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A new Co43Fe20Ta5.5B31.5 metallic glass matrix composite was cast with in situ precipitated crystalline dendrite phases. This com-
posite has particular plasticity properties with a large stress rise after yielding under uniaxial compressive test, which offsets the
strength loss, together with local shear deformation and plastic flow within the vein-like structure. In addition, some shear bands
– also with the vein-like structure – are observed ahead of the cracks. This indicates that the local shear deformation is triggered by
the local shear softening mechanism.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Enhancing the toughness of materials, by improving
their strength and plasticity, is an important area of re-
search. In general, conventional crystalline materials
have good ductility, but lack strength. Therefore, on
the one hand, scholars have employed a wide range of
methods to strengthen conventional materials, e.g. alloy-
ing, solid solution, precipitation, dispersion and work-
hardening. In addition, controlling the defect density
or grain size has also been used as a means to strengthen
metallic materials, leading to the production of ultrafine-
grained and nanostructured materials [1,2]. On the other
hand, many investigators have been trying their best to
exploit new alloys with high strength by disordering the
crystal lattice so as to forbid the occurrence of slip defor-
mation on the crystallographic planes; this approach has
resulted in the birth of amorphous alloys or metallic
glasses [3]. In the past two decades, various bulk metallic
glasses (BMGs) have attracted particular attention due
to their excellent mechanical, physical and chemical
properties [4,5]. One significant finding is that the histor-
ical record for the strength level of BMG materials has
been broken continuously. For example, the strength is
in the range of 1500–2000 MPa for Zr-based BMGs
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[6–8], 1700–2100 MPa for Ti-based BMGs [9], 1900–
2500 MPa for Cu-based BMGs and 2700–3100 MPa
for Ni-based BMGs [10,11]. In addition, when these
amorphous alloys were made into ribbon and wire with
a thickness/diameter of about 20 lm, their highest tensile
strength was reported to be 3600 MPa for amorphous
Fe-based alloy [12], 3580 MPa for amorphous Co–Si–B
and 4000 MPa for amorphous Co–Ta–Si–B alloy [13].
Many investigations have also been devoted to improv-
ing the plasticity of BMGs. The ductility of these com-
posites has been improved by adding elements with
high melting points, such as Ta, Nb or Mo, to Zr-, Cu-
and Ti-based BMGs by in situ precipitation of ductile
micrometer-sized particles [14,15], body-centered cubic
(bcc) b dendrites [16,17] or nanostructured dendrites
[18,19] upon cooling from the melting state. It is note-
worthy that the strength has recently been improved to
a historical peak of about 5300 MPa for Co–Fe–Ta–B
amorphous alloy [20]. The plasticity, however, always
becomes very bad even in a zero-plasticity fracture with
a fragmentation mode [21]. Therefore, this gives rise to
the scientifically important problem of how to make
Co–Fe–Ta–B amorphous alloy ductile by controlling
the microstructure to produce a new material with a
super-high strength in combination with certain
ductility. In this work, we successfully cast the
Co43Fe20Ta5.5B31.5 metallic glass composite with a
sevier Ltd. All rights reserved.
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ductile dendritic phase by in situ precipitation. This
material displays a slight plastic strain under compres-
sive test, as well as local shear deformation, to form
vein-like structure on the fracture surface. Meanwhile,
based on the experimental results, we also compare the
mechanical properties of the BMG with those of the fully
amorphous alloy. Significantly, we introduce a compos-
ite material: Co-based BMG composite with a ductile
dendritic crystalline phase, which has great potential to
be developed into a high-performance material with both
high strength and good plasticity.

