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Amorphous (Fe4oNiggB19Cuy)100_xNby (x =1, 3, 5, 7) ribbons are prepared by using the melt-spinning method. We
find that the glass forming ability (GFA) of the as-melt spun ribbons is significantly improved by adding Nb element. In
addition, the thermal stability evaluated in steps of AT = T, — Ty effectively increases from 16 K to 75 K with Nb content
increasing. The as-melt spun (Fe4oNiq9B19Cuy)g7Nbs ribbon exhibits a lowest coercivity of 2 A/m and relatively large
saturation magnetization of 103.7 A-m2/kg and thus it can be further treated by being annealed at 809 K. The crystallization
behavior is confirmed to be determined by two individual crystallization processes corresponding to the precipitation of
(Fe,Ni);3B¢ phase and y-(Fe,Ni) phase. With increasing annealing time, the single (Fe,Ni);3B¢ phase can be transformed
into a mixture of (Fe,Ni),3B¢ and y-(Fe,Ni) phase, and the grain size of y-(Fe, Ni) phase increases from 5 nm to 80 nm
while the grain size of (Fe,Ni)3B¢ remains almost unchanged. Finally, we find that the grain growth in each of (Fe,Ni)>3Bg

and y-(Fe, Ni) deteriorates the overall magnetic properties.

Keywords: as-melt spun, glass forming ability, crystallization, coercivity

PACS: 75.50.Kj, 75.47.Np, 75.75.—¢, 75.60.Nt

1. Introduction

FeNi based nanocrystalline alloys have shown great po-
tential applications in power electronics due to the advan-
tages of high thermodynamic stability, high glass forming
ability (GFA) and good soft magnetic properties.!'"% In gen-
eral, nanocrystalline magnetic alloys are obtained by being an-
nealed on magnetic amorphous alloys because proper anneal-
ing can relieve the internal stress of the as-melt spun amor-
phous alloy.!”! Also, after annealing the alloy, the ferromag-
netic exchange reaction between soft magnetic nanocrystal-
lites can average out the magnetocrystalline anisotropy and
improve the soft magnetic properties if the size and distribu-
tion of the nanocrystallites are well controlled. 310!

Besides, substitution or addition of insoluble elements
such as Cu can act as heterogeneous nucleation sites to facili-
tate the precipitation of primary crystalline phase. Large atoms
such as Nb, Ta, W, and Cr can serve as inhibitors to prevent the
grain from growing which is beneficial for improving the soft
magnetic properties and glass forming ability (GFA).[!'-15]
Previous study has suggested that the order of ability to substi-
tute elements in refining grain size of Fe-M—-Cu-Si-B alloys
is Nb =Ta > Mo =W > V > Cr. Therefore, we select Nb as
the additive in this study.'®) On the other hand, the hard mag-
netic phases like Fe,;B and Fe3B with high magnetocrystalline
anisotropy would provide a great hindrance to the domain wall
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movement and lead to an increase in coercivity. U7 Therefore,
inhibiting the precipitation of hard magnetic phases is also an
effective way to improve the soft magnetic properties. It was
reported that the coercivity for Fe/Ni= 1 is the lowest due to
the hard phase disappearing after being annealed.!!!

In this work, Nb is added into the Fe4oNiggB19Cu; sys-
tem, and the effect of Nb content on the thermal stability and
the influence of annealing conditions on the crystallization
process, microstructures and the magnetic properties of Fe—
Ni—-B—Cu-Nb alloys are investigated.

