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ABSTRACT

A large tensile plastic deformation was reached in ZrCu-based metallic glass composites
with metastable B2 phase. It was found that the B2 phase can effectively promote the density
of the stress concentration sites and enhance the formation and interaction of multiple shear
bands, which significantly stabilize the tensile plastic deformation of metallic glass
composites. Based on the concept of the normalized strain-hardening rate, the critical volume
fraction for the stable tensile plastic deformation of metallic glass composites was

determined.
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1. Introduction

Extensive investigation over the past few years has indicated that the strength of
metallic glass (MG) is greatly increased in the absence of dislocation defects. However, the
poor tensile ductility of MG is still a key issue to be addressed [1-3]. Though most MGs show
brittle fracture behavior macroscopically, it is believed that the shear strain in a single shear
band in an MG can be as large as 1023, or more [4-6]. Therefore, MG should be intrinsically
ductile at the micron scale, a fact that is verified by a number of reports on the mechanical
behavior of MG with sizes decreasing to the micrometer or nanometer levels [3,7-10].
Therefore, a crystalline phase can be ex-situ or in-situ introduced to decrease the effective
geometric size of the MG matrix in MG composites (MGCs), thereby inhibiting the unstable
and rapid propagation of major shear bands [11-14]. In such MGCs, since multiple shear
bands are activated in the MG matrix, the ductility of MGCs is greatly improved, especially in
those body-centered cubic (bcc) £ dendrite reinforced ZrTi-based MGCs [15-18]. Usually, f
dendrite reinforced MGCs show unstable plastic deformation under tension: strong necking or
strain localization occurs once they yield [18]. This unstable plastic deformation is attributed
to the low work-hardening capability of the g dendrites, which is characterized by a few
dislocations with same orientation and no dislocation interaction [18,19]. Therefore, the
dendrites are easily cut off by the propagating shear bands in the MG matrix [18]. To
overcome this unstable plastic deformation under tension, metastable phases were introduced
to the MG matrix, such as metastable g phase reinforced Ti-based MGCs [20] and metastable
bcc B2 phased reinforced CuZr-based MGCs [21-25]. These MGCs not only showed
excellent compressive properties, but also displayed a strong work-hardening rate under
tension. Due to the martensitic transformation of the B2 phase during plastic deformation at
room temperature, stress redistribution near the B2/MG interface and transformation mediated
plasticity can be observed [21-25].

In this study, the tensile plastic deformation of ZrCu-based MGCs with different
volume fractions of the metastable B2 phase was systematically investigated, and a large

uniform tensile plasticity was successfully achieved in the ZrCu-based MGCs.



2. Experimental

The ZrCu-based MGs and MGCs with chemical compositions of ZrssCuassAlsNbys
were prepared by arc melting and cast into a copper mold. Ingots with length of 50 mm and
diameters of 3 mm, 3.5 mm, and 4 mm were produced. ZrsCusssAlsNbis MGs with
diameters of 3 mm, 3.5 mm, and 4.0 mm were labelled S1, S2, and S3, respectively. The
phases of the MG and MGC ingots were characterized by X-ray diffraction (XRD) using a
Rigaku diffractometer with Cu K, radiation. The microstructure was also examined by using a
JEM 6490 scanning electronic microscope (SEM) and a Carl Zeiss optical microscope (OM).
The volume fraction of the B2_phase was determined by Image-Pro Plus 6.0 software based
on the OM images, and the measurement error was about 0.5%. The tensile samples with
gauge dimensions of 10x1x1 mm? (length x width x thickness) were prepared by the electric
spark method. All tensile samples were ground and finally polished using a 1.0 um diamond
paste. The tensile tests were conducted in an Instron 5565 testing machine at room
temperature, using a constant strain rate of 1x10* s™. Each experiment was repeated at least 3
times. The deformed samples were investigated by SEM to reveal the deformation and

fracture features.

3. Results

Figure la demonstrates the typical patterns of sample S3. It exhibits a composite
structure, consisting of the metallic glass matrix, the B2 phase of body-centered cubic
structure, and the B19' phase of monoclinic structure. Similar results were also found in
samples S1 and S2 (not shown here). The inset in Fig. 1a shows an optical metallograph of
the microstructure of sample S3. The round and dark particles are B2 crystals, which are
homogeneously distributed in the amorphous MG matrix. The average chemical compositions
for the B2 phase and the amorphous MG matrix were detected by energy-dispersive
spectroscopy (EDS) as Zrso.gCuaszAla1Nb1 3 and ZragsCuaasAlssNDb2 s, respectively. It is clear
that the difference between the chemical compositions of the B2 phase and the amorphous

MG matrix is very small, which indicates that the precipitation of the B2 phase from the melt



during solidification does not involve strong element diffusion. Figure 1b shows that the
volume fractions of the B2 phase are 9.9%, 18.2%, and 45.1% for samples S1, S2, and S3,
respectively.

Figure 2a shows the tensile engineering stress-strain curves of S1, S2, and S3 with
different crystalline volume fractions. When the B2 phase was introduced, a significantly
continuous transformation from unstable to stable tensile plastic deformation was found in the
MGC with various crystalline volume fractions. For S1 with a B2 volume fraction of 9.9%, it
failed quickly once yielding began, and there was only 1.6+0.5% plastic strain before fracture,
showing a typical brittle fracture at a strength of 1718+25 MPa. As far as S2 was concerned, a
remarkable unstable tensile plastic strain of 5.6+0.5% occurred before fracture. However, the
plastic deformation was characterized with obvious work softening once the yield began at a
stress of 1688+25 MPa. A typical flow serration was found in the plastic region of S2 (see
details in Fig. 2b), which is usually found in the compressive plastic deformation of some
ductile monolithic MGs. As the volