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a b s t r a c t

A novel ductile [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]99.5Cu0.5 bulk metallic glass (BMG) with the strength of
4.4 GPa and the compressive plastic strain of 2.5% was successfully synthesized in this work. We found,
by adding tiny Cu (0e0.9 at. %) element, both the plasticity and the saturation magnetization of
CoFeBSiNb BMGs can be improved, which is attributed to the existence of ferromagnetic and ductile a-
(Fe, Co) nanoparticles in the glass matrix. The abundant of vein patterns and high-density multiple shear
bands were observed on the fracture surface of Cu-added Co-based bulk glassy rods. The reason for these
results is that the nanoscale particles hinder the propagation of the shear band, promote the generation
of multiple shear bands and enhance the plasticity. Our investigations shade a light on understanding the
nano-scale precipitation phase enhanced ductility mechanism in high strength BMGs such as Fe- and Co-
based BMGs and lead a map for finding new high strength BMGs with high plasticity.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Since the first exploration of the Co-based bulk metallic glasses
(BMGs) in 2001 [1], a series of Co-based BMGs systems have been
synthesized [2e5]. Compared to other BMGs, Co-based BMGs have
excellent magnetic properties, i.e., high saturation magnetization
(Bs), high effective permeability (me) and low coercivity (Hc) [6e8].
On the other hand, these alloy systems also exhibit superior me-
chanical properties, i.e., high fracture strength (sf) and high hard-
ness [9e11]. Due to the excellent magnetic and mechanical
properties, Co-based BMGs have attracted attentions for engi-
neering applications as structural and functional materials. How-
ever, the macroscopic plastic deformation ability of the Co-based
BMGs is very limited or the alloy systems even do not present
ductile behavior at room temperature, which results in catastrophic
fracture in these alloys [12], and prevents their wide applications as
new structural materials. Therefore, it is urgent to improve the
plasticity of Co-based BMGs at room temperature while
e and Engineering, Southeast
maintaining superior soft magnetic properties.
Recently, compressive plastic deformation ability has been

improved in Zr- [13,14], Cu- [15e17], Ni- [18,19], Ti- [20,21], Mg-
[22] and Pd-based [23] BMGs composites by producing second
dendrites, particle phases, or fine pore phases in the glass matrices.
In addition, for ferromagnetic BMGs, it was found that the addition
of a certain amount of alloying element such as Cu could improve
the plasticity of Fe-based BMGs by introducing crystalline phases.
Shen et al. [24] reported distinct enhancement of compressive
plasticity by adding 0.25 at. % Cu in the FeCoBSiNb BMGs. The
structure studies showed that microcrystalline grains a-(Fe, Co)
and (Fe, Co)23B6 in situ precipitated in the BMGsmatrix. Li et al. [25]
studied the effect of adding a small amount of Cu (0.1e0.6 at. %) on
the plastic properties of FeSiBP bulk metallic glasses; they found
that the plastic strain of this alloy system was enhanced by the
addition of Cu. It was observed that a large number of a-(Fe, Co)
nanocrystalline grains dispersed in the glassy matrix, which pro-
mote the generation of multiple shear bands and prevent the
sudden brittle fracture of the FeSiBP samples. The large plastic
deformationwas attributed to the generation and movement of the
multiple shear bands because of the existence of crystalline phase.
However, rare report has been found about the secondary phase
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Fig. 1. XRD patterns of the as-cast [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1,
0.3, 0.5, 0.7, 0.9) rods with critical diameters.

Fig. 2. DSC traces for the as-cast [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1,
0.3, 0.5, 0.7, 0.9) glassy alloys at heating rate of 0.67 K/s.
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enhancing plasticity in Co-based BMGs. It has been reported that
the mixing enthalpy of Fe-Cu (þ13 kJ/mol), Co-Cu (þ6 kJ/mol) and
Nb-Cu (þ3 kJ/mol) atomic pairs [26] are positive. Thereby, Cu is
hardly soluble in Fe at room temperature [27], which has been
proven to be beneficial to precipitate the second phases.

In this work, for improving the plasticity of Co-based BMGs by
the second phases dispersed in their substrate, a small amount of
Cu was added to the (Co0.7Fe0.3)68B21.9Si5.1Nb5 BMG [12] with high
GFA. The present Co-based BMGs simultaneously possess super-
high strength and enhanced plasticity, offering great benefits in
engineering the strength of Co-based BMGs and opening new av-
enues for improving their plasticity.