2. Experiment

Master alloys with nominal compositions of
(FeqoNigoB19Cuy)100-xNby (x = 1, 3, 5, 7) were prepared
by induction melting the mixtures of high-purity elements
(Fe:99.99 at.%, Ni:99.99 at.%, B:99.99 at.%, Cu:99.99 at.%,
Nb:99.97 at.%,) under an argon atmosphere. The alloys were
melted three or four times to achieve homogenization. Then,
the master alloys were fabricated in the form of ribbons with
about 2 mm in width and 20 pm in thickness, by using a stan-
dard procedure of rapid quenching of the melt on a rotating
disc (melt-spinning method) with a surface speed of 28.8 m/s.
The actual chemical compositions were checked by induc-
tively coupled plasma spectroscopy (ICP) after melt-spinning
process. Differential scanning calorimetry (NETZSCH-DSC
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214) measurements were carried out in a stream of helium
with a constant heating rate of 15 K/min in a temperature
range from room temperature to 923 K. High-temperature mi-
croscope (HiTOS-DC) was used to anneal the as-melt spun
ribbons at 809 K for different times (10 s, 0.5 min, 1 min,
5 min, 15 min, 30 min). The melt-spun ribbons were annealed
by using a rapid thermal process (RTP) in a vacuum below
6 x 1073 Pa at a heating rate of 200 K/min and argon was
introduced as a protective gas to prevent the ribbons from
oxidizing.[!®1°) The x-ray diffraction (PANalytical X, Pert
Power) with Cu Ko radiation (A = 1.5418 A) was used to
identify the structures of as-melt spun and annealed samples.
The magnetization (M) and coercivity (H;) were measured
with a vibrating sample magnetometer (VSM, Versalab) and
an auto test system of magnetic materials (MATS-2010SD)
respectively. The samples for TEM, cut from amorphous rib-
bons, were thinned after heat treatment by ion beam milling.
The transmission electronic microscopy (TEM, JEM 2100F)
was performed for the observation of microstructure.

3. Results and discussion
3.1. Effect of Nb-addition on GFA and thermal stability

Figure 1 shows the XRD patterns of the as-melt spun rib-
bons. It can be seen that the curves for x = 3, 5, 7 all ex-
hibit only one broad peak at 45°, indicating that each has a
typical FeNi based amorphous structure. For the ribbon with
x =1, the XRD curve exhibits a sharp peak together with a
broad peak, which suggests partial crystallization in the form
of (Fe,Ni)y3B¢ with the Cry3Cg prototype structure. The Nb is
a large radius atom which can enhance the atomic density of
the whole alloy, and could result in the enhancement of the sta-
bility of the undercooled liquid and suppress the atomic rear-
rangement for the process of crystallization reaction. It clearly
demonstrates that the GFA of the alloys is improved with the
addition of Nb. Table 1 shows the actual atomic percentage
of the alloy, determined by ICP. The result suggests that the
examined composition of the ribbon is close to the nominal

composition.
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Fig. 1. XRD patterns of (FeqoNigoB19Cuj)100Nby (x =1, 3, 5, 7) as-melt-
spun ribbons.

Table 1. Actual atomic percentage of (FeqNisoB19Cuy)j00—xNby (x =1, 3,
5, 7) as-melt spun ribbons.

. .. Actual atomic percentage of each element/at.%
Nominal compositions

Fe Ni B Cu Nb
(FeoNigoB19Cuj)ooNb; 3849 4224 17.62 0.99 0.63
(Fe4oNigoB19Cuy)o7Nbs  39.12 40.08 17.15 0.99 2.6
(Fe40Ni40B19CU1)95Nb5 37.28 39.88 17.05 1.02 4.7
(Fe4oNigoB19Cuy)osNb;  37.31 3859 16.56 1.00 6.5
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Fig. 2. DSC curves of (FesoNigoB19Cuj)ig0—xNby (x =1,3,5,7) as-
melt spun ribbons.

Figure 2 shows the DSC curves of the as-melt spun rib-
bons. Two obvious exothermic peaks corresponding to two
different crystallization processes can be seen in all the DSC
curves. To further determine the crystallization behavior, we
select (Fe4oNigoB19Cuj)97Nbs ribbons for being pre-annealed
at 653 K, 713 K, and 753 K. The XRD results in Fig. 3
show that the (Fe,Ni);3B¢ precipitates prior to y-(Fe, Ni)
phase. Therefore, we can determine that the first exother-
mic peak of DSC, i.e., the sharp peak on the broad peak of
(FeqoNigoB19Cuj)99Nb; XRD pattern, is believed to result
from the formation of (Fe, Ni),3B¢ phase, while the second
peak is believed to be due to the formation of y (Fe, Ni) phase.
The first crystallization temperature (T ) and the second crys-
tallization temperature (7,,) obtained from Fig. 2 are listed
in Table 2. Clearly, with the increase of Nb content, 7;; in-
creases from 696 K to 754 K and T, increases from 712 K
to 829 K. As a result, the corresponding AT increases from
16 K to 75 K, indicating that with the increase of Nb con-
tent, the thermal stability of the (FesoNisoB19Cuy)100—xNby
ribbons is gradually improved. The effect of Nb element on
the onset crystallization temperature of the secondary crys-
talline phase is stronger than that of the first crystalline phase,
which results in the gradual increase of AT. Meanwhile,
with the increase of Nb content, the exothermic peak width
of the secondary crystalline phase increases gradually, indi-
cating that the precipitation process of the y (Fe, Ni) phase is
sensitive to Nb. This may be due to the enhancement of L-S
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percolating network structure with the increase of Nb, lead-
ing to a higher degree of dense and randomly packed atomic
configuration.?%2! Therefore, the diffusion process of atoms
becomes more difficult and further affects the crystallization

