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The effect of Nb addition on the thermal property,
microstructure and magnetic property of FeCoZrB alloys
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The thermal property, microstructure and magnetic property of Feg1.xCoxZreyNbyBio (x=2, 4, 6; y=0, 2) alloys were
investigated by differential thermal analysis (DTA), X-ray diffraction (XRD) and vibrating sample magnetometer (VSM). Nb
addition increases the first crystallization peak temperature. The a-Fe(Co) and a-Mn type phases are detected in the Nb-free
alloys annealed at 600 °C. Only a-Fe(Co) phase is detected in the Nb-containing alloys annealed at 600 °C. Nb addition
changes the crystallization processes. Abruptly deteriorations of coercivity (Hc) in the Nb-free alloys at 600 °C are observed
and not found in the Nb-containing alloys. Nb addition improves Hc.
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1. Introduction

Over the past several decades, research interest in
Fe-based amorphous and nanocrystalline soft magnetic
alloys has dramatically increased. Considerable attention
is devoted to the crystallization behavior and magnetic
property of Fe-based alloys [1-17]. Three main series
nanocrystalline soft magnetic alloys are well established.
Finemet alloy (Fe735Si;35BgNbsCu,) [14], Nanoperm alloy
[FeMB (M = Nb, Zr, Hf)][15] and Hitperm alloy
(FeCoMBCu) [16] have been reported one after another.
Hitperm alloys have higher Curie temperatures of the
residual phase, resulting in potential applications at higher
operating temperatures [17]. They exhibit excellent soft
magnetic properties after being annealed under optimal
conditions, when they reach a nanocrystalline
microstructure characterized by a nanometric o-Fe(Co)
phase surrounded by a residual amorphous matrix.

Fe-based amorphous alloys crystallize through two
distinct stages generally [4-6]. The first stage is the
formation of b.c.c. a-Fe phase and the second stage is the
formation of intermetallic compound. Moreover, the a-Mn
type phase was observed in the crystallization processes of
some Fe-base alloys [8-13]. The o-Mn type phase is
metastable and transforms to o-Fe phase during thermal
crystallization [8, 9].

In this paper, Feg«C0,Zrs Nb,Byo (x=2, 4, 6; y=0, 2)
alloys are prepared. The effect of Nb addition on the
thermal property, microstructure and magnetic property of
FeCoZrB alloys are studied. The properties of Nb-free and
Nb-containing alloys are very different.

2. Experimental details

Feg1.xC0xZra.yNbyB1g (Xx=2, 4, 6; y=0, 2) alloys were
prepared by melt-spinning and annealed at 300, 530, 600,
670 and 750 °C for 40min. The thermal analysis was
investigated by differential thermal analysis (DTA,
TG/DTA-6300). The microstructure was examined by
X-ray diffraction (XRD, D/max 2500/PC, Cu-Ka,
A=1.5406A). Magnetic property was measured by
vibrating sample magnetometer (VSM, Lake Shore
M7407).

3. Results and discussion

Fig. 1 shows the XRD  patterns of
FegxCoxZre Nb,Byy  (x=2, 4, 6; y=0, 2) alloys
as-quenched. No crystalline peaks are observed, which
indicates that the alloys as-quenched all form amorphous.
Fig. 2 shows the DTA traces of Feg;.,C0,ZreyNbyB1g (X=2,
4, 6; y=0, 2) alloys at a heating rate of 20 °C/min. When
adding Nb element to FeCoZrB alloys, a low exothermic
peak precedes the main crystallization peak. It is supposed
to be a pre-crystallization effect [18, 19]. The first
crystallization peaks Ty, (the main crystallization peak of
the Nb-containing alloys is considered for the first
crystallization peak in Table 1) and the span AT,
(difference between Nb-free and Nb-containing alloys) are
listed in Table 1. Nb addition increases the first
crystallization peak temperature. It should be related to
that Nb has higher melting point than that of Zr. The
degree of the temperature increase in the alloy with 6 at%
Co is the maximum. For the Nb-free alloys [Fig. 2(a)], Tp
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decreases with increasing Co content. For the
Nb-containing [Fig. 2(b)], T, decreases first and then
increases.
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Fig. 1. XRD patterns of Feg «Co,ZrsyNbyByo (x=2, 4, 6;
y=0, 2) alloys as-quenched; (a) Nb-free alloys; (b)
Nb-containing alloys.
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Fig. 2. DTA traces of Feg,.,C0,Zrg.,NbB;o (x=2, 4, 6;
y=0, 2) amorphous alloys at a heating rate of 20 °C/min
(a) Nb-free alloys; (b) Nb-containing alloys.

Table 1. The first crystallization peak T, and the span AT, of
Feg1.4C0,Zrg.,Nb,B1, (x=2, 4, 6; y=0, 2) alloys.

