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a b s t r a c t

Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) amorphous ribbons were prepared by melt spinning technique,
then subjected to isothermal treatments for 1 h at 500 and 550 ◦C, respectively. Differential scanning
calorimetry (DSC) measurements show that the �-Fe(Si) phase can be formed over a wider temperature
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with the increase of Ti content, from 156 C for x = 0 to 164 C for x = 3. Volume fraction of nanocrystalline
�-Fe(Si) phase also increases with the increase of Ti content after annealing at 500 and 550 ◦C for 1 h,
which is beneficial to enhance the ferromagnetic exchanging coupling in the alloys. DO3 ordered super-
structure phase formed in the samples with Ti content of 2% and 3%. Better soft magnetic properties were
obtained after annealing for 1 h at 550 ◦C than at 500 ◦C, accompanied by the enhancement of saturation
magnetization from 140.68 emu/g for x = 0 to 148.87 emu/g for x = 3 and the reduction of coercivity from

for
3.194 G for x = 0 to 1.151 G

. Introduction

Due to the excellent soft magnetic properties [1],
e73.5Cu1Nb3Si13.5B9 alloys (Finemet) have been extensively
tudied in recent years. Various investigations have been carried
ut on the preparation process, composition design, crystal-
ization kinetics, microstructure and magnetic properties of
e73.5Cu1Nb3Si13.5B9 alloys [2–4]. Their microstructure is typically
omposed of nanocrystalline grains embedded in an amorphous
atrix after thermal treatment [5]. The excellent soft magnetic

roperties are related primarily to the exchange coupling between
anocrystalline grains through the amorphous matrix. Generally,
b is considered as an essential composition element to hinder
rystal growth [6], resulting in the formation of nanocrystalline
-Fe(Si) phase with grain size less than the ferromagnetic correla-

ion length (Lex = 35 nm) [7]. In order to further improve the soft
agnetic properties and to reduce the cost of materials, various

esearches on the substitution effects of Nb by Mo, V, Mn, Cr and Al
ave been conducted [8–12]. This work attempts to investigate the
ubstituting effects of Ti for Nb in Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0,
, 2, 3) alloys on the crystallization behaviors, microstructure and
agnetic properties.
. Experimental

Master alloy ingots with nominal compositions of Fe73.5Cu1Nb3−xTixSi13.5B9

x = 0, 1, 2, 3) were prepared by levitation melting the mixture of pure Fe (99.9 wt.%),
u (99.9 wt.%), Nb (99.5 wt.%), Si (99.99 wt.%) and Fe-B (B 20 wt.%) alloy under
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the protection of high purity argon. Each ingot was remelted at least three times
to ensure its chemical homogeneity. The amorphous ribbons, about 5 mm wide,
20–30 �m thick, were prepared by melt spinning technique. The Cu-wheel surface
speed was 40 m/s. In order to obtain the nanocrystalline structure, the ribbons were
subjected to isothermal treatments for 1 h at 500 and 550 ◦C, respectively.

The thermal response of each alloy was analyzed on a Netzsch DSC 404 C dif-
ferential scanning calorimeter under a continuous argon flow at a heating rate of
10 ◦C/min, and each sample mass was approximately 1 mg. The phase structure
of the ribbons was examined by X-ray diffraction (Rigaku D/max 2550 PC) using
Cu K� (� = 1.5406 Å) radiation at an operating voltage of 40 kV. The magnetization
hysteresis loops were measured by a Vibrating Sample Magnetometer (Lakeshore
7407).

