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a b s t r a c t

(Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7 at.%) bulk glassy alloys with diameter of 2 mm were prepared by copper
mold casting. The influence of Tb content on glass forming ability was investigated. There is partial
crystallization in the alloy when x = 4, while fully amorphous alloys with no detectable crystallization are
obtained for x = 5, 6, 7, respectively. DSC curves of the amorphous alloys indicate that this system exhibits
a high glass transition temperature (Tg = 848–927 K) and a wide supercooled liquid region up to 104 K.
The best glass forming ability is obtained for x = 5. These bulk metallic glasses exhibit good mechanical
5.50.Bb, 75.60.Ej, 64.70.Pf
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properties, with the compressive strength up to 3163 MPa, and Hv up to 1149. In addition, the alloys
exhibit relatively good soft magnetic properties, with Ms up to 69.205 emu/g and Hc as low as 4 Oe.

© 2010 Elsevier B.V. All rights reserved.
echanical property
agnetic property

. Introduction

Since Fe-based bulk metallic glass (BMG) was firstly synthesized
n Fe–Al–Ga–P–C–B system by Inoue et al. [1], a lot of researches
ave been done on Fe-based bulk metallic glasses. Fe-based BMGs,
ith high fracture strength and hardness, good corrosion resis-

ance, excellent soft magnetic properties as well as low cost, have
reat potential both as functional and structural materials. Three
mpirical rules for the development of amorphous alloys were pro-
osed by Inoue [2]: (1) multicomponent alloy systems consisting
f more than three elements; (2) significant difference in atomic
ize ratio above 12% among the main three elements; (3) negative
eats of mixing among their elements. Upon these empirical rules,
arious BMG systems have been developed, such as Fe–(Al, Ga)–(P,
, B, Si) [3,4], Fe–(Co, Ni)–(Zr, Nb, Ta, Mo, W, Hf)–B [5–13], Fe–(Co,
i)–M–Si–B (M = Nb, Zr) [14–17]. The effect of rare earth addition
n glass forming ability has been investigated in (Fe, Co)–La–TM–B
La = lanthanide metal, TM = transition metal) systems [18–21]. La

ddition is proved to be able to improve the glass forming ability in
hese alloy systems. The local ordering structure of Fe67Co10La3B20
La = Sm, Tb, Dy) amorphous alloys has been studied by Imafuku et
l. [19]. It is recognized that La atom plays an important role in the

∗ Corresponding author. Tel.: +86 571 87952730; fax: +86 571 87952730.
E-mail address: mse yanmi@zju.edu.cn (M. Yan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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formation of the dense random packing structure of (Fe, Co)–B in
these alloys. However, no BMGs were prepared in these alloys. In
order to enhance glass forming ability in Fe–Nb–B ternary system,
Song et al. investigated the effect of Y addition, and successfully
prepared BMGs with a diameter up to 2 mm [22]. Subsequently,
other BMGs with good glass forming ability were prepared with Y
addition [23–26]. However, relatively few works have been done
on the effect of other La element addition on the glass forming
ability. Considering similarity in La elements, other rare earth ele-
ments might also benefit the formation of BMG in Fe-based alloy
system. Previous investigations have also suggested that the incor-
poration of thermally stable refractory elements can stabilize the
amorphous structure of Fe-based BMGs [14,23,27,28]. As Mo is also
a refractory element like Nb, Fe72Mo4B24 was chosen as the pre-
cursor in this work. This paper intends to present the composition
dependence of thermal stability of the supercooled liquid region,
mechanical and magnetic properties in (Fe72Mo4B24)100−xTbx

(x = 4, 5, 6, 7 at.%).

2. Experimental procedures

Multicomponent Fe72Mo4B24 ingot was prepared by induction melting pure Fe,

Mo and pre-alloyed FeB (B content 21.36 wt.%) in an argon atmosphere. The ingot
was crushed into small pieces and mixed with pure Tb metal quantitatively in accord
with the composition of (Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7 at.%). The mixture was
remelted and cast into a copper mold in argon atmosphere to obtain rods with diam-
eter of 2 mm. Structure of the as-cast rods was examined by X-ray diffraction (XRD)
with Cu K� radiation. High-resolution transmission electron microscope (HRTEM)

dx.doi.org/10.1016/j.jallcom.2010.06.061
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mse_yanmi@zju.edu.cn
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ig. 1. XRD patterns of (Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7) alloy rods with diameter
f 2 mm.

perated at 300 keV was also employed to characterize the microstructure. Thermal
tability was studied by differential scanning calorimeter (DSC) at a heating rate
f 20 K/min. Mechanical properties, including compression strength and Young’s
odulus, were measured with a mechanical testing machine. The gauge dimen-

ion was 2 mm in diameter and 4 mm in length and the strain rate was 5 × 10−4 s−1.
ickers hardness (Hv) was measured with a hardness tester under a load of 1.96 N.
agnetic properties of the alloy rods were measured by a vibrating sample magne-

ometer (VSM). The Curie temperature (Tc) was determined by a thermal gravimetric
nalyzer (TGA) with an externally applied magnetic field.

. Results and discussion

Fig. 1 shows XRD patterns of (Fe72Mo4B24)100−xTbx (x = 4, 5,
, 7) alloy rods with a diameter of 2 mm. There are some crys-
alline peaks on the basis of broad peak for x = 4, which could be
dentified as Fe and Fe3B phases, respectively. The small inten-
ity of diffraction peaks indicates that grain sizes of the crystalline
hases were in nano-scales. Further increasing Tb content to x = 5,

, and 7, XRD patterns show only broad peaks, indicating single
morphous structure in these alloys. It is therefore concluded that
ulk amorphous alloy rods with diameter of 2 mm are obtained in
Fe72Mo4B24)100−xTbx (x = 5, 6, 7).

ig. 2. (a) TEM micrograph of (Fe72Mo4B24)96Tb4 alloy; the inset at the upper right corn
rea in (a).
Fig. 3. DSC curves for (Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7) alloys.

To confirm the crystalline phases in (Fe72Mo4B24)96Tb4, high-
resolution TEM micrograph and the corresponding selected area
diffraction (SAD) pattern are shown in Fig. 2. It can be seen that
crystalline particles formed among the amorphous matrix, and the
size of these crystalline particles was <200 nm in Fig. 2(a). The SAD
pattern showed clear diffraction dots of crystalline phases based
on the halo diffuse ring of the amorphous matrix. Meanwhile, crys-
talline particles were only found at the center region of the disk
sample, where the cooling rate was relatively lower than that of the
margins. From the calculated lattice distances by the SAD pattern
in Fig. 2(a) and the XRD pattern in Fig. 1, it can be confirmed that
�-Fe and Fe3B existed simultaneously in the particles with small
lattice deformation.

DSC was performed to investigate the thermal stability of
(Fe72Mo4B24)100−xTbx system. Fig. 3 shows the DSC curves
of (Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7) amorphous alloys. For
(Fe72Mo4B24)96Tb4, the DSC curve represents structure evolu-
tion of the remaining amorphous matrix during heating process.

The amorphous alloys exhibited distinct glass transition and
supercooled liquid region. Glass transition temperature (Tg),
crystallization temperature (Tx), supercooled liquid region �Tx

(=Tx − Tg), melting temperature (Tm) as well as temperature of crys-

er shows selected area diffraction pattern. (b) High-resolution TEM of the selected
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Table 1
Thermal parameters for (Fe72Mo4B24)100-xTbx (x = 4, 5, 6, 7) alloys.