process.
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Fig. 3. XRD patterns of as-melt-spun (Fe4oNisoB19Cu;)97Nbs ribbons

annealed at different temperatures.

Table 2. Thermal stabilities of (Fe4oNigoB9Cu; )1()(),be,‘- x=13,5,
7) as-melt spun ribbons

Thermal stabilities

Ribb
1obons Tu/K  TolK AT =Ty —Ty/K
(Fe4oNigB19Cu;)ooNb; 696 712 16
(Fe40Ni40B19Cu1 )97Nb3 713 760 47
(FC40Ni40B19Cu1)95Nb5 736 801 65
(Fe4oNigB19Cu;)osNb; 754 829 75

3.2. Effect of Nb-addition on magnetic property

Figure 4 shows the plots of saturation magnetization (M)
versus coercivity (H.) of the as-melt spun ribbons with differ-
ent Nb content. The specific values of M and H, are sum-
marized in Fig. 5. The lowest H, of 2 A/m for x = 3 is
obtained. Moreover, the M, decreases monotonically from
130.3 A-m?/kg to 73.7 A-m?/kg with Nb content increasing
from x =1 to x = 7. It is well known that the saturation mag-
netization (M) reflects the quantity of total magnetic moment.
According to the energy band theory, increasing Nb content
means that the concentration of Fe and Ni decrease, thereby
leading the total atomic magnetic moment to decrease, and
resulting in the decline of M. The H. is known as a structure-
sensitive quantity, and it is linked to the internal stress, the re-
laxation and the local structure. The H, is relatively high with
x = 1. The reason may be that the low volume fraction of crys-
talline phase produced pinning effect hinders the movement of
magnetic domains. Table 3 lists the values of H, and B (or M)
for the (Fe4oNigB19Cu;)97Nbs alloy and some related alloys.
Compared with other FeNi magnetic alloys, the as-melt spun
ribbon with 3 at.% Nb exhibits excellent soft magnetic prop-
erties. It has a relatively low coercivity of 2 A/m and large
saturation magnetization of 103.7 A-m*/kg. Therefore, con-
sidering the minimum H, and relatively high M, the ribbon
with x = 3 is annealed for further research.

Table 3. Values of H, and B (or Is) of FeNi magnetic alloys.

Materials H./(A/m) B,/T or I;/(A-m2/kg) References
FeyoNizgMoyB g 31.4 .637T [22]
Fe40Ni40P14B6 - 87.5 Am2/kg [23]
(Feo.39Ni0.30B0.16P0.06)97.5Nb2. 5 1.0 0.73T [24]
FC42Ni4147 C7Si4‘5B3.9P049 822.4 88.19 A‘m2/kg [25]
(FC40Ni40B19CU| )97Nb3 2.0 103.7 A-m2/kgz 0935T this work
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Fig. 4. Saturation magnetization (M) versus coercivity (H.) of as-

melt spun (Fe401\1i40]319Cul)100,.,¢Nb)c (x=1,3,5,7) ribbons.

