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ABSTRACT

The effect of conventional annealing and rapid annealing on the magnetic

properties and microstructure of Fe78?2xSi7.2-xB13-xCu0.8Nb1 (x = 0, 1, 2) alloys is

discussed systematically. The study was found that the existence of a large

number of pre-existing nuclei in the amorphous phase of Fe82Si5.2B11Cu0.8Nb1

alloy can produce tiny nanocrystals and thus result in excellent soft magnetic

properties. When the average nanocrystal size is 16 nm using rapid annealing,

the best soft magnetic performance can be obtained, in which Bs reaches 1.80 T,

Hc is 5 A/m, and l is 20,000 at 1 kHz. The crystallization kinetics shows that as

the Fe content increases, the incubation time of nucleation of the alloys

decreases, and the nucleation is faster and easier. In addition, a large number of

pre-existing crystal nuclei not only greatly reduces the nucleation activation

energy of the alloy but also achieves grain refinement and excellent magnetic

properties through grain competition growth.

Introduction

Fe-based nano-soft magnetic alloys stand out from

traditional soft magnetic materials such as silicon

steel and ferrite because of their saturation magnetic

flux density (Bs), ultra-high permeability (le), very

low core loss (P) and close to zero saturation mag-

netostriction coefficient (ks), which promote them to

play an indispensable role in the electronics industry

[1, 2]. The FINEMET nanocrystalline alloys are

gradually replacing energy-intensive traditional soft

magnetic materials and further expanding the appli-

cation fields [3–5]. In the face of miniaturization and
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high-efficiency requirements, lower Bs of FINEMET

alloys cannot fulfill market requirements [6]. In terms

of optimizing Bs, researchers have conducted a lot of

work, such as improving Bs via increasing Fe content

[7, 8]. Nevertheless, as Fe content increases, the grains

will be coarse easily, which leads to the rapid

degradation of magnetic properties. In response to

this situation, researchers have proposed a variety of

strategies for composition design [9, 10] and heat

treatment process [11]. For instance, Zhang W

et al.[12] reported that FeSiBNbCu alloy with high Cu

content has a large number of a-Fe nanoparticles in

the quenched state, and nanocrystals with excellent

properties can be prepared by heat treatment. In

addition, various Cu clusters [10, 13] can also be

prefabricated through two-step heat treatment pro-

cesses [11, 14] to prepare nanocrystalline soft mag-

netic materials with excellent performance [15, 16].

The research of Professor A. Błachowicz on two-step

annealing [17] illustrated that multitudinous Cu

clusters could be prefabricated first and act as

heterogeneous nucleation sites to reduce the activa-

tion energy of nucleation and promote the precipi-

tation of new crystal nuclei. All crystal nuclei will

grow up competitively [18] to refine the crystal grain

size. Through the above method, the problems of the

rapid coarsening of crystal grains and the rapid

decline of magnetic properties during the annealing

process can be effectively solved. Nevertheless, it is

still a challenge and significant research to explore a

more energy-efficient and simple annealing method

to solve the above problems and develop high Bs

FINEMET-like nanocrystalline alloys from composi-

tion design and heat treatment process.

In this study, we successfully design and prepare a

series of FINEMET-like Fe78Si7.2B13Cu0.8Nb1 (Fe78

alloy), Fe80Si6.2B12Cu0.8Nb1 (Fe80 alloy) and Fe82Si5.2-

B11Cu0.8Nb1 (Fe82 alloy) amorphous alloy ribbons

with good surface quality and bending ductility. Two

heat treatment methods are used to successfully

prepare FINEMET-like nanocrystalline soft magnetic

alloys with high Fe content, and a new preparation

method for FINEMET-like nanocrystalline with high

Fe content is successfully explored, that is, using a

large number of pre-existing nuclei to reduce the

activation energy of nucleation, generate a large

number of nucleation sites, as well as nanocrystalline

soft magnetic materials with excellent performance

are prepared under the effect of the inhibition of the

growth of large atoms and the competition mecha-

nism between crystal grains.