2. Experimental

Multi-component alloy ingots with nominal compositions
[(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1, 0.3, 0.5, 0.7,
0.9) were prepared by arc melting mixtures of pure Co (99.99 wt%),
Fe (99.99 wt%), B (99.999 wt%), Si (99.99 wt%), Nb (99.95 wt%), Cu
(99.995 wt%) in a high purity argon atmosphere. Ribbons with
thickness of 33 mm and width of 1.3 mm were produced by single
roller melt-spinning method. The cylindrical rods with diameters
up to 3.5mmwere fabricated by a coppermold castingmethod. The
structure of as-quenched specimens was identified by X-ray
diffraction (XRD) with Cu-Ka radiation. The thermal stability
associated with glass transition temperature (Tg), crystallization
temperature (Tx), melting temperature (Tm) of the amorphous
samples was examined by NETZSCH 404 F3 differential scanning
calorimeter (DSC) at a heating rate of 0.67 K/s, while liquidus
temperature (Tl) was tested by DSC at a cooling rate of 0.067 K/s.
The fracture strength (sf) and compressive plastic strain (εp) were
measured at room temperature by compressive testing with an
Instron testing machine. The gauge size of bulk glassy rods for
compressive testing was 1mm in diameter and 2mm in length. The
compressive strain rate was 5 � 10�4 s�1. The deformation and
fracture surface morphology were observed by scanning electron
microscopy (SEM). The microstructures of bulk glassy rods were
examined with high resolution transmission electron microscope
(TEM). For TEM measurements, the rod specimens were first pre-
pared carefully by the mechanical thinning of the discs to a thick-
ness of 40 mm, and then by the low-angle (5�) ion milling thinning
for about 180min using a Gatan 691 Precision Ion Polishing System.
The ribbon samples for magnetic property measurements were
annealed for 300 s at the temperature of Tg �50 K for improving
soft-magnetic properties through structural relaxation. Then the
saturation magnetization (Bs) was measured using a vibrating
sample magnetometer (VSM) under the maximum applied field of
800 kA/m. The coercivity (Hc) of amorphous ribbons with the
length of 70 mmwas measured using a DC B-H loop tracer under a
maximum field of 800 A/m.

3. Results and discussion

The as-cast [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1,
0.3, 0.5, 0.7, 0.9) alloys have relatively large glass forming ability
(GFA), which leads to large critical diameters of rod specimens (5.5,
5.5, 4.5, 4.5, 4.5 and 3.5 mm, respectively), characterized as metallic
glasses by XRD analysis, as shown in Fig. 1. The XRD patterns reveal
only one typical halo without appearance of peaks corresponding
to crystalline phases, indicating that these cylindrical alloy rods
essentially consist of a single amorphous structure.

Fig. 2 shows DSC curves of the melt-spun [(Co0.7Fe0.3)0.68B0.219-
Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1, 0.3, 0.5, 0.7, 0.9) glassy alloy rib-
bons. All the alloys exhibit distinct glass transition, followed by a
supercooled liquid region, and then crystallization which
corresponding to the precipitation of a-(Fe, Co) and (Fe, Co)23B6

phases in this type of alloy [24,28,29]. The thermal parameters of
the Co-based BMGs are summarized in Table 1. For all the alloy
compositions, with the increase of Cu content from 0 to 0.9 at. %, Tg
gradually decreases from 854 to 847 K, while Tx also reduces from
896 to 889 K, with a supercooled liquid region of 42 K, approxi-
mately. The liquidus temperature (Tl) values lie between 1313 and
1353 K. With the increase of Cu content from 0 to 0.7 at. %, Tl de-
creases from 1353 to 1313 K, which indicates that the alloy is
gradually close to the eutectic point. The reduced glass transition
temperatures (Tg/Tl) of these metallic glasses lie in a high value
range of 0.63e0.65.

The stress-strain curves of the Co-based bulk metallic glasses
were obtained by uniaxial compression tests performed at room
temperature, as shown in Fig. 3. The fracture strength and the
plastic strain of the [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux
(x ¼ 0, 0.1, 0.3, 0.5, 0.7, 0.9) glassy rods are also listed in Table 1. The
alloys exhibit high fracture strength of 4310e4400 MPa. The plastic
strain for BMGs without Cu was 0.8% and increases to 1.0%, 1.4%,
2.5%, 1.2% and 0.9% for the 0.1 at. %, 0.3 at. %, 0.5 at. %, 0.7 at. % and
0.9 at. % Cu-added BMGs, respectively. The



Table 1
Critical diameters, thermal stability, mechanical properties, and magnetic properties of the as-cast [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1, 0.3, 0.5, 0.7, 0.9)
metallic glasses.

