
Research Article
A Ti/Ti-Based-Metallic-Glass Interpenetrating Phase Composite
with Remarkable Mutual Reinforcement Effect

J. Mu,1 Z. W. Zhu,2 H. F. Zhang,2 H. W. Zhang,2 H. M. Fu,2

H. Li,2 A. M. Wang,2 and Z. Q. Hu2

1 Key Laboratory for Anisotropy and Texture of Materials, Northeastern University, Shenyang 110004, China
2 Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences,
72 Wenhua Road, Shenyang 110016, China

Correspondence should be addressed to H. F. Zhang; hfzhang@imr.ac.cn

Received 21 February 2014; Accepted 22 April 2014; Published 14 May 2014

Academic Editor: Limei Xu

Copyright © 2014 J. Mu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A Ti/Ti-based-metallic-glass interpenetrating phase composite (IPC) was prepared by infiltrating the Ti
34.3

Zr31.5Ni5.5Cu5Be23.7 melt
into the porous Ti skeleton. Porous Ti limits the shear band (SB) propagation and promotes the SB multiplication, leading to the
improved ductility. Moreover, the interpenetrating phase structure shows a mutual reinforcement effect for both amorphous and
crystalline phases, making IPC possess higher strength than that calculated by the models held for the conventional composites.
This finding will suggest a new way for preparing composites with high strength and ductility.

Bulk metallic glass composites (BMGCs) have attracted lots
of attention due to the combinations of strength and ductility
[1–3]. The reinforcement is usually in the shape of particles
[4–6], fibers [7, 8], and so forth. It is classified into the two
types of ductile and brittle one by the nature. Recently, ductile
crystalline inclusions have been proven to more effectively
improve the plasticity of the composites [9–18]. For exam-
ple, Zr- or Ti-based Be-bearing BMGCs containing body-
centered cubic (b.c.c.) dendrites exhibitmore than 10%plastic
strain under tension as well as high processability, which
causes lots of interests worldwide [9–13]. The introduction of
high volume fraction dendrites with the low strength indeed
improves the ductility but apparently reduces the strength of
materials, which limits their practical utility to some extent.
It is challenging to prepare the BMGCwith high strength and
plasticity.

In this letter, an idea of interpenetrating phase composite
(IPC) [19–21] was applied, which is prepared by infiltrating
the melt into the prefabricated porous skeleton, to overcome
this aforementioned issue. Generally speaking, the skeleton
is fabricated by powder consolidation so that it is easy to
achieve the microstructure as desired. The volume fraction
andpore size can be controlled. Accordingly, in the IPCs, each

individual phase continuously extends in a 3D space to form
a completely homogeneously interconnected network. Each
amorphous unit in a nano- ormicroscale will present a strong
size effect [22, 23], which leads to the IPC possessing higher
strength. Meanwhile, good plasticity is obtained through the
propagation limitation and multiplication of shear bands
by the well-connected crystalline phase with a considerable
volume fraction. As a result, the IPC containing amorphous
phase will show high strength and ductility. Herein, we
present a Ti/Ti-based-metallic-glass IPC, which exhibits the
strength as high as 1740MPa and the ductility of ∼10%.

Master ingots with nominal composition of
Ti
34.3

Zr
31.5

Ni
5.5
Cu
5
Be
23.7

(in atomic percentage) [24] were
prepared by arc melting the mixture of the element metals
in a Ti-getter high-purity argon atmosphere. Titanium
skeleton (purity ≥ 99.9 wt.%) with a porosity of ∼60%
and pore size of 30∼300 𝜇m was used as the infiltration
skeleton. The composites were prepared by pressure assisted
infiltrating the Ti

34.3
Zr
31.5

Ni
5.5
Cu
5
Be
23.7

melt into the
porous Ti skeleton at 1123 K. The pressure and time in the
infiltrating process were about 1MPa and 5min, respectively.
The as-prepared samples were characterized with X-ray
diffraction (XRD, Philips PW1050, Cu-K

𝛼
), scanning
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electron microscope (SEM, Hitachi S3400N) coupled with
energy dispersive spectrometer (EDS, Oxford), transmission
electron microscope (TEM, JEOL 2010, 200 kV), and
differential scanning calorimeter (DSC, Netzsch DSC 204
F). DSC measurements were performed in a flowing argon
atmosphere at a heating rate of 40K/min. Compression tests
were conducted in an Instron 5582 universal testing machine
at a strain rate of 5 × 10−4 s−1 at room temperature. Fractured
samples were observed using SEM and TEM.

