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a b s t r a c t

It has been demonstrated that high magnetic field is a very powerful tool in controlling microstructures of
materials. In this work, the effect of high magnetic field on the crystallization of Zr46.75Ti8.25Cu7.5Ni10Be27.5

bulk metallic glass has been investigated. The isothermal crystallization of the bulk metallic glass was
vailable online 3 March 2010
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performed at the temperatures ranging from 643 to 713 K with or without a high magnetic field. The
direction of the magnetic field is parallel or perpendicular to the sample surfaces. The annealed samples
were characterized by X-ray diffraction and differential scanning calorimeter. It has been found that the
crystallization of the bulk metallic glasses depends not only on the annealing temperatures, but also on
the direction and the intensity of the high magnetic field. The high magnetic field significantly retards
the crystallization of the bulk metallic glass at certain annealing temperatures. The possible mechanisms
of high magnetic field effect on the crystallization have been discussed.
. Introduction

With the development of superconducting magnet technology,
igh magnetic fields up to more than 10 T have been widely used to
ontrol the microstructures of materials during material processing
uch as solidification, electrodeposition and some solid–solid phase
ransformations [1]. Materials science in high magnetic field has
ttracted much attention in material design and production.

Crystallization of metallic glasses is of importance in under-
tanding mechanisms of phase transformations far from equi-
ibrium, evaluating the glass forming ability of the melts and
roducing controlled ultrarefined microstructure. The crystalliza-
ion behavior of the metallic glasses is affected significantly by
arious factors, such as annealing temperature and time, external
lectric field, and high pressure [2–6]. It has been demonstrated
hat the high magnetic filed is also a powerful tool to affect crys-
allization process of metallic glasses and texture formation of
he crystallized phase [7–15]. In 1987, Wolfus et al. [7] inves-
igated crystallization kinetics of Fe83B12Si5 amorphous ribbon

nder external magnetic field, and found that the growth rate of
agnetic crystalline phases increased with the magnetic field. In

990, Otani et al. [8] reported that a magnetic field of 0.3 T slightly
nhanced the development of a texture formed in the crystallized
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Pr2Co14B amorphous ribbon, in which the easy magnetization c-
plane oriented along the direction of applied magnetic field. In
2004, Wang et al. [9] found that the isothermal crystallization of
the Zr62Al8Ni10Cu17 bulk metallic glass was significantly retarded
under high magnetic fields. Recently, Tsurekawa and co-workers
[11–14] investigated the effect of magnetic crystallization on tex-
ture evolution in Fe–Si–B–(Nb–Cu), and found that a sharp {1 1 0}
texture was formed by applying a 6 T magnetic field in a direc-
tion parallel to the ribbon surface, meaning that the high magnetic
field enhances the development of the {1 1 0} texture in the crystal-
lized �-Fe(Si) from Fe–Si–B–(Nb–Cu) amorphous alloys. However,
the different mechanisms of the texture formation were suggested
for Fe–Si–B and Fe–Si–B–Nb–Cu amorphous alloys, i.e. preferen-
tial growth of {1 1 0}-oriented nuclei for the Fe–Si–B amorphous
alloy, and preferential nucleation for {1 1 0}-oriented grains for the
Fe–Si–B–Nb–Cu amorphous alloy. Zhang et al. also found that the
applied magnetic field has an evident effect on the average grain
size of the phases precipitated from the Fe–Pt–B amorphous alloy
[14].

Recently, we have investigated the effect of high magnetic
field on the crystallization of some Zr-based bulk metallic glasses.
Though it has been found that the high magnetic field has no obvi-
ous effect on the crystallization process of Zr60Cu20Al10Ni10 bulk

metallic glass at the experimental conditions investigated [15], we
do observe the great effect of high magnetic field on the crys-
tallization of Zr–Ti–Cu–Ni–Be bulk metallic glass. In this paper,
magnetic crystallization behavior of the Zr46.75Ti8.25Cu7.5Ni10Be27.5
(Vit4) bulk metallic glass was reported.

http://www.sciencedirect.com/science/journal/09258388
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ig. 1. DSC trace for Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass at a heating rate
f 5 K/min.