Cu content Tg (K) Tx (K) DT (K) Tm (K) Tl (K) Tg/Tl Hc (A/m) Bs (T) sf (MPa) εp (%) Dcr (mm)

x ¼ 0 854 896 42 1294 1320 0.65 0.78 0.70 4320 0.8 5.5
x ¼ 0.1 853 894 41 1294 1353 0.63 0.81 0.73 4330 1.0 5.5
x ¼ 0.3 853 893 40 1292 1331 0.64 1.27 0.73 4370 1.4 4.5
x ¼ 0.5 850 892 42 1290 1316 0.65 1.32 0.73 4400 2.5 4.5
x ¼ 0.7 848 889 41 1289 1313 0.65 1.41 0.72 4310 1.2 4.5
x ¼ 0.9 847 889 42 1289 1315 0.64 1.85 0.69 4330 0.9 3.5

Fig. 3. Compressive stress-strain curves of [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux

(x ¼ 0, 0.1, 0.3, 0.5, 0.7, 0.9) glassy rods with the diameter of 1 mm.
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[(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]99.5Cu0.5 alloy exhibits larger
plasticity than the others. The results demonstrate that properly
adding a small amount of Cu element can significantly improve the
plasticity of Co-based BMGs.

Fig. 4 shows SEM images of the [(Co0.7Fe0.3)0.68B0.219-
Si0.051Nb0.05]99.5Cu0.5 surface prior to failure subjected to
compression test. The outer surface and fracture surface of this Co-
based bulk glassy alloy are shown in Fig. 4 (a) and (c), respectively,
together with their partially enlarged details (Fig. 4 (b) and (d),
respectively). There are high-density shear bands distributing on
the sample surface, including the main shear band and massive
secondary shear bands. The secondary shear bands intersect with
the main shear band, as well as themselves (Fig. 4 (b)). These
intricate shear bands make alloys avoid catastrophic fracture and
exhibit certain degree of plastic deformation. The fracture surfaces
exhibit well-developed vein patterns (Fig. 4 (d)), which are com-
mon characteristics observed on ductile non-ferrous BMGs. In
addition, there are small droplets formed by melting on the
compression fracture surface, which indicates that the shearing
deformation of alloy accompanies adiabatic heating during
compression. In general, the number of shear bands determines the
plastic deformation ability of the BMGs. During the compressive
process, the plastic deformation is largely confined into the shear
bands, and then the shear bands will rapidly expand until sudden
fracture. These results further convince that the promotion of
multiple shear bands is an effective method to increase the plas-
ticity of the Co-based bulk glassy alloys. And the plasticity is
attributed to the abundant vein patterns, as well as the generation
and propagation of high-density multiple shear bands, which are
closely related to the precipitates in the alloys. Therefore, large
plastic deformation can be obtained by adding appropriate Cu in
the Co-based alloys.

To further explain the origin of the fracture of the Cu-added Co-
based BMGs, the microstructure of the rod specimens with critical
diameters (5.5, 4.5 and 3.5 mm for alloys with x ¼ 0, 0.5 and 0.9,
respectively) was carefully examined with high resolution TEM.
Fig. 5 shows the TEM images and the selected area electron
diffraction (SAED) of the BMGs [(Co0.7Fe0.3)0.68B0.219-
Si0.051Nb0.05]100-xCux rod specimens: (a) x ¼ 0; (b) x ¼ 0.5 and (c)
x ¼ 0.9. In Fig. 5 (a), the TEM diffraction patterns show that the
amorphous structure of the investigated samples. When a small
amount of Cu (x ¼ 0.5) is added into the Co-based BMGs, a large
number of a-(Fe, Co) with diameters of less than 5 nm dispersing in
the amorphous matrix are observed in the TEM image and its
selected diffraction pattern, as shown in Fig. 5 (b1) and (b2),
respectively. With a Cu content up to 0.9 at. %, some dendrites ((Fe,
Co)15Si3B2 and (Fe, Co)3B) larger than 200 nm in size are observed
besides the a-(Fe, Co), as shown in Fig. 5 (c1) and (c2), respectively.

From the above results and discussion, an explanation of the
deformation mechanism can be drawn, as shown in Fig. 6. Ac-
cording to the schematic diagrams describing the change of inter-
nal composition and structure in the compressed samples, the
mechanism for plastic deformation of Co-based BMGs is revealed.
Taking [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]99.5Cu0.5 for an example,
since Cu is hardly soluble in Fe at room temperature, there are
many inhomogeneous Cu clusters (the orange circles in Fig. 6)
dispersing in the BMG substrate, as shown in Fig. 6 (a). At the
beginning of the compression, the shear bands are activated at the
central position of the sample. But initial stress only leads to a small
number and simple form of shear bands. It has been reported that
the temperature in the vicinity of high stresswould increase rapidly
during compression [30]. Thus, Cu clusters may act as nucleation
sites of a-(Fe, Co) and nanocrystallization possibly takes place
during compression. A small number of a-(Fe, Co) nuclei (red circle
in Fig. 6) are produced around the Cu clusters, as shown in Fig. 6 (b).
The shear bands gradually expand as the load continuously in-
creases. During compression, a large number of shear bands are
produced and interact with ductile nanoscale crystalline phases,
resulting in the shear bands branching. The shear bands of these
branches cross each other, hindering further deformation until
fracture, as shown in Fig. 6 (c)-(e). Thus, the formation of abundant
of branching shear bands results in the improvement of the plas-
ticity. However, when the Cu content exceeds a certain amount,
complicated multiple crystalline phases or some dendrites may be
produced during compression, which will deteriorate the proper-
ties of the alloy and cause the decrease of plasticity.