(Fe72Mo4B24)100−xTbx Tg (K) Tx (K) �Tx (K) Tpeak1 (K) Tpeak2 (K) Tm (K)

x = 4 856.0 944.0 87.9 952.1 1024.1 1365.0
104.1 959.8 1018.7 1368.0

48.4 973.9 1018.8 1372.0
39.3 977.3 992.3 1378.3
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Fig. 4. Compressive true stress–strain curves of the (Fe72Mo4B24)100−xTbx (x = 4, 5,

T
M

x = 5 847.9 952.0
x = 6 911.2 960.0
x = 7 927.0 966.3

allization peaks (Tpeak1, Tpeak2) for (Fe72Mo4B24)100−xTbx (x = 5, 6,
) and amorphous matrix of (Fe72Mo4B24)96Tb4 are listed in Table 1.
his alloy system exhibited high glass transition temperatures
Tg > 800 K), which was higher than the Fe–Nb–B–Y system [22].
g first decreased from 856.0 K to 847.9 K as Tb content increased
rom 4% to 5%, then went up to 927.0 K as Tb content increased to 7%,
hile Tx continuously increased from 944.0 K to 966.3 K. As Tb con-

ent increased, �Tx (=Tx − Tg) first increased from 87.9 K to 104.1 K,
hen decreased to 39.3 K. The largest supercooled liquid region of
04.1 K was obtained in (Fe72Mo4B24)95Tb5. Its supercooled liquid
egion was also wider than that of Fe–Nb–B–Y system, which was
imited to 50 K [22]. Both the high glass transition temperature and

ide supercooled liquid region indicate that this alloy system has
ery good thermal stability.

In Fe-based BMG systems, supercooled liquid region �Tx is often
sed to measure the glass forming ability. Thus, the largest super-
ooled liquid region of (Fe72Mo4B24)95Tb5 indicates that this alloy
as the best glass forming ability. As can be seen in the DSC curves,
he temperature interval between two crystallization peaks grad-
ally decreased with the increase of Tb content, and the intensity
atio of first crystallization peak to second crystallization peak was
he largest in (Fe72Mo4B24)95Tb5. It had been pointed out that the
ntensity of the first crystallization peak partially indicated the dif-
culty of crystallization, which furthermore indicated stability of
upercooled liquid region [29]. Thus, the best glass forming ability
f (Fe72Mo4B24)95Tb5 alloy is consistent with its strong intensity of
rst crystallization peak.

It has been demonstrated that the addition of Tb increased the
lass forming ability of the alloy system. According to the tur-
oil principles [30], the more constituent elements of a system

s, the higher its configuration entropy is, which leads to more
table liquid state, and therefore more difficult to crystallize. Sec-
ndly, the element radius of Tb is much larger than those of Fe,
o, and B elements, and this is beneficial to amorphous structure

n point of topology, leading to a dense random packing structure.
hirdly, negative mixing entropy between Tb–B is large, which is
51 kJ/mol [31]. Moreover, Tb has a purifying effect by absorb-

ng oxygen to form Tb oxide and flow on the surface of molten
lloy, leading to the suppression of heterogeneous nucleation and
esulting in the improvement of the glass forming ability. Thus,
ood glass forming ability has been attained in the present alloy
ystem.

Fig. 4 shows compressive curves of (Fe72Mo4B24)100−xTbx (x = 4,
, 6, 7) amorphous rods. Mechanical parameters are listed in

able 2. Compressive curves show no ductility. Ultra-high compres-
ive stress (�f) of 3951.6 MPa was obtained in (Fe72Mo4B24)96Tb4.
s Tb content increased, where fully amorphous structure was
btained, compressive strength first decreased to 2220 MPa, then
ncreased to 3163 MPa, while Young’s modulus (E) first decreased

able 2
agnetic and mechanical parameters for (Fe72Mo4B24)100-xTbx (x = 4, 5, 6, 7) alloys.

(Fe72Mo4B24)100−xTbx Ms (emu/g) Hc (Oe) �s (ppm)

x = 4 78.231 4.289 19
x = 5 69.205 19.131 21
x = 6 56.327 26.077 18
x = 7 52.211 4.639 11
6, 7) alloy rods.

from 60 GPa to 50 GPa, then increased to 61 GPa. In fully amorphous
alloys, the highest compressive stress of 3163 MPa was obtained for
x = 7 and this value was also higher than that of the best glass for-
mer Fe74Nb6Y3B17 in Fe–Nb–B–Y system [22]. However, compared
with other similar Fe-based BMGs [32–33], this alloy system exhib-
ited a relatively lower E and larger elastic strain up to 5%. Hv of the
alloy system increased from 1118 to 1149 with the increase of Tb
content.

(Fe72Mo4B24)96Tb4 exhibited the highest compressive stress.
This can be explained by its special structure, which consists
of nanocrystalline among amorphous matrix. In fully amorphous
alloys, the high �f and Hv can be attributed to bonding nature of
constituent elements. It has been pointed out by Chen et al. [34]
that electrons could transfer from the metalloid elements to fill the
d shells of transition mental elements, and then s-d hybrid bonding
is formed. In this alloy system, Mo holds one 5s electron, while B
holds two 2s electrons. It is considered that one 5s electron of Mo
is more active than the two 2s electrons of B, because the energy
level of a pair of s electrons with inverse spin direction is much
lower than that of one s electron. Therefore, the 5s electron from
Mo would transfer more easily than those from B, leading to strong
s-d hybrid bonding nature. Moreover, the large mixing entropy of
−51 kJ/mol between Tb and B is also beneficial to a very strong

bonding strength [35]. So the alloy system exhibits large compres-
sive strength and hardness (Hv), and both �f and Hv increase with
increase of Tb content.

Tc (K) �f (MPa) Hv E (GPa)

480.46 3951.6 1118.43 60
459.33 2220.2 1118.46 57
455.61 2455.5 1125.90 50
439.18 3163.8 1149.78 61
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ig. 5. Magnetization hysteresis loops of as-cast (Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7)
lloys measured at room temperature.

Fig. 5 represents hysteresis loops of (Fe72Mo4B24)100−xTbx (x = 4,
, 6, 7) amorphous rods. Magnetic parameters, including saturation
agnetization (Ms), coercivity (Hc), saturation magnetostriction

�s), Curie temperature (Tc), are listed in Table 2. It can be seen
n Fig. 5 that magnetization quickly saturated under the applied

agnetic field, indicating soft magnetic properties in this alloy
ystem. (Fe72Mo4B24)96Tb4 exhibited the best soft magnetic prop-
rty, with Ms of 78.231 emu/g, Hc of 4.289 Oe and Tc of 480.46 K.
s Tb content increased from 5% to 7%, Ms decreased from
9.205 emu/g to 52.211 emu/g monotonously, whereas, Hc first

ncreased from 19.131 Oe to 26.077 Oe, then decreased to 4.639 Oe,
nd Tc decreased from 459.33 K to 439.18 K monotonously.

In Fe-based amorphous alloys, ferromagnetism derives mainly
rom the Fe moment. With the increase of Tb content, Fe con-
ent decreases, therefore saturation magnetization decreases. Curie
emperature is a measurement of the intensity of exchange cou-
ling between magnetic atomic moments. The exchange coupling
etween Fe atoms also decreases because of the dilution of Fe
toms, leading to the decrease of Tc. Coercivity of the present alloys
ight be affected by the internal stress, which needs to be further

nvestigated. As to (Fe72Mo4B24)96Tb4, both its special structure
nd high Fe content lead to good soft magnetic property.

. Conclusions

BMG alloy system (Fe72Mo4B24)100−xTbx (x = 4, 5, 6, 7) has been
xplored in this work. Main conclusions are drawn as follows:
1) Amorphous rods with diameter of 2 mm were prepared
in (Fe72Mo4B24)100-xTbx (x = 5, 6, 7). Fully amorphous
(Fe72Mo4B24)95Tb5 has the best glass forming ability and
a large supercooled liquid region up to 104 K. Good soft mag-

[
[
[
[
[
[

mpounds 505 (2010) 315–318

netic properties are also obtained when x = 5, with Ms up to
69.205 emu/g. In addition, this amorphous alloy system pos-
sesses good mechanical properties, with �f of 2220–3163 MPa
and Hv up to 1149.

(2) In (Fe72Mo4B24)96Tb4, nanocrystalline Fe3B and �-Fe were
precipitated at the amorphous matrix, exhibiting enhanced
mechanical properties with �f of 3951 MPa and much better
soft magnetic properties with Ms of 78.231 emu/g and Hc of
4.289 Oe, respectively.
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