Multicomponent Co-based alloy ingots with a nomi-
nal composition of Co43Fe20Ta5.5B31.5 (at.%) were pre-
pared by arc melting mixtures of ultrasonically cleaned
Co, Fe and Ta metals with a purity of 99.9% or better
and pure crystalline B (99.5 mass%) in a Ti-gettered
high-purity argon atmosphere. Bulk alloys in rod form
2 mm in diameter were produced by an ejection copper
mold casting method. The as-cast microstructures and
the dendritic phase were analyzed by X-ray diffraction
(XRD) using a Rigaku diffractometer with CuKa radia-
tion as the source. The sample was etched by hydroflu-
oric acid in order to expose the dendritic phase and
then examined by scanning electron microscopy (SEM)
using a Quanta 600. Finally, three samples were tested
using a computed-controlled, servohydraulic Instron-
8810 testing machine at a strain rate of about 10�4 s�1

at room temperature, and the results were averaged to
give the final compressive mechanical properties. The
deformation and fracture morphologies on the side sur-
faces and the fractographies were observed by SEM.

Figure 1 shows the XRD diffraction pattern taken
from the cross-section surfaces of the as-cast Co43Fe20-
Ta 5.5B31.5 alloy rod. It can clearly be seen that the
XRD pattern is composed of a broad diffusion back-
ground and a set of several sharp crystalline peaks,
which correspond to a mixture of the metallic glass ma-
trix and some precipitated crystalline phase, identified as
a complex face-centered cubic (fcc) (Co,Fe)21Ta2B6

phase with a large lattice parameter of 1.055 nm, similar
to earlier reports [22,23]. No other crystalline phases
could be detected within the sensitivity limits of the
XRD. At the same time, the inset of Figure 1 shows
Figure 1. XRD diffraction pattern taken from the cross-section
surfaces of the as-cast Co43Fe20Ta5.5B31.5 alloy rod. And the inset
shows the SEM backscattered electron micrograph of the ductile
dendritic crystalline phases on the etched cross-sectional surfaces.
the SEM backscattered micrograph of the as-cast alloy
etched on the cross-sectional surface, it is interesting
to find that the precipitated crystalline phase is clearly
dispersed in the metallic glass matrix with some snow-
like dendrites. Moreover, there is no any trace of the
thick reaction layer at the interface between the precip-
itated crystalline phase and the metallic glass matrix.
Furthermore, neither pores nor voids appear over the
whole cross-section of the samples.

Figure 2 shows one of the engineering stress–strain
curves of the as-cast Co43Fe20Ta5.5B31.5 alloy with a com-
mon aspect ratio (height/diameter = 2), subjected to a
uniaxial compressive test at a strain rate of 1 �
10�4 s�1. The specimen displays an initial elastic defor-
mation behavior with an elastic strain of about 1.8%,
and then begins to yield at about 4.05 GPa, followed
by a large stress rise up to 4.95 GPa with a compressive
plastic strain of about 0.4%. Its Young’s modulus, E, is
about 222 GPa. The compressive mechanical properties
for fully amorphous Co43Fe20Ta 5.5B31.5 alloy were re-
ported in Ref. [20], and are listed in Table 1. Strikingly,
for the identical alloy composition under the same com-
pressive conditions, the achievement of 0.4% plastic
strain will reduce the yield strength by about 22% and
the fracture strength by about 4%. That is, the change
of microstructure from fully amorphous to the compos-
ite with the precipitated crystalline phase resulted in a de-
crease in the yield and fracture strength, but contributed
to an increase in the plasticity. Furthermore, by compar-
ing the data in Table 1, it can be seen that although it is
hard to greatly enhance the plasticity of the amorphous
alloy, the increase in the plasticity only leads to a slight
loss of strength. Due to the effect of the in situ precipi-
tated dendritic crystalline phase, the alloy begins to yield,
Table 1. The compressive mechanical properties of the current
Co43Fe20Ta5.5B31.5 alloy and the data reported in Ref. [20]

Alloy Compressive mechanical properties

E (GPa) ry

(GPa)
rC

F

(GPa)
ee (%) ep

(%)
H/D

Amorphous 268 5.18 5.18 1.9 0 2
Composites 222 4.05 4.95 1.8 0.4 2

Figure 2. Engineering stress–strain curve of the as-cast Co43Fe20-
Ta5.5B31.5 alloy rod, subjected to uniaxial compressive testing at a
constant strain rate of 1 � 10�4 s�1; the inset shows a close-up,
displaying serrated flow behavior.
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showing as the stress–strain curve deviating away from
the straight line. The curve continues to show a large
stress rise, owing to the super-high strength of the metal-
lic glass matrix. As shear bands propagate, the curve also
displays a slightly serrated flow behavior, shown in the
inset of Figure 2. Meanwhile, the crystalline phase itself
might deform, in company with the metallic glass matrix.
Therefore, the high stress rise offsets the loss of strength,
leading to a strength loss, Dr, of only about 0.74 GPa if
the alloy still deforms in an ideal elastic way, as shown in
Figure 2.