. Materials and methods

The ingots, with nominal composition Zr46.75Ti8.25Cu7.5Ni10Be27.5, were prepared
y melting a mixture of pure elements in a titanium-gettered argon arc furnace, then
emelted in a vacuum-sealed quartz tube and quenched in water to get an amor-
hous rod with a diameter of 8 mm. The amorphous nature as well as homogeneity
f the rod was ascertained with X-ray diffraction (XRD). Slices with a thickness of
.5 mm were cut from the amorphous rod for differential scanning calorimeter (DSC)
easurements and magnetic field annealing. The DSC measurements were carried

ut under a purified Ar atmosphere in a TA Q100 at a heating rate of 5 K/min. The
alorimeter was calibrated for temperature and energy with high purity indium.
he values of the glass transition temperature Tg, the onset temperature Tx, and the
rystallization peak temperature Tp were determined from the DSC traces with an
ccuracy of ±1 K.

The magnetic field annealing was performed in a vacuum furnace, where a
uperconducting magnet (JMTD-12 T100, JASTEC, Japan) was used to generate a
agnetic field with a maximum magnetic flux density up to 12 T at the center of a

ore (100 mm in diameter). Detailed information about the magnetic field anneal-
ng furnace refers to Ref. [16]. The 20-mm-length isothermal region of the furnace
as an accuracy of around ±3 K. The stable homogeneous magnetic fields were used

n this work. For each experimental condition, amorphous slices were put into an
lumina crucible (10 mm in diameter), which is centered at the place with the max-
mum magnetic flux density. The surfaces of the slices were either perpendicular
r parallel to the direction of the magnetic field. The working vacuum is better
han 2 × 10−3 Pa. After the magnetic field was applied, the samples were heated to
given temperature at a heating rate of 5 K/min, kept for a certain time, and cooled
own to temperature below 100 ◦C in the furnace. The variation of the tempera-
ure during isothermal annealing was controlled in the range of ±0.3 K unless it was

entioned in the text. The average cooling rate is around 6 K/min. Then the samples
ere characterized by XRD (X′Pert Pro diffractionmeter, Cu K� radiation) and DSC.
. Results and discussions

Fig. 1 gives DSC trace obtained for as-prepared
r46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass at the heating

ig. 2. XRD patterns of the as-prepared Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass an
irection is perpendicular (a) or parallel (b) to the sample surfaces.
mpounds 504S (2010) S256–S259 S257

rate of 5 K/min, which coincides with the heating rate used for the
magnetic field annealing. The DSC trace exhibits the endothermic
characteristics of a glass transition followed by an exothermic
crystallization reaction at higher temperature. The glass transition
temperature (Tg), the onset crystallization temperature (Tx), and
the peak crystallization temperature (Tp) are 603, 712, and 714 K,
respectively. Thereby, the annealing temperatures are selected in
the range of 643–713 K.