Experimental

Fe78?2xSi7.2-xB13-xCu0.8Nb1 (x = 0, 1 and 2) master

alloy ingots were smelted by induction-melting

mixtures with high purity Fe (99.99%), Si (99.99%), B

(99.95%), Cu (99.99%) and Nb (99.99%) in high-purity

argon atmosphere and then were subject to melt-

spinning technology to form amorphous alloy rib-

bons with a thickness of 22 lm and a width of

1.2 mm under a wheel velocity of 45 m/s. The onset

crystallization temperature (Tx) was determined by a

differential scanning calorimeter (DSC, NETZCH

404C) under the purity argon flow and the heating

rate of 40 K/min. The structure characterization of

melt-spun and annealed samples was examined by

X-ray diffraction (XRD, D8 ADVANCE) with Cu-Ka
radiation and transmission electron microscopy

(Tecnai F20). Nanocrystalline alloy ribbons were

obtained by annealing melt-spun ribbons under

vacuum atmosphere in a tube furnace and a rapid

heating furnace, respectively. The coercivity (Hc) and

saturation magnetic flux density (Bs) of the samples

were measured by B-H loop tracer (EXPH-100) under

a field of 800 A/m and vibrating sample magne-

tometer (VSM, Lakeshore7410) with a maximum field

of 800 kA/m at room temperature, respectively. The

permeability (l) in the frequency range from 1 kHz to

110 MHz was examined by an impedance analyzer

(Agilent 4294 A) in a field of 1 A/m.

Results and discussion

The melt-spun alloy ribbons of Fe78?2xSi7.2-xB13-x-

Cu
0.8

Nb1 (x = 0, 1 and 2) with good surface quality

and bending ductility were prepared by melt-spin-

ning technique. The structure of free side of the as-

spun alloy ribbons is identified by XRD, as shown in

Fig. 1a, in which there is only a diffuse peak at

around 2h = 458 and no other obvious crystallization

peaks, indicating that all the melt-spun ribbons are

amorphous structures.

The thermal performances of the melt-spun rib-

bons were analyzed by DSC, as shown in Fig. 1b. The

DSC curves of all the melt-spun alloy ribbons exhibit

two obvious crystallization peaks with the onset
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temperatures marked as Tx1 and Tx2, and peak tem-

peratures marked as Tp1 and Tp2, respectively.

According to the previous study [16], the first and

second crystallization peaks correspond to the pre-

cipitation of a-Fe phase and compounds like boride,

phosphide, etc., respectively. As the Fe content

increases, the Tx1 of the samples decreases mono-

tonously and the Tx2 is basically unchanged, leading

to the widening of the temperature interval

DT (DT = Tx2—Tx1), which is 108 K, 136 K and 152 K

for Fe78, Fe80 and Fe82 alloys, respectively. The lar-

ger DT will be favorable for controllable precipitation

of a-Fe and will be conducive to form nanocrystalline

alloy with a uniform ‘‘a-Fe ? residual amorphous’’

structure through annealing treatment.

