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Multicomponent Fegg_xNiyZrisNbsB1, (x=5, 10, 15, 20) alloy powders milled for 60 h were prepared by
mechanical alloying (MA). The structure and crystallization behavior were investigated by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and differential thermal analysis (DTA). Ni enhances
the amorphisation of alloy powders. Particle size increases with increasing Ni content. Both onset crys-
tallization temperature Ty and the first crystallization peak temperature T, of the four alloys shift to a

higher temperature with increasing heating rate while melting temperature (Ty,) is just the opposite.
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Fegs_xNixZri5sNbsBq, (x=5, 10, 15, 20) alloys all have a large supercooled liquid region ATx. The super-
cooled liquid region ATy increases and the crystallization activation energy E decreases with increasing

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mechanical alloying (MA) is a solid-state powder processing
technique involving repeated welding, fracturing, and rewelding
of powder particles in a high-energy ball mill [1]. MA is employed
to synthesize a variety of stable and metastable materials, including
supersaturated solid solutions, intermetallics, amorphous alloys
and so on [2].

Extensive studies on Fe-based alloys prepared by MA have been
carried out, and their structure [3-6], magnetic property [5-7], and
crystallization behavior [8,9] have been investigated in detail. The
study of the crystallization behavior is very important in under-
standing the thermal stability of amorphous phase [8]. The glass
forming ability (GFA) of alloys can be evaluated by a temperature
span of the supercooled liquid region ATy (difference between the
glass transition temperature Tg and the onset crystallization tem-
perature Tx). The wider is the ATy, the greater is the GFA [10].

A large number of multicomponent alloy systems have been
identified with high GFA [11]. The effect of multicomponent is prob-
ably due to the “confusion principle”: the more elements involved,
the lower the chance that the alloy can select viable crystal struc-
tures, and the greater the chance of glass formation [12]. The
large supercooled liquid regions of Fe-based alloys are observed
in FesgCo7W;Mos5Zr19Byg alloy (92 K) prepared by copper mould
casting [13] and (Fes5qCosq)s2NbgB3q alloy (102 K) prepared by melt
spinning [14]. In this work, multicomponent Fegg_xNixZr;5NbsB1;
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(x=5, 10, 15, 20) alloys prepared by MA with large supercooled
liquid regions ATx were successfully produced. The structure and
crystallization behavior of alloy powders were studied.

2. Experimental details

Samples with nominal composition of Fegs_xNixZrisNbsBq; (x=5, 10, 15, 20)
were prepared by MA. Fe, Ni, Zr, Nb and B powders with a purity above 99% were
sealed in a cylindrical stainless steel vial (100 ml in volume) together with 60 stain-
less steel balls (8 mm in diameter) and milled under an argon atmosphere. The
milling procedure was carried out at room temperature by mounting the vial in
a GN-2 planetary ball mill. The ball-to-powder weight ratio was 30:1. The alloy
powders milled for 60 h were collected.

Structural characterization of samples was examined by X-ray diffraction (XRD,
D/max 2500/PC, Cu-Ka, A =1.5406A) and scanning electron microscopy (SEM, S-
570). The crystallization analysis was investigated by differential thermal analysis
(DTA, PE TG/DTA-6300) at different heating rates (10, 20 and 30 K/min). Detailed
thermal analysis of samples revealed a spectrum of values for glass transition
temperature Tg, onset crystallization temperature Ty, the first crystallization peak
temperature T, and melting temperature T,

3. Results and discussion

XRD patterns of Fegg_xNixZri5NbsB1; (x=5, 10, 15, 20) alloy
powders milled for 60 h are shown in Fig. 1. Broad diffraction halos
are the main features in the XRD, indicating that the alloy powders
milled for 60h are predominant amorphous. The peak intensity
decreases with increasing Ni content. Ni enhances the amorphi-
sation of alloy powders.

SEM images of Fegg_xNixZr15NbsB1; (x=5, 10, 15, 20) alloy pow-
ders milled for 60 h are shown in Fig. 2. Along with the increase
of x, particle size increases. The variation in powder particle size
may be ascribed to the welding between elements. Ni is more


dx.doi.org/10.1016/j.jallcom.2010.09.079
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sunyaming2007@126.com
dx.doi.org/10.1016/j.jallcom.2010.09.079

500 Y.M. Sun / Journal of Alloys and Compounds 509 (2011) 499-502

Fe,,Ni.zr Nb.B,,

Fe,Ni Zr Nb B,

Intensity(a.u.)