3. Results and discussion

Fig. 1 illustrates the DSC curves for as-spun
Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) alloys with a heating
rate of 10 ◦C/min. There are clearly two exothermal main peak
positions Tp1 and Tp2 on DSC curves for each specimen, correspond-
ing to the enthalpy change and exothermic phase transformations.
The first peak at Tp1 corresponds to the formation of crystalline
�-Fe(Si), whereas the second peak at Tp2 relates to the crystal-
lization of boride Fe2B [13]. The hard magnetic boride Fe2B phase
is harmful to the soft magnetic properties, so the heat treatment
temperature has to be controlled under Tp2 to avoid the formation
of Fe2B phase [14]. From Fig. 1, it can also be seen that the second
shape of peak Tp2 exhibits a high sharpness pertinent to a strong
crystallization process of the boride phase. These results agree

well with those reported in Ref. [15].

Table 1 presents the crystallization temperatures Tp1 and Tp2 for
Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) ribbons. The first peak Tp1
decreases with increasing Ti content, from 533 ◦C for x = 0, to 530 ◦C
for x = 1, 522 ◦C for x = 2 and 519 ◦C for x = 3, respectively. The precip-
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Fig. 1. DSC curves for as-spun Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) ribbons with
a heating rate of 10 ◦C/min.

Table 1
Peak temperatures of crystallization for Fe73.5Cu1Nb3−xTixSi13.5B9 alloys obtained
from the DSC curves in Fig. 1.

x Tp1 (◦C) Tp2 (◦C) �Tp = Tp2 − Tp1 (◦C)

i
b
c
c
x
a
t
I
o
i
m

a
t
6
a
c

F
5

0 533 689 156
1 530 690 160
2 522 692 170
3 519 683 164

tation temperature of the �-Fe(Si) soft magnetic phase decreases
y Ti doping, which means that the �-Fe(Si) phase is easier to pre-
ipitate when Ti is present. Meanwhile, the Tp2 of each sample
hanges slightly, which is 689 ◦C for x = 0, 690 ◦C for x = 1, 692 ◦C for
= 2 and 683 ◦C for x = 3, respectively. The range of the peak temper-
ture, �Tp = Tp2 − Tp1, increases by doping Ti from 156 ◦C for x = 0,
o 160 ◦C for x = 1, 170 ◦C for x = 2 and 164 ◦C for x = 3, respectively.
t indicates that the Ti addition is conducive to the precipitation
f �-Fe(Si) phase over a wider temperature region. It can also be
nferred that the sample with higher Ti content will precipitate

ore �-Fe(Si) phase when annealed at the same temperature.
XRD patterns of Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) alloys

◦
nnealed for 1 h at 500 and 550 C are shown in Figs. 2 and 3, respec-
ively. When annealed at 500 ◦C, the diffraction peaks at 2� = 44.95◦,
5.65◦ and 83.32◦ for x = 0 can be determined as the (1 1 0), (2 0 0)
nd (2 1 1) crystalline planes of �-Fe(Si) phase, respectively. It indi-
ates that the annealed samples were partially crystallized after

ig. 2. XRD patterns of Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) alloys annealed at
00 ◦C for 1 h.
Fig. 3. XRD patterns of Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) alloys annealed at
550 ◦C for 1 h.

annealing. Crystallized �-Fe(Si) phases are also observed in the
other three samples. The diffraction peaks reflect only �-Fe(Si)
phase for x = 0 and 1, and new diffraction peaks appears when x
increases to 2 and 3 in Figs. 2 and 3. It implies that new crystalline
phase precipitates in the samples with higher Ti content. Accord-
ing to previous studies [13,16], the diffraction peak at 2� = 31·47◦

can be identified as the (2 0 0) plane of the DO3 phase, which has an
ordered super structure. When annealed at 550 ◦C, as the Ti content
increases to x = 3, the intensity of (2 0 0) peak is enhanced, indi-
cating the increase of the volume fraction of DO3 phase. The DO3
phase probably formed when the sample annealed at 500 ◦C with
Ti content of 3%, but the XRD patterns in Fig. 2 does not exhibit the
DO3 phase peaks as there are much more amorphous phase in the
samples annealed at 500 ◦C than annealed at 550 ◦C, which makes
the diffraction peaks of DO3 phase covered by the noisy patterns
of amorphous phase. For samples with the same Ti content, the
peaks for �-Fe(Si) phase become more intense and narrower after
annealing at 550 ◦C, which indicates an improvement in the level
of crystallinity.