The changes of Bs, Hc and l of the ribbon samples

with the annealing temperature (TA) are shown in

Fig. 2 for CA and RA, respectively, in which CA

refers to conventional annealing and RA refers to

rapid annealing. The Hc change of the Fe82 alloy with

TA presents a typical ‘‘w’’ shape. A large amount of

stress is produced in the as-spun ribbon due to rapid

cooling. Stress pinning will affect the rotation of

magnetic domains and thus lead to a large Hc. When

the alloy is annealed at a low temperature, stress can

be released and the Hc is reduced. When TA further

rises, a small amount of crystal grains begins to

precipitate and coarsen rapidly in the alloy, which

causes Hc to increase. When the TA continues to rise,

the alloy will enter nanocrystallization stage, in

which a large number of uniform and dense

nanocrystals are precipitated in the alloy and the

grain size of the nanocrystals decreases with

increasing TA. Since the Hc depends on the grain size

of nanocrystalline alloys [2], the Hc will gradually

decrease with the increase in TA in nanocrystalliza-

tion stage, which corresponds to the lowest Hc. When

TA exceeds the optimum annealing temperature, the

Hc will increase sharply due to the precipitation of

boride [2, 3, 19]. The Hc of Fe78 and Fe80 alloys is not

significantly reduced in the nanocrystallization stage,

which may be due to the low nucleation rate of the

alloys compared with Fe 82 alloy and does not pre-

cipitate dense and uniform nanocrystals during the

annealing process. In addition, it can be found that

the changing trend of Hc with TA is just opposite to

that of l for all the alloys. This is because the factors

causing the increase in Hc will also increase the dif-

ficulty of alloy magnetization, thereby reducing l. It

can be seen in Fig. 2 that, under the optimum

annealing condition, RA can further optimize the

magnetic properties of the Fe82 alloy compared with

CA: Hc is reduced from 10.3 A/m to 5 A/m, and l is

increased from 19,000 to 20,000. This is because

compared to CA, RA can form higher-density crystal

nuclei and grow up. During the growth process, the

growth time of a-Fe crystal grains is greatly short-

ened, the crystal grains are inhibited from coarsening,

and the crystal grains keep the size uniform. At the

same time, due to the high Fe content of Fe82 alloy,

we believe there may be a certain number of pre-

existing nuclei in the alloy due to the reduction of

AFA. These nuclei compete with the new nucleation

induced by Cu clusters to grow up, and RA faster

heating rate can effectively inhibit the growth of pre-

existing crystal nuclei and ensure synchronous

growth with new crystal nuclei, thereby maintaining

the uniformity of the nanocrystal size, which is

unmatched by CA [18]. The essence of saturation

magnetic flux density is the sum of the magnetic

moments of the amorphous phase and the

nanocrystalline phase. It can be seen in Fig. 2 that the

value of Bs fluctuates slightly with the annealing

temperature. Figure 3 is the Bs diagram of CA and

Figure 1 XRD patterns of

free side (a) and DSC thermal

scans measured at a heating

rate of 40 K/min (b) of the as-

spun alloy ribbons.
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RA under optimal annealing conditions, and it can be

seen that the Bs of the Fe82 alloy increases from 1.78 T

for CA to 1.80 T for RA.

Exploration of the underlying mechanism
of nanocrystallization

In order to further reveal the close relationship

between magnetic properties and microstructure, the

ribbon samples were observed by TEM. Figure 4a–c

shows TEM bright field images with the corre-

sponding selected area electron diffraction (SAED)

patterns of the as-spun alloy ribbon of Fe78, Fe80 and

Fe82, indicating that Fe78 and Fe80 alloys are typical

amorphous structures while a large number of pre-

existing nuclei with a size of about 3.5 nm can be

found in amorphous matrix of Fe82 alloy. It is an

interesting and significant topic whether excellent

soft magnetic properties of the F82 alloy obtained by

annealing treatment are closely related to these pre-

existing nuclei. Therefore, we perform TEM obser-

vation on the samples and Fig. 5a–b shows TEM

bright field image with the corresponding SAED

pattern and grain size distribution for the F82 alloy

ribbons annealed by CA and RA methods, respec-

tively. The grains can be identified as a-Fe(Si) phase

from the SAED patterns, which distribute evenly on

amorphous matrix. It can be seen from TEM images

that the average grain size of the F82 alloy ribbon

after CA and RA is around 21.6 nm and 16 nm,

respectively. The grain size is positively correlated

with Hc, and it is indicated that RA can indeed an

effective route to refine grains [20, 21, 23] and opti-

mize soft magnetic properties of nanocrystalline

alloys [22].

The crystallization kinetics of the present melt-

spun ribbons is investigated using non-isothermal

approach to explore the role of the pre-existing nuclei

in the crystallization process. The effective activation

energy, E, can be used to describe the difficulty of

crystallization process and can be calculated using

the Kissinger equation:

ln
T2

b

� �
¼ E

RT
þ constant ð1Þ

Figure 2 Bs, Hc and l of the Fe78?2xSi7.2-xB13-xCu0.8Nb1 (x = 0, 1, 2) alloy ribbons annealed at different TA by CA (a) and RA (b).

Figure 3 Hysteresis loop and Bs of the Fe82 alloy annealed by

CA (783 K, 10 min) and RA (673 K, 5 min), respectively.