Nb content (%)

Fig. 5. Saturation magnetization (M) and coercivity (H.) versus Nb
content for (FC40Ni4()B19Cu1)10(),)(1\”1))c (x=1,3,5,7) alloy.
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3.3. Effect of annealing on crystallization process and

magnetic properties

Figure 6 shows the XRD patterns of the
(FeaoNispB19Cuj )97Nbs ribbons annealed at 809 K for dif-
ferent times. It is found that the primary phase is (Fe,Ni)23Bg¢
which precipitates in a very short annealing time of 10 s, fol-
lowed by the occurrence of FCC ¥ (Fe, Ni) phase at 0.5 min
and then further growing with annealing time increasing.
Firstly, the atomic radius of Fe is similar to that of Ni, so
that there is a competitive relationship between the formation
of 7 (Fe, Ni) phase and that of «-Fe phase in the annealing
process. On the other hand, the thermal stability of o-Fe
phase at high temperature is lower than that of y (Fe, Ni)
phase, so that y (Fe, Ni) phase prefers to precipitate from an

[2627] Tn contrast, the enthalpy as well as

amorphous matrix.
the stability of (Fe,Ni),3B¢ phase increases with high Ni con-
tent increasing. The short annealing time for the formation of
(Fe,Ni)23Bg phase is probably attributed to its instantaneous
crystallization process without substantial rearrangement of
constituent atoms over longer distance.*®! On the other hand,
due to the non-solubility of B in y-(Fe, Ni) phase, the residual
amorphous phase surrounding ¥ (Fe, Ni) is enriched with B
increasing and forms a barrier inhibiting ¥ (Fe, Ni) phase for
further growth, leading to a longer crystallization time than
the (Fe, Ni),3B¢ phase.!!+%°]

The values of crystallization activation energy E;
((Fe,Ni)23B¢) and E; (y-(Fe, Ni)) for the first 2 exothermic
peaks of (FeqoNisq9B19Cuj)g7Nbs ribbons are calculated by
both Kissinger equation and Ozava equation and the results
are listed in Table 4. Clearly, the value of E, is larger than that
of E1, which further confirms the time required for the precipi-
tation of y-(Fe, Ni) phase is longer than that of the (Fe,Ni);3B¢
phase.

Table 4. Crystallization activation energy of as-melt-spun
(Fe4()Ni4()B]9Cl]1 )97Nb3 ribbons.

Method Ey/kI-mol ! E> /kJ-mol !
Kissinger 259.67 437.65
Ozava 258.38 428.39

In order to further investigate the effect of grain size on
soft magnetic properties, the average grain size of (Fe, Ni)23Bg
phase and y (Fe, Ni) phase for the (Fe4oNis9B19Cu; )97Nbs3 rib-
bons are estimated by using Scherrer’s equation and the results
are shown in Fig. 7. It can be seen that the grain size of (Fe,
Ni)»3B¢ increases from 33 nm to 38 nm with annealing time
increasing from 10 s to 0.5 min and then remains almost un-
changed with further annealing while the grain size for y (Fe,
Ni) keeps increasing from 10 nm to 80 nm as annealing time
rises, indicating the precipitation of y (Fe, Ni) can restrain the
growth of (Fe, Ni)23B¢ which is confirmed by the correspond-
ing peak intensity in the XRD patterns in Fig. 6.

. 7—(Fe,Ni) L (Fe,Ni)g;gBﬁ

a_ 4 430 min

s 15 min

5 min

1 min
e\,

Intensity/counts

0.5 min
R 10 s
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o~

30 40 50 60 70 80 90
20/(°)

Fig. 6. XRD patterns of as-melt-spun (Fe4oNisoB19Cu; )97Nbs ribbons
annealed at 809 K for different times.
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Fig. 7. Dependence of grain size of (Fe, Ni)»3B¢ and y-(Fe, Ni) on
annealing time in (Fe4oNisoB19Cu; )97Nbs ribbon at 809 K.

Figure 8 shows the changes of H; and Hs with anneal-
ing time for the (Fe4oNis9B19Cuj)97Nbs ribbon. It is found
that as the annealing time increases, H, exhibits an obvious
upward trend and eventually reaches to ~ 42.2 A/m. As indi-
cated in the results of Hernando model, soft magnetic prop-
erties depend strongly on the nature of the nanocrystal +
amorphous+nanocrystal coupling. The increase of H. after
annealing the ribbon for 1 min is attributed to weak inter-
granular exchange due to the fact that amorphous phases are
converted into (Fe, Ni)23Bg and y-(Fe, Ni), while the inter-
nal stress has not yet been completely released. When the
annealing time increases to 15 min, the internal stress ¢ dis-
appears, which leads to a slight decrease in H..’%3! How-
ever, the gradual growth of (Fe, Ni),3B¢ and y-(Fe, Ni) grains
cause H, to rise, thus deteriorating the soft magnetic proper-
ties. Compared with other FeNi-based alloys,*>-34 despite
lacking o-Fe phase due to the low stability of « -Fe phase in
high Ni content FeNi-based alloys, the ribbon still exhibits a
relatively low coercivity due to the absence of hard magnetic
phases Fe; B and Fe;B. Moreover, M is low in the early stage
of annealing, which is due to the low volume fraction of -
(Fe, Ni) phase. However, with further annealing, both (Fe,
Ni)3Bg phase and y-(Fe, Ni) phase are precipitated from the
amorphous phase, leading to the increase of M, and then re-
maining nearly constant at 100 A-m?/kg after being annealed
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for 0.5 min. As M is an insensitive parameter, its value is in-
dependent of size, distribution and morphology of grains, so
M, maintains a stable value.

As-melt spun 1/6 1/2 1 5 15 30
Annealing time/min

b 110
2

T 100}
%T 90
E; 40F
= 20}
]

< o

Fig. 8. Dependence of H. and M, on annealing time for
(FC40Ni40B19CU1 )97Nb3 ribbon at 809 K.

Figure 9 shows the high resolution transmission elec-
tron micrograph and selected area electron diffraction (SAED)
pattern of the as-melt spun (Fe4oNigBi9Cuj)97Nbs ribbon.
Clearly, the homogeneous amorphous structure is consistent
with the XRD pattern. The TEM image in Fig. 10(a) shows
that the ribbon is nearly full of nano grains (~ 40 nm on aver-
age) in contact with each other with a little amorphous phase,
which is consistent with the XRD patterns as shown in Fig. 6.

In such a case, the ferromagnetic exchange reaction is greatly
enhanced which explains that the coercivity remains at a rel-
ative low value though there are no ferromagnetic nanocrys-
tallites like o-Fe. Moreover, the three diffraction rings cor-
responding to the crystalline structures of (Fe, Ni)3B¢ are
indexed by planes (422) and (531), and y-(Fe, Ni) phase is
indexed by plane (111). In addition, the detailed analysis of
the interplanar fringes of the nanograins confirms the fcc-FeNi
structure with the (111) spacing of 0.208 nm in Fig. 10(b) and
(Fe, Ni)3Bg with the (420) spacing of 0.235 nm in Fig. 10(c).

Fig. 9. (a) TEM bright field image and (b) SAED pattern for as-melt-spun
(Fe40Ni40B 19Cu1 )97Nb3 ribbon.

Frequency/%

0 1 8.5 16 23.53138.546 53.5 61 68.5 76
Grain size/nm

Fig. 10. (a) TEM bright field images, SAED patterns, and grain size distribution for (Fe4oNis9B9Cuj )97Nbj ribbon after being annealed at 809 K
for 0.5 min. (b) and (c) HREM of (Fe4oNisoB19Cu; )97Nbs ribbon after being annealed at 809 K for 0.5 min with marking different interplanar

spacing values.

4. Conclusions

In this work, we investigate the effects of Nb addi-
tion on glass forming ability and thermal stability of as-melt
spun (Fe4oNisoB19Cu;)100—xNby (x = 1, 3, 3, 7) ribbons, and
the effect of annealing time on the magnetic properties of
the (FeqoNig9B19Cuj)97Nbs ribbon. Several conclusions are
drawn below.

(i) With the addition of Nb element, the GFA and thermal
stability of (Fe40Ni40B19Cu1)100_bex (x=1,3,5,7) ribbons

are greatly improved.

(i1) The as-melt spun ribbon with 3 at.% Nb exhibits a
lowest coercivity of 2 A/m and relatively large saturation mag-
netization of 103.7 A-m?/kg.

(iii) (Fe,Ni)p3B¢ phase is first precipitated in the
(FeqoNis9B19Cuj )97Nbs ribbon when annealed at 809 K for
10 s followed by the formation and growth of y-(Fe, Ni) phase
with the longer annealing time.

(iv) With the further increase of annealing time, the
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growth of (Fe,Ni),3Bg grain and y-(Fe, Ni) grain degrades the

overall magnetic properties.
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