Fe Ni, Zr Nb B

20 30 40 50 60 70 80 90
20/ degree

Fig. 1. XRD patterns of Fegg_xNiyZr15NbsB12 (x=5, 10, 15, 20) alloy powders milled
for 60 h.

ductile than Fe, and Ni substitution for Fe enhances the weld-
ing of powder particles. Liu et al. [15] considered that the driving
force for welding can be the heat of mixing between elements.
The heats of mixing (kJ/mol) [16] between Fe(Ni) and other ele-
ments are shown in Table 1. The heat of mixing of alloy powders

Table 1
The heats of mixing (kJ/mol) between Fe(Ni) and other elements.
Zr Nb B
Fe -25 -16 -26
Ni —49 -30 -24

increases on the whole with increasing Ni content, so particle size
increases.

Fig. 3 shows the DTA traces of Feg3NisZri5NbsBq; alloy at dif-
ferent heating rates. Both Ty and T}, shift to a higher temperature
with increasing heating rate. However, Ty, shifts to a lower tem-
perature. The variations of Ty, Tp and Tp, of Fegg_xNixZrisNbsBq;
(x=10, 15, 20) alloys with increasing heating rate are the same as
Fe63N152r15Nb5B12 alloy.

Fig. 4 shows the DTA traces of Fegg_xNixZr;5sNbsB1y (x=5, 10,
15, 20) alloys at a heating rate of 20 K/min. Ty, remains almost
constant (1253 K) with increasing Ni content. Tg, Tx and ATy of
Fegg_xNixZrisNbsBy, (x=5, 10, 15, 20) alloys as a function of Ni
content are shown in Fig. 5. ATy increases with increasing Ni con-
tent and these alloys all have a large supercooled liquid region
ATx. The increase of Ni content enhances the GFA, which corre-
sponds to the results of XRD. The large GFA is believed to satisfy
the three empirical rules, i.e. multicomponent systems consist-
ing of more than three constituent elements, significant atomic
size ratios above 12%, and negative heats of mixing among the
main constituent elements [17]. There is significant difference in
atomic size ratios above 12% among the main constituent ele-

Fig. 2. SEM images of Fegg_xNixZr;sNbsBi, (x=5, 10, 15, 20) alloy powders milled for 60 h: (a) Feg3NisZri5sNbsB2; (b) FesgNijoZrisNbsByy; (c) FessNijsZrisNbsByo; (d)

Fe4gNingl‘15Nb5B12.
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Table 2

Tp (K) of Fegg_xNixZrisNbsBi, (x=5, 10, 15, 20) alloys obtained at different heating rates.

v (K/mm) FEG3Niszr15Nb5B12 FesgNinr15Nb5B12 F653 Ni152r15Nb5B12 Fe4gNi202r15Nb5B12
10 890.1 914.1 901.0 895.8
20 902.8 915.8 919.1 923.2
30 908.1 929.4 922.0 9253
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Fig. 3. DTA traces of Feg3NisZri5NbsBy, alloy at different heating rates.

ments of FeNiZrNbB alloy system and the sequence of atomic size
is Zr > Nb > Fe > Ni > B. The alloy system has high negative heats of
mixing among the elements (Table 1).

The crystallization activation energy E is calculated using
Kissinger equation [18] by plotting In(v/T2) versus 1/T (a straight
line with the slope of E/R can be obtained), where R is the gas
constant, v is the heating rate (K/min) and T is a specific abso-
lute temperature such as Tg, Tx or Tp. Table 2 shows the Tp of
Fegs_xNixZri5NbsBq; (x=5, 10, 15, 20) alloys obtained at different
heating rates. The Kissinger plots for T, are shown in Fig. 6.
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Fig. 4. DTA traces of Fegg_xNiyZrisNbsBq, (x=5, 10, 15, 20) alloys at a heating rate
of 20 K/min.
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Fig. 6. Kissinger plots of Fegg_xNiyZri5NbsBq, (x=5, 10, 15, 20) alloys.

The crystallization activation energies E of Fegg_xNixZr;5NbsB15
(x=5, 10, 15, 20) alloys are 386.3, 378.8, 311.4 and 205.9 k]/mol,
respectively. E decreases with increasing Ni content. That is to say,
the increase of Ni content weakens the thermal stability.

4. Conclusions

(1) Fegg_xNixZr;5NbsB15 (x=5, 10, 15, 20) alloy powders milled for
60 h are predominantly amorphous. Ni enhances the amorphi-
sation of alloy powders. Particle size increases with increasing
Ni content, which is due to the increase of the heat of
mixing.

(2) Both onset crystallization temperature Tx and the first crystal-
lization peak temperature T} shift to a higher temperature with
increasing heating rate while melting temperature (Tp,) is just
the opposite.

(3) Fegg_xNixZri5NbsB1, (x=5, 10, 15, 20) alloys all have a large
supercooled liquid region ATx and ATy increases. The increase
of Ni content enhances the GFA.



502 Y.M. Sun / Journal of Alloys and Compounds 509 (2011) 499-502

(4) The crystallization activation energy E of Fegg_yNixZri5NbsBq;
(x=5, 10, 15, 20) alloys decreases with increasing Ni content.
The increase of Ni content weakens the thermal stability.
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