Figure 1(a) shows the XRD patterns of the as-prepared
composite. For comparison, the XRD patterns of porous
Ti skeleton used in the present work are also displayed
in Figure 1(a). It can be seen that the XRD patterns of
the composite are comprised of the apparent Bragg peaks,
some of which are identical to those of the porous Ti. It
indicates that the porous Ti is retained in the composite,
which is indexed as 𝛼-Ti. Besides 𝛼-Ti, the other weak
peaks are probably identified as 𝛽-Ti, of which the intensity
shows that its volume fraction is quite low. Whether the
amorphous phase forms or not is difficult to be recognized
from theXRDpatterns in Figure 1(a), because theBragg peaks
corresponding to the crystalline phases are very strong.

The existence of amorphous phase in the as-prepared
sample is demonstrated by DSC measurements, as shown in
Figure 1(b). DSC curves of the composite exhibit an obvious
glass transition and crystallization. The specimens cut from
the top and bottom of the as-prepared samples were both
examined. In comparison with the DSC curve of monolithic
BMG, it is found out that the composite has similar thermal
characteristic temperatures as those of monolithic BMG. It is
implied that the composition of the amorphousmatrix in this
composite is not changed largely, whichwill not ruin the glass
forming ability of Ti

34.3
Zr
31.5

Ni
5.5
Cu
5
Be
23.7

(at.%) alloy. [24]
That is to say, high glass forming ability of themaster alloywill
ensure that the composite may be prepared in large sizes. In
the present work, the sample of 10×40×60mmwas prepared
(not shown here).

The phase distribution morphology of the as-prepared
composite was observed, as shown in Figures 1(c) and 1(d).
From the SEM images in Figure 1(c), it can be found out
that all the pores of Ti skeleton are filled with the Ti-based
metallic glass. No visible void can be seen on the interface.
Careful examination of the interface between 𝛼-Ti and the
amorphous phases shows the presence of a continuous transi-
tion layer with a thickness of ∼8 𝜇m, as shown in Figure 1(d).
In the amorphous phase, some dendrites with the size <5 𝜇m
precipitated, as marked by the ellipses in Figure 1(d). The
EDS analysis indicates that they have the similar composition,
which ismainly composed of Ti and Zr, of which the contents
are 85.9 at.% and 12.6 at.%, respectively. Zr is considered
as an element stabilizing 𝛽-Ti solution [25]. Accordingly,
it is probable that the transition layer and the precipitated
dendrites should correspond to 𝛽-Ti as indicated by XRD
measurements (Figure 1(a)), which is further clarified by
TEM observations. Figure 1(e) shows the bright field image
of TEM for the composite, clearly showing that the dendrite
is embedded in the featherless matrix. The corresponding
selected area electron diffraction (SAED) patterns are inset

with Figure 1(e), illustrating that the amorphous and body-
centered cubic (b.c.c.) phase are for the matrix and dendrite,
respectively. The interface between both the phases is shown
in high resolution in Figure 1(f). It confirms that there are not
any reaction products that are observed and both the phases
are atomically bonded.

Mechanical properties of the as-prepared composite were
measured by quasistatic compression tests. The specimens of
4 × 4 × 8mm were used. For a comparison, the compressive
stress-strain curves of the porous Ti and monolithic BMG
were also displayed in Figure 2(a). The porous Ti exhibits an
extremely low strength and hardly fails under compressive
loading. On the contrary, the monolithic BMG fractured
without any plastic deformation under loading. The fracture
strength is as high as about 1830MPa. It is clear to show that
the composite possesses the advantages of both materials as
expected, including high strength and considerable plastic-
ity. The yield strength, plasticity, and fracture strength are
approximately 1400MPa, 10%, and 1740MPa for the present
composite, respectively.

As reported by the previous works [6, 7, 26], the yield
strength of BMGCs containing the particles and fibers of the
relatively low volume fraction (i.e.,<30%) still follows the rule
of mixture (ROM), which is expressed as follows:

𝜎

𝑐
= 𝑓

𝛼
𝜎

𝛼
+ 𝑓

𝛽
𝜎

𝛽
, (1)

where 𝑓 and 𝜎 are the volume fraction and the yield strength
of the constituent phases and subscript/superscript 𝛼 and 𝛽
refer to the pure titanium and the BMG in the present study,
respectively.

For the volume fraction of the crystalline phasemore than
50%of the load-bearingmodel is applied to calculate the yield
strength of the composite as follows [27]:

𝜎

𝑐
= (1 + 0.5𝑓

𝛽
) 𝜎

𝛼
. (2)

Suppose that the amorphous/crystalline IPCs are the same
as the conventional BMGCs and the strength is modeled as
a function of volume fraction for Ti/Ti-based-metallic-glass
IPCs, as shown in Figure 2(b). The mechanical parameters of
the constituent phases are listed in Table 1 [24, 25]. Between
those two cases, the percolation theory is applied [26, 28] as
schematically illustrated by the solid line in Figure 2(b).