Fig. 2 summarizes XRD patterns of the
Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass annealed at 650 K
for 40 min under the 0 and 12 T applied magnetic field with
direction perpendicular (H⊥S, Fig. 2a) or parallel (H//S, Fig. 2b) to
the sample surfaces. Please note that the variation of the annealing
temperature is rather large (about ±9 K) for the experiments
shown in Fig. 2. Since the position of the samples, whose surfaces
are parallel to the magnetic field, is different from that of the
samples with surfaces perpendicular to the magnetic field, the
real annealing temperatures of two types of sample might have
some difference. Therefore, no comparisons have been made
between XRD patterns shown in Fig. 2(a) and (b). It is observed
from Fig. 2(a) that some crystalline Bragg peaks appear whether
the high magnetic field (H⊥S) was applied or not. These Bragg
peaks can be indexed to the cubic NiTi0.6Zr0.4 phase and the cubic
NiTi2 phase. It is clear that the Bragg peaks corresponding to the
NiTi0.6Zr0.4 phase become weaker when the 12 T high magnetic
filed (H⊥S, Fig. 2a) was applied. However, when the magnetic field
is parallel to the surfaces of the slices (H//S), the intensity of the
Bragg peaks corresponding to the NiTi0.6Zr0.4 phase is enhanced
under the high magnetic filed as shown in Fig. 2(b). It has also been
found that there is no obvious difference between the DSC traces
(not shown) of the Zr46.75Ti8.25Cu7.5Ni10Be27.5 alloys annealed
under the 0 T and 12 T high magnetic field, which is parallel to the
sample surface. Apparently, the direction of the applied magnetic
field shows different effect on the precipitation of NiTi0.6Zr0.4
phase, that is, the peak intensity of NiTi0.6Zr0.4 phase is enhanced
for the sample surface parallel to the high magnetic field, and
is reduced when the applied magnetic field is perpendicular to
the sample surfaces. However, the reason is still unclear. More
Bragg peaks appear on the diffraction patterns (not shown) of the
samples annealed at higher temperatures (the variation of the
annealing temperature is also around ±9 K). The Bragg peaks can
be indexed to the NiTi0.6Zr0.4, NiTi2, Zr2Cu, Be2Zr and unidentified
phases.
Fig. 3 shows XRD patterns of the as-prepared
Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass and the sam-
ples annealed at 688 K and different combinations of annealing
time and magnetic field parallel to the sample surface. Unlike
the conditions used for the experiments illustrated in Fig. 2, the

d the samples annealed at 650 K for 40 min under applied magnetic field, whose
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Fig. 3. XRD patterns of the as-prepared Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic
glass (a) and the samples annealed at 688 K and different conditions: (b) 20 min
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ith the 12 T high magnetic field; (c) 20 min without high magnetic field; (d) 40 min
ith the 12 T high magnetic field. The direction of the magnetic field is parallel to

he sample surfaces.

ariation of the temperature during the isothermal annealing is
ery small (within ±0.3 K). The XRD pattern of the sample annealed
t 688 K for 20 min without magnetic field (curve c) shows obvious
ragg peaks of NiTi0.6Zr0.4, NiTi2, Zr2Cu and Be2Zr phases, super-

mposed on the broad diffuse scattering peak from the amorphous
hase. While only a few very tiny Bragg peaks have been found
n the diffraction pattern of the sample annealed at 688 K for
0 min under the 12 T high magnetic field (curve b). It is clear that
he crystallization kinetics of the Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk

etallic glass is significantly retarded at 688 K by applying high
agnetic field. Under the 12 T high magnetic field, longer anneal-

ng time induces the appearance of the obvious Bragg peaks (refer
o curve d), whose positions are same with those found from curve
, suggesting that the same crystalline phases are formed, and the
pplied magnetic field does not alter the crystalline phases. The
esults indicate the high magnetic field retards the crystallization
inetics of the bulk metallic glass at the condition investigated.
owever, the high magnetic field has no influence on the type of

he crystallized phases, which can be further confirmed by similar
RD patterns of the samples annealed at higher temperature as

iven in Fig. 4. As shown in Fig. 4, the positions of the Bragg peaks
re same for the two XRD patterns, meaning that the crystallized
hases remain unchanged by the high magnetic field.

ig. 4. XRD patterns of the Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass annealed
t 703 K for 40 min under various intensities of the magnetic field. The direction of
he magnetic field is parallel to the sample surfaces.
ompounds 504S (2010) S256–S259

Crystallization of metallic glass is normally regarded as a pro-
cess proceeding by nucleation and subsequent growth of crystals.
The formation of nucleus is determined by the driving force for
phase transformation and atomic mobility. According to the ther-
modynamics theory of phase transformation, the energy barrier of
forming a critical nucleus size in the presence of the magnetic filed,
�G*, can be written as [9]

