealing
time, compared to the as-spun alloy, the M initially increases
and then decreases with annealing time, peaking at 10 min.
The initial increase is attributed to reduced residual stress and
excess free volume after annealing, which reduces structural
distortion and improves magnetic exchange interactions.3!]
However, the change is modest because Mj is relatively insen-
sitive to structural changes, being more influenced by phase
composition and alloy constituents. The H, initially decreases

and then increases, reaching its minimum at 10 min. As an-
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nealing progresses, residual stress is gradually eliminated. At
10 min, residual stress is nearly fully removed, resulting in the
lowest H.. Prolonged annealing causes atomic diffusion and
compositional inhomogeneity, increasing magnetic anisotropy
and coercivity. Thus, at an annealing temperature of 673 K
for 10 min, the alloy shows optimal magnetic properties, with
H, =0.12 A/m and M = 88.7 A-m?/kg. Table 2 compares re-
search advancement in FeNi-based amorphous alloys, show-
ing that the (Fe33C07Nig0Sig33B12.66Cu1)97Nb3 alloy in this

study has low coercivity.

Figure 14 shows the magnetic domains of alloys
(Fe33C07Nig0Sis 33B12.66Cu;)97Nbs annealed at 673 K for dif-
ferent time. It can be seen that the width of the magnetic do-
mains increases and then decreases with the increase of an-
nealing time, and reaches the maximum when the annealing
time is 10 min. It coincides with the variation trend of coer-
civity in Fig. 13(b).
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Fig. 13. (a) XRD patterns, (b) variations of My and H, with annealing time and (c) magnetic hysteresis loop of (Fe33C07Ni40Sig 33B12.66Cu1)97Nb3 ribbon

annealed at 673 K for different time.
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Fig. 14. Magnetic domains of (Fe33Co7NiSi6 33B12.66Cu;)97Nb3 ribbons annealed at 673 K for different time: (a) 3 min, (b) 10 min, and (c) 20 min.

4. Conclusion

In this paper, we investigated the influences of the
substitution of Fe by Co on the glass formation ability
(GFA), thermal stability, and soft magnetic properties of
(Fe40_xCOxNi4()Si6_33B12.66Cu1)97Nb3 alloys (x = 0, 6, 7, 8,
9). It also explores the effects of annealing on these properties
and analyzes the alloys crystallization kinetics. The conclu-
sions are as follows:

(i) Partial substitution of Co for Fe effectively improves
the GFA of (Fe40,xC0xNi4()Si6,33B12.66Cul)97Nb3 (x = 0, 6, 7,
8, 9) alloys.

(i) With the addition of Co element, the E}; increased,
indicating that the thermal stability is improved. For x =7,
Ey1 reaches a maximum of 372.3 kJ/mol, and the AT is maxi-
mized of 90, showing the best thermal stability.

(iii) The (Fe33CO7Ni4()Si6.33B 12.66Cul)97Nb3 alloy shows
the best overall soft magnetic properties after annealing at
673 K for 10 min, with coercivity H. = 0.12 A/m, saturated
magnetization M, = 88.7A-m?/kg, and effective permeability
Ue = 13800. And annealing removes numerous pinning points

in the magnetic domains of the alloy ribbons, making the do-
main walls smoother and effectively reducing the pinning ef-
fect.
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