Fig. 7 shows the hysteresis loops of the [(Co0.7Fe0.3)0.68B0.219-
Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1, 0.3, 0.5, 0.7, 0.9) metallic glasses. It
can be seen the magnetization quickly saturates under the applied
magnetic field, which indicates excellent soft magnetic properties
of the Co-based BMGs system. The Bs lies in a high value range from
0.70 to 0.74 T. Moreover, the Hc of the alloys are small, this may own
to the structural relaxation after annealing [31]. The Hc increases
gradually with the increase of Cu content as shown by the red line
in Fig. 8. It may attribute to the addition of Cu which results in the
nucleation sites formation of some a-(Fe, Co) and/or (Fe, Co) B. The
number of a-(Fe, Co) generally increases with the addition of Cu.



Fig. 4. SEM images of (a) multiple shear bands on the outer surface and (b) vein pattern on the fracture surface of the [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]99.5Cu0.5 rod specimen; (b)
and (d) are the enlarged b and d in the (a) and (c), respectively.

Fig. 5. TEM images and SAED patterns of the [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux glassy rods with composition of (a) x ¼ 0; (b) x ¼ 0.5; (c) x ¼ 0.9.
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When the Cu content exceeds a certain value, chemical clusters of
(Fe, Co) B may appear [32,33], which makes the Hc of the alloy in-
crease further. Therefore, the precipitation of a-(Fe, Co), chemical
clusters of (Fe, Co) B in the glassy matrix obviously increases the
value of Hc. However, the Bs shows a trend of firstly increasing and
then decreasing, which is different from that of the Hc. With the
increase of Cu content, the appearance of a-(Fe, Co) may be
conducive to the improvement of Bs of the as-cast alloys. After
adding more than a certain amount of Cu, (Fe, Co) B and other
crystalline phases are detrimental to Bs of alloys [34]. This is almost
consistent with the trend of the plasticity with Cu content, as
shown by the blue line in Fig. 8.



Fig. 6. Schematic diagrams of the internal composition and structure of [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]99.5Cu0.5 glassy rods during compression. The orange circles and red circles
represent Cu clusters and a-(Fe, Co), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Hysteresis loops of melt-spun [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0,
0.1, 0.3, 0.5, 0.7, 0.9) glassy ribbons measured by VSM.

Fig. 8. The change of coercivity and plasticity with Cu content in
[(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0, 0.1, 0.3, 0.5, 0.7, 0.9) glassy alloys.
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The positive mixing enthalpy of the Fe-Cu, Co-Cu and Nb-Cu
atomic pairs results in mutual repulsion in BMGs. Therefore,
some Cu clusters may be embedded in the BMGs matrix, which act
as nucleation sites of a-(Fe, Co) and other crystalline phases. In
addition, the temperature near the region of high stress increases
rapidly during the compression. This phenomenon is demonstrated
by the small droplets observed in our experiment. So, crystalliza-
tion at the nanoscale may occur during this process. During the
compression, the shear bands interact with these nanoscale ductile
crystal phases, bypassing/cutting through the ductile crystalline
phase. This leads to the deflection of extension direction of the
existed shear bands and then multiple shear bands are generated,
which improve the plasticity of bulk glassy alloys. Therefore, a
method of generating multiple shear bands by stress-induced
nanocrystallization can improve the plasticity of the Co-based
BMGs.
4. Conclusion

In this work, [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x ¼ 0,
0.1, 0.3, 0.5, 0.7, 0.9) alloys were prepared by copper mold casting
with critical diameter up to 5.5 mm. With the Cu addition, the Co-
based BMGs exhibit superior mechanical properties, such as su-
perhigh sf of 4310e4400 MPa and large εp successfully elevated to
2.5%, and excellent magnetic properties, such as low Hc of
0.78e1.85 A/m, high Bs of 0.70e0.74 T. It is found that the me-
chanical and magnetic properties are closely correlated with their
inner atomic cluster structure. The existence of a-(Fe, Co) is effec-
tive in improving not only Bs, but also the plasticity of the alloy by
producing abundant of vein patterns on the fracture surface and a
high density multiple shear bands on the flank of the rod specimen.
The high strength together with the promising plasticity is
encouraging for further development of Co-based BMGs with
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potential applications.
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