With the increase of Ti content, the peak positions of �-Fe(Si)
phase shift to lower Bragg angles. Shifts of peak position in refer-
ence to the corresponding position for pure Finemet can be ascribed
to the influence of Ti on the basic crystal structures. For the sam-
ples annealed at 550 ◦C, the average lattice parameter of �-Fe(Si)
phase calculated from the (1 1 0) peaks, ranges from 0.2833 nm for
x = 0, 0.2836 nm for x = 1, 0.2839 nm for x = 2 to 0.2844 nm for x = 3,
respectively. The substitution of Ti causes the lattice expansion.

The average grain size of the �-Fe(Si) phase also varies with Ti
content. The average sizes of the crystallite phase are estimated
from the XRD distributions through Hall–Williamson method (the
modified Scherrer formula), in which the effect of strain is also
considered [17]:

ˇsample cos � = K�

ı
+ 2ε sin � (1)

where ˇsample is the full width at half-maximum of the Gaussian
distribution fitted to the peak, K the Scherrer constant, ı the grain
size, � the wavelength of the X-ray used,ε the internal strain, and
� the Bragg angle. Table 2 lists the average grain size of �-Fe(Si)
phase calculated from the X-ray diffraction patterns of each sam-
ple after annealing for 1 h at 500 and 550 ◦C, respectively. The grain
size ı increases as Ti content increases, and the largest grain size

obtained during this experiment is 23.9 nm, which is still smaller
than the magnetic exchange length Lex = 35 nm [7], therefore assur-
ing the soft magnetic properties of Ti doped Finemet alloys. The
relative volume fraction of the crystalline phase in each sample
can be determined from the areas of the Bragg peaks extracted by
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Table 2
Crystalline phase volume fraction calculated from the areas of the Bragg peaks and average grain size of �-Fe(Si) phase calculated from the X-ray diffraction patterns of
Fe73.5Cu1Nb3−xTixSi13.5B9 samples annealed for 1 h at 500 and 550 ◦C, respectively.

Ti content x at.%

0 1 2 3

Average grain size (nm)
500 ◦C 9.3 10.2 15.3 21.3
550 ◦C 10.6

Volume fraction
500 ◦C 16.86%
550 ◦C 32.09%
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The volume fraction of nanocrystalline soft magnetic phase of the
sample with 3% Ti is higher than all the other samples. Thus, the
intergranular distances will decrease due to the increasing volume
fraction of the nanocrystalline phase as well as by the changes
in magnetic properties of the retained amorphous matrix, which
ig. 4. Magnetization hysteresis loops of Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3)

lloys annealed at 500 ◦C for 1 h.

he fit of pseudo-Voigt function [18], which is also summarized in
able 2. The crystalline fraction increases with Ti content, no matter
he ribbons were annealed at 500 or 550 ◦C. According to previous
iterature [19], a higher level of crystallization will improve the
xchange coupling between grains of the soft magnetic phase.

Figs. 4 and 5 show the magnetization hysteresis loops measured
n Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) samples after anneal-
ng for 1 h at 500 and 550 ◦C, respectively. All the samples reach a
aturated magnetic state in the measured field scope. In compar-
son with the samples annealed at 500 ◦C, the samples annealed
t 550 ◦C saturates at much lower fields, showing much weaker

agnetocrystalline anisotropy. Based on the law of approach to sat-

ration, saturation magnetization Ms of each sample is calculated.
ig. 6 shows the composition dependences of Ms and coercivity HC
f Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) samples after annealing

ig. 5. Magnetization hysteresis loops of Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3)
lloys annealed at 550 ◦C for 1 h.
13.5 16.6 23.9