�G∗ = 16��3

3[
∣
∣�Gv

∣
∣ + 1

2 H2(�2 − �1)]
2

(1)

The critical nucleus radius, �*, is

�∗ = 2�

|�Gv|+ 1
2 H2(�2 − �1)

(2)

where � is the interfacial energy between crystal and glass, �Gv
the change of bulk free energy per unit volume in process of phase
transformation, H the intensity of the applied magnetic field, �1
and �2 are the magnetic permeability of the glass matrix and
the crystallized phases, respectively. It is clearly seen that the
energy barrier of phase transformation and the critical nucleus
radius depend on the intensity of magnetic field and the mag-
netic permeability difference between the new crystallized phase
and the glass. Hence, if �2 > �1, �G* and �* are reduced, and
nucleation is enhanced by the applied magnetic field. This is the
situation where a ferromagnetic phase, for example �-Fe, is pre-
cipitated from the anti-ferromagnetic or paramagnetic amorphous
matrix. However, if �2 < �1, the nucleus formation is inhibited.
This could be one of the reasons why the crystallization of the
Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass was retarded.

The primary crystallization of the bulk metallic glass requires
long-range atomic diffusion due to a large composition difference
between amorphous phase and its corresponding crystallization
products. This implies that the crystallization is controlled by dif-
fusion. From the crystallization kinetics theory, the steady-state
homogeneous nucleation rate, IS, is given by [3]

Is = N0D

a2
0

exp(−�G∗

kBT
) (3)

where D, N0 and a0 are the diffusivity of atoms, the number of atoms
in per unit volume and the atomic diameter, respectively. While the
growth rate of nucleus, Uc, can be expressed as [17].

Uc = af (D/t)
1⁄2 (4)

where t, af and D are time, constant and diffusivity, respectively.
Eqs. (3) and (4) suggest that the diffusion of atoms is also a

key factor in nucleation and growth of the nucleus, and thereby
plays an important role in crystallization of the bulk metallic glass.
Youdelis et al. reported that a 3 T magnetic field retarded dif-
fusion of copper in aluminum [18]. Nakamichi et al. found that
the diffusion of carbon in �-iron was retarded under a 6 T uni-
form magnetic field, and enhanced by using a negative magnetic
field gradient [19]. Nakajima et al. observed that the diffusivity
of nickel in titanium remains unchanged under an external mag-
netic field [20]. It was also found [21,22] that the magnetic field
had a non-monotonic influence on the diffusivity of nickel in �-
iron and Fe–%Si alloys at ferromagnetic temperatures. A maximum
increase in diffusivity occurred at a weak magnetic field, and then
the diffusivity was reduced with further increasing magnetic field
intensity. Recently, it was reported that a 10 T high magnetic field
improved the diffusion of Cu in Al–4 wt% Cu [23]. Therefore, the

magnetic fields have a remarkable effect on the diffusion process
of atoms, meaning that the nucleation rate and growth rate of
nucleus are affected by the applied magnetic field. It is possible
that the applied magnetic field to some extent retards effective dif-
fusion of atoms, and thereby decreases the nucleation rate and the
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rowth rate of the nucleus. Therefore, the retarded crystallization
or Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass under high mag-
etic field might be also attributed to the decrease of diffusivity of
toms.

. Conclusions

In summary, the external high magnetic field has a
trong influence on the crystallization process of the
r46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass. When the sample
as annealed at 688 K, the crystallization of the bulk metallic

lass has been retarded under the high magnetic field. Based on
lassical nucleation-growth theory, the diffusion and the differ-
nce between the magnetic permeability of the new crystallized
hases and the amorphous matrix could be responsible for the
rystallization retardation of the Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk
etallic glass under high magnetic field.
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