In addition, Figure 3 shows the SEM micrographs of
the Co43Fe20Ta 5.5B31.5 alloy. The image of the etched
as-cast alloy shows that the bright phases, corresponding
to dendrites with a complex fcc structure, are dispersed
homogeneously in the metallic glass matrix, as shown in
Figure 3a and in the inset of Figure 1. The dendritic struc-
ture processes the character of primary dendrite axes with
a length range of 10–20 lm. Furthermore, a regular pat-
tern of secondary dendrite arms with a submicron space
of 0.3–3 lm was observed, and even some dendrite arms
in nanoscale were also found in Figure 3a. In addition,
some parallel shear bands, approximately along the
Figure 3. SEM fractographies of the Co43Fe20Ta5.5B31.5 alloy after
compressive fracture. (a) Precipitated crystalline phase with a dendritic
pattern: (Co,Fe)21Ta2B6; (b) shear bands on the surface; (c) fracture
surface induced by shear deformation with melted vein-like structure;
(d) melted liquid with a large plastic flow; (e) vein-like structure in the
gap of crack; and (f) shear bands at the tip of the crack, suggesting a
local shear deformation.
crack, can be observed on the surface, corresponding to
the plastic strain (Fig. 3b) [24,25]. Further observations
show that a mass vein-like structure appeared at the local
region with a clear shear trace, which is a typical feature of
the fracture surfaces of ductile metallic glass material with
a small ratio of shear strength to cleavage strength, a
(a = s0/r0) [26]. This vein-like structure extends along a
uniform direction, corresponding to the direction of shear
deformation (Fig. 3c), which is similar to previous reports
[27–29]. That implies a local plastic deformation, which is
in agreement with the shear bands on the surface shown in
Figure 3b, contributing to the plastic strain of 0.4% under
the compressive test. Furthermore, the slightly enlarged
photo shows that most of the vein-like structures consist
of melted liquid, flowing along the shear direction. This
observation is similar to that on the fracture surface of
ductile metallic glass material [26], indicating the occur-
rence of melting behavior at the moment of fracture. This
also further illustrates the increase in the temperature in-
side the material, due to the super-high elastic energy
(Fig. 3d). Moreover, some vein-like patterns appear in
the gaps between the cracks (Fig. 3e). This implies that
the melting behavior not only took place on the surface,
but also appeared in the gaps between the cracks, proba-
bly due to the temperature rise inside the shear bands [30].
Those observations provide indirect evidence for the local
shear strain. In addition, some shear bands were also ob-
served at the tip of crack, together with the vein-like struc-
ture too (Fig. 3f). This implies that the shear deformation
happened as a result of the local shear softening mecha-
nism in the fracture process [31], which corresponds to
the slight global plasticity.

In summary, we report that the Co43Fe20Ta5.5B31.5 al-
loy can be successfully cast into a new composite with a
metallic glass matrix and some in situ precipitated den-
dritic phases. It shows a plastic strain of about 0.4%
with a large stress rise of about 0.9 GPa under uniaxial
compressive test, along with local shear deformation
and plastic flow, displaying some local shear bands
and vein-like patterns on the fracture surface. Mean-
while, by comparing the mechanical properties of this
composite with those of the fully amorphous alloy, it
is noted that enhancing the plasticity only results in a
slight strength loss, due to the precipitation of dendritic
crystalline phases. Therefore, this Co-based metallic
glass composite can be considered to have potential to
be developed into a high-performance material with
both high strength and good plasticity.
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