J Mater Sci (2021) 56:9254–9262 9257



where R = 8.314 J/(mol�K) is the universal gas con-

stant; b is the heating rate during continuous heating;

T is the characteristic temperature, and when the

characteristic temperature is taken as the initial

temperature (Tx) and the peak temperature (Tp) of

crystallization peak, the corresponding effective

activation energy is referred to Ex and Ep, respec-

tively. By plotting ln(T2/b) as a function of 1000/T, a

linear dependence with the slope of E/R can be

obtained as presented in Fig. 6a. From this slope, the

activation energy for each characteristic event was

calculated and the data are drawn in Fig. 6b. The Ex

and Ep can directly reflect the difficulty for nucleation

and growth of crystal grains in a crystallization pro-

cess, respectively [24]. The Ex1, Ep1, Ex2 and Ep2 of the

as-spun Fe78?2xSi7.2-xB13-xCu0.8Nb1 alloy ribbons can

be determined by Kissinger method and are pre-

sented in Fig. 6b. Based on the DSC analysis, the Ex1

and Ex2 correspond to the activation energy for the

nucleation of a-Fe and compounds like boride,

phosphide etc., respectively. It can be seen that the

Ex2 is much larger than Ex1, which may be because

the pre-existing a-Fe nuclei and gradually decreasing

AFA reduce the nucleation activation energy and

promote the precipitation of a-Fe phase easier.

Additionally, the Ex1 gradually decreases with the

increase in Fe content, indicating that the number of

the existing pre-existing a-Fe nuclei increases with

the Fe content. The result is consistent with that

observed by TEM as shown in Fig. 4c.

For DSC trace measured in isochronal mode, the

crystallized volume fraction at the temperature of T,

aðTÞ, for a crystallization process can be expressed by

the following formula [25]:

Figure 4 TEM bright field images with the corresponding selected area electron diffraction pattern from the middle layer of Fe78 (a),

Fe80 (b), Fe82 (c) melt-spun ribbon samples.

Figure 5 TEM bright field

images with the corresponding

selected area electron

diffraction patterns and grain

size distribution for the Fe82

alloy ribbons obtained by CA

(a) and RA (b).

9258 J Mater Sci (2021) 56:9254–9262



aðTÞ ¼
R T
T0

dH=dTð ÞR T
T0

dH=dTð Þ
¼ AT

A
ð2Þ

where T? is the end crystallization temperature; dH/

dT is the heat capacity at atmospheric pressure; AT

and A are the areas of crystallization peak in the

isochronal DSC trace from T0 and T to T?, respec-

tively. The crystallized volume fraction is plotted as a

function of temperature as shown in Fig. 7a. Obvi-

ously, the plots of a Tð Þ for the first crystallization

peak in the DSC trace of the alloys ribbons at the

heating rate of 20 K/min follow a sigmoidal behav-

ior, and its slope represents the crystallization rate

under a constant heating rate [26]. As shown in

Fig. 7a, the slop of a Tð Þ curve, i.e., crystallization rate,

of Fe82 alloy is less than that of Fe78 and Fe80 alloys,

indicating that the crystallized volume fraction a is

about 0.2 to 0.8, the crystallization rate is greater, and

with the increase in Fe content, the incubation time of

nucleation decreases, indicating a larger growth

resistance of a-Fe grains in Fe82 alloy, which is con-

ducive to the formation of fine nanocrystalline

structure. Additionally, it can be found in Fig. 7a

that, with the increase in Fe content, the incubation

time of nucleation of the alloys decreases, i.e., the

nucleation is faster and easier. This may be because

there are more pre-existing a-Fe nuclei in the as-spun

alloy ribbons with the increase in Fe content, which

greatly reduces the activation energy of nucleation

and leads to a short incubation time of nucleation.

In order to analyze the crystallization mechanism,

local Avrami exponent (n) for the crystallization

process is evolved by Blázquez method. The plots of

ln[-ln(1-a)] versus ln[(T–T0)/b] are presented in

Fig. 7b. For non-isothermal processes, n can be cal-

culated by the modified JMAK equation [25]:

nðaÞ ¼ 1

1 þ E
RT

1 � T0

T

� � d ln � lnð1 � aÞ½ �f g
d ln T�T0

b

� �h i ð3Þ

where T0 is the onset temperature of crystallization, b
is the heating rate and E is the activation energy. The

Avrami exponent, n, involves the information about

the nucleation and growth mechanism in the crys-

tallization process and is related to a (the nucleation

index), b (the dimensionality of growth) and p (the

growth index) as the following equation [27–31]:

Figure 6 Kissinger plots for

the Tx1, Tp1, Tx2 and Tp2

(a) and the changes of the

activation energy of the Ex1,

Ep1, Ex2 and Ep2 determined

from Kissinger plots with the

alloy composition (b) of the

as-spun Fe78?2xSi7.2-xB13-

xCu0.8Nb1 (x = 0, 1, 2) alloy

ribbons.