23.82% 34.49% 48.59%
39.04% 64.66% 74.20%

for 1 h at 500 and 550 ◦C, respectively. In Fig. 6a, with the increase
of Ti content, Ms of the samples annealed at 500 ◦C increasing from
132.14 emu/g for x = 0, 136.43 emu/g for x = 1, 139.78 emu/g for x = 2
to 144.24 emu/g for x = 3. Meanwhile, Ms of the samples annealed
at 550 ◦C ranges from 140.68 emu/g for x = 0, 140.30 emu/g for x = 1,
141.31 emu/g for x = 2 to 148.87 emu/g for x = 3. It is found that Ms

of the samples annealed at 550 ◦C with Ti content of 0–2% varies
slightly, while the sample with 3% Ti has much higher Ms than
the others. The volume fraction of nanocrystalline soft magnetic
phase of samples with 0, 1 at.% is 32.09% and 39.04%, which means
the amorphous phase still plays a dominant role. As a result, the
exchange coupling between bcc-Fe nanocrystals of samples with 0,
1% Ti content is nearly the same, which make the Ms varies slightly.
Fig. 6. Composition dependences of (a) saturation magnetization (Ms) and (b) coer-
civity (HC) for Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) samples annealed for 1 h at
500 and 550 ◦C, respectively.
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llows stronger exchange coupling between bcc-Fe nanocrystals
20]. For the sample with certain Ti content, Ms of the samples
nnealed at 550 ◦C is higher than that at 500 ◦C because the higher
nnealing temperature promotes the precipitation of soft magnetic
hase. In Fig. 6(b), when annealed at 500 ◦C, the coercivity of the
amples is 4.035 G for x = 0, 6.025 G for x = 1, 5.971 G for x = 2 and
.429 G for x = 3, respectively, which varies irregularly with the

ncrease of Ti content. However, HC decreases with the increase
f Ti content when annealed at 550 ◦C, with the value of 3.194 G
or x = 0, 2.101 G for x = 1, 1.721 G for x = 2 and 1.151 G for x = 3. The
oercivity of the samples with the same Ti content after annealing
or 1 h at 500 ◦C exhibits higher than that annealed at 550 ◦C. For
amples annealed at 550 ◦C, the magneto-crystalline anisotropy is
andomly averaged out owning to the stronger exchange interac-
ion between nanocrystalline �-Fe(Si) and DO3 soft magnet phases,
s the volume fraction of the nanocrystalline phases increase with
he annealing temperature [20]. As a consequence, HC decreases
nd therefore the samples exhibit excellent soft magnetic proper-
ies. In any case, the samples annealed at 550 ◦C show better soft

agnetic properties than those annealed at 500 ◦C. In addition, the
mprovement of the soft magnetic property could also be attributed
o the appearance of DO3 super ordered phase structure. The esti-

ated magnetic moment exerted by one Fe atom in the as-spun
ample is about 1.67�B on average, while that in a unit cell of the
O3 phase crystallized from the amorphous is estimated as about
.85�B per Fe atom (about 24.2�B per a unit cell of the DO3 phase)
16]. It demonstrates that Ti is helpful to increase the precipita-
ion of DO3 ordered structure and therefore improve the magnetic
roperties.

. Conclusions

1) Fe73.5Cu1Nb3−xTixSi13.5B9 (x = 0, 1, 2, 3) amorphous ribbons
were prepared by melt-spinning technique. With the increase

of Ti content, the formation temperature range of soft magnetic
�-Fe(Si) phase is broaden.

2) When the Ti contents were 0% and 1%, the amorphous sam-
ples precipitates only a single �-Fe(Si) phase. When the doping
content of Ti exceeds 2%, DO3 phase appears.

[
[
[

[
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(3) Doping of Ti element improves the level of crystallization of
the samples, enhancing ferromagnetic coupling between grains
of the magnetic phase. Better soft magnetic properties are
obtained in the samples after annealing for 1 h at 550 ◦C than
that annealed at 500 ◦C.
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