;
o Tl C)y:2 ATy(°C)
X=2 593.9 609.8 15.9
X=4 589.4 605.1 15.7
X=6 585.8 611.2 25.4

XRD patterns of Fe;qC0,ZryB1o and Fe;9C0,Zr;NbyB1g
alloys corresponding to different annealing temperatures
are shown in Fig. 3. After annealing at 300 °C, two alloys
are still amorphous. After annealing at 600 °C, some
crystalline phases precipitate from the amorphous matrix.
It can be confirmed that the precipitated phases are bcc

a-Fe and a-Mn type phases in Fe;qC0,ZryB,oalloy and bce
o-Fe(Co) phase in Fe;Co0,Zr;Nb,Byy alloy. For
Fe;C0,ZryByo alloy, further increase of annealing
temperature leads to the a-Mn type phase transforms to
o-Fe phase. The a-Fe(Co), FesZr and ZrFe, phases are
observed at the final crystallization stage. The
crystallization processes of Feg «C0,Zrs.,Nb,B1g (X=4, 6;
y=0) alloys are similar as Fe;C0,ZryByo alloy. XRD
patterns of Nb-free alloys annealed at 600 °C are shown in
Fig. 4(a). For Fe;Co0,Zr;Nb,By, alloy, further increase of
annealing temperature leads to the increase of the intensity
of a-Fe(Co) diffraction peaks and the increase of grain size
[0-Fe(Co)]. The grain size [a-Fe(Co)] of the alloys
annealed at 530, 600, 670 and 750 °C is 17.5, 18.1, 20.4
and 28.1nm, respectively. The crystallization processes of
Feg1.«C0xZrg. NbyB1y (x=4, 6; y=2) alloys are similar as
Fe,9C0,Zr;Nb,Byg alloy [19]. XRD patterns of
Nb-containing alloys annealed at 600 °C are shown in Fig.
4(b). Nb addition changes the crystallization processes.
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Fig. 3. XRD patterns of Fe;Co0,ZrsB;; and

Fe;9Co,Zr;Nb,B;, amorphous alloys as-quenched and
annealed at different annealing temperatures
(a) Fe;9C0,ZrgBg; (b) Fe9C0,Zr;Nb,B;.
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Fig. 4. XRD patterns of Feg;.,C0,Zrq.,NbyB;q (x=2, 4, 6;
y=0, 2) alloys annealed at 600 °C (a) Nb-free alloys; (b)
Nb-containing alloys.

Fig. 5 shows the coercivity (H;) of
Feg1«C0xZra NbyByy (x=2, 4, 6; y=0, 2) alloys as a
function of annealing temperature (T,). It is well known
that magnetic properties of a ferromagnetic material are
closely related to its microstructure. The variations of H,
in the Nb-free alloys are similar. H. increases slowly at
530 °C and abruptly deteriorates at 600 °C. The
deterioration of H is related to the precipitation of a-Mn
type phase. It maybe that a-Mn type phase has large
magnetocrystalline anisotropy. The observed magnetic
softening later is due to the disappearence of a-Mn type
phase and the stronger exchange coupling between bcc
a-Fe(Co) nanocrystals. An increase in the H. observed at
750 °C is assumed to the precipitation of Fe;Zr etc. phases.
The variations of H, in the Nb-containing alloys are
similar. H, decreases to the minimum value at 530 °C,
which is related to the release of the residual stresses and

structure relaxation of the amorphous phase. Above 600 °C,

H, increases continuously, which is due to the increase of
grain size [a-Fe(Co)]. A rapid increase in the H, observed
at 750 °C is assumed to the precipitation of Fe;Zr etc.
phases. H, and the span AH, (difference between Nb-free
and Nb-containing alloys) of Feg;.xC0,Zre.,Nb,B1o (x=2, 4,
6; y=0, 2) alloys annealed at 600 °C are listed in Table 2.
Nb addition improves H, of alloys. The degree of the

improvement of H. in the alloy with 4at% Co is the
maximum.
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Fig. 5. H of Feg..Co,Zre,Nb,Byg (x=2, 4, 6; y=0, 2)
alloys as a function of annealing temperature (T,). The
insets show the magnetic hysteresis loops of
Fes1.4C0.Zrg.,Nb,B1g (x=2, 4, 6; y=0, 2) alloys annealed
at 600 °C; a) Nb-free alloys; (b) Nb-containing alloys.

Table 2. Coercivity (H.) and the span AH. of
Feg1.4C0,Zrg.,NbyB1, (x=2, 4, 6; y=0, 2) alloys annealed at

600 °C.
& AH. (Oe)
y=0 y=2
X=2 91.0 2.8 88.2
x=4 101.2 5.4 95.8
X=6  69.3 7.5 61.8

4. Conclusions

Feg1xCoxZro,Nb,B1y (x=2, 4, 6; y=0, 2) alloys
as-quenched all form amorphous. The thermal property,
microstructure and magnetic property between Nb-free
and Nb-containing alloys are very different. A
pre-crystallization effect is found in the Nb-containing
alloys and not found in the Nb-free alloys. Nb addition
increases the first crystallization peak temperature. The
degree of the temperature increase in the alloy with 6at%
Co is the maximum. The  processes of
FegxCoyZre NbyB1o (x=2, 4, 6; y=0) alloys are complex.
The a-Fe(Co) and a-Mn type phases are detected in the
Nb-free alloys annealed at 600 °C. The a-Mn type phase
transforms to a-Fe phase at higher temperature. Only
a-Fe(Co) phase is detected in the Nb-containing alloys
annealed at 600 °C. Nb addition changes the crystallization
processes of alloys. Abruptly deteriorations of H. in the
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Nb-free alloys are observed at 600 °C and not found in the
Nb-containing alloys, which is related to the precipitation
of a-Mn type phase. It may be that a-Mn type phase has
large magnetocrystalline anisotropy. The observed
magnetic softening at 670 °C is due to the disappearence
of a-Mn type phase and the stronger exchange coupling
between bcc o-Fe(Co) nanocrystals. H. of the
Nb-containing alloys increases continuously above 600 °C,
which is due to the increase of grain size [a-Fe(Co)]. Nb
addition improves H. of alloys. The degree of the
improvement of H. in the alloy with 4at% Co is the
maximum.
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