Figure 7 Curves of

crystallization volume fraction

versus temperature T for the

first crystallization peak of the

alloys ribbon at different

heating rates (a) and plots of

ln[-ln(1-a)] versus ln[(T–T0)/

b] (b).
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n ¼ aþ bp ð4Þ

where a is the nucleation index, and a = 0, 0\ a\ 1,

a = 1 and a[ 1 correspond to zero nucleation rate,

nucleation rate decreasing with time, constant

nucleation rate and nucleation rate increasing with

time, respectively. b is the dimension index of

growth, and b = 1, 2 and 3 that correspond to one-

dimensional, two-dimensional and three-dimen-

sional growth, respectively. p is the growth index,

and p = 0.5 and 1 correspond to diffusion-controlled

growth and interface controlled growth, respectively.

The different mechanism of nucleation and growth in

the crystallization process corresponds to different

values of a, b and p, thus different value of n. Many

researchers reported that the growth of Fe-based

amorphous alloys is controlled by diffusion and thus

p = 0.5 here [25, 30–32]. Further provided that the

precipitation of the present crystalline phase follows

a three-dimensional growth. Therefore, n\ 1.5

reflects the crystallization process of the direct

growth of pre-existing crystal nuclei; 1.5\ n\ 2.5

reflects the crystallization process of the growth with

decreasing nucleation rate; n[ 2.5 represents the

growth with increasing nucleation rate.

As shown in Fig. 8, the n value of all the three

alloys for the first crystallization peak at a heating

rate of 20 K/min is in the range of 1.2–2, when

0.2\ a\ 0.8. Taking Fe82 alloy as an example, when

a\ 0.38, 1.5\ n\ 2, meaning the crystallization

mechanism of the growth with decreasing nucleation

rate along with a certain number of pre-existing

nuclei. When crystallization volume fraction a[ 0.38,

n\ 1.5, reflecting the crystallization mechanism of

the direct growth of pre-existing crystal nuclei, which

may be explained in the following two reasons: (1) As

the crystallization fraction increases, there is no space

enough for nucleation, which causes the nucleation

index, a, to tend to 0; (2) As the crystallization fraction

increases, the growth dimension of the crystal grains

in the ribbon samples is restricted, which leads to the

decrease in the dimension index of growth, b. Addi-

tionally, it can be seen in Fig. 8 that the n value of

Fe78, Fe80 and Fe82 alloys decrease in turn in the

whole crystallization process, indicating again that

the number of the pre-existing a-Fe nuclei in the as-

spun alloys increases with the Fe content.

Conclusions

In this work, high Bs FINEMET-like nanocrystalline

alloy of Fe82Si5.2B11Cu0.8Nb1 is obtained by annealing

the corresponding melt-spun alloy ribbons with high-

density pre-existing nuclei, as well as the magnetic

properties and microstructure of the resultant

nanocrystalline alloy is thoroughly studied. The

obtained results are as follows:

1. Fe82Si5.2B11Cu0.8Nb1 melt-spun amorphous rib-

bon with high Fe content and the wide heat

treatment window DT of over 150 K has been

prepared successfully.

2. The Fe82Si5.2B11Cu0.8Nb1 nanocrystalline alloy

can be prepared through CA and RA, and the

resultant nanocrystalline alloy, in which a-Fe

nanograin with an average grain size of 16 nm

buried in amorphous matrix, exhibits high Bs of

1.80 T, low Hc of 5 A/m and high l of 20,000 at

1 kHz. Such the excellent magnetic properties

may stem from the numerous pre-existing a-Fe

nuclei in the as-spun amorphous ribbons.

3. It is found that the active energy for a-Fe

nucleation decreases with the increase in Fe

content and exist a large number of pre-existing

a-Fe nuclei in the as-spun Fe82 ribbon, which

provides a solid foundation for grain refinement

through competitive growth.
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