Apparently, it is easy to find out that the yield strength
of the current composite is higher than the value calculated
by about 30%, as shown in Figure 2(b). That is to say, each
phase in the present composites yields at the higher stress
under loading. It is believed that the enhancement effect
arises from the present interpenetrating phase structure. As
aforementioned, the composite is made by infiltrating Ti-
based metallic melt into the porous Ti skeleton so that
each phase can exhibit a 3D network structure (Figure 1(c)).
Microstructurally, each local unit of one phase is surrounded
by the units belonging to the other phases. A sleeve-like
confinement may mutually take place for each other under
loading [20, 21], which makes the phases in the composites
more difficult to plastically deform. It is apparently in favor
of the enhancement of the yield strength for the present
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Figure 1: Structural characterizations of Ti/Ti-based-metallic-glass IPC. (a) XRD patterns of the composites and Ti skeleton. (b) DSC curves
of the composites and monolithic BMG. (c) and (d) SEMmicrographs. (e) and (f) TEMmicrographs of IPC.
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Figure 2: (a) Stress-strain curves of the monolithic BMG, porous Ti, and IPC and (b) comparison of experimental and calculated values of
yield and fracture strength as a function of volume fraction for IPC.

Table 1: Density (𝜌), Young modulus (𝐸), shear modulus (𝐺), yield strength (𝜎
𝑦
), and fracture strength (𝜎

𝑓
) of 𝛼-Ti and monolithic BMG.

𝜌 (g/cm3) 𝐸 (GPa) 𝐺 (GPa) 𝜎

𝑦
(MPa) 𝜎

𝑓
(MPa)

𝛼-Ti 4.51 115 44 140∗ 235∗

BMG 5.54 97.8 36.1 1830 1830
Note.∗The data are measured in tension [25].

composite. On the other hand, the size effect of glassy phase
should be taken into account. Different from the composites
containing the reinforcement particles and fibers where the
glassy phase serves as the matrix, the glassy phase is one
constituent in the present composite which is hard to be
defined as the matrix or the reinforcement. And the local
glassy phase units have the size of less than 300𝜇m, some
of which are on a nano- or microscale. Recent studies show
that metallic glasses have a strong size effect on the strength
[23].The yield strength of Zr-Ti-Co-Be metallic glass reaches
2.25GPa when the specimen size reduces to 100 nm [23].
From this view of aspect, the confined units of the smaller size
will produce the stronger enhancement effect. These results
show the presence of remarkable mutual reinforcement effect
for the constituent phases in the IPC, which results in the
higher strength as shown in Figure 2(b).

The interpenetrating structure simultaneously improves
the plasticity. As pointed in the previous study, the intro-
duction of ductile phase into the BMG matrix tunes the
stress state in the materials, [15] which inhibits the rapid
propagation of shear bands and produces the multiple shear
bands. A similar mechanism takes place in the present
composite.The lateral surface of the fractured specimens was
observed by SEM, as shown in Figure 3(a). Multiple shear
bands are clearly seen in the glassy phase. It is of no doubt
that the plastic deformation firstly occurs in Ti skeleton due
to its relatively low yield strength. Abundant slip bands can be

seen in theTi skeleton as shown in the inset of Figure 3(a).The
transition layer of 𝛽-Ti solution is good for the progressive
deformation because it is harder than the pure Ti and softer
than BMG. It will harmonize the deformation behaviors
of local Ti and amorphous units. It is confirmed by the
number density of slip bands or shear bands reducing fromTi
skeleton to the glassy phase in the inset of Figure 3(a). Once
the shear band initiates, the propagation will be inhibited
by the crystalline phases. Figure 3(b) shows the dendrite
arresting the shear band. This behavior makes the specimens
avoid the sudden fracture due to the rapid propagation of
shear bands. Shear band multiplication distributes the plastic
strain, improving the plasticity.

To conclude, the present Ti/Ti-based-metallic-glass IPC
exhibits advantageous properties. The sleeve-like confine-
ment effect and size effect presented by the current con-
tinuous structure in the 3D space contribute to not only
high plasticity but also high strength. It is implied that the
crystalline/amorphous IPC will be served as a new way of
producing BMGCs with good plasticity combined with high
strength, which will promote the practical utility of BMGCs.
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Figure 3: (a) SEMmicrographs of the lateral surface of fractured sample showing that the crystalline phase restrains the shear band motion
and gives rise tomultiple shear bands in the glassy phase; (b) TEMmicrographs of deformed samples showing that the precipitated crystalline
phase inhibits the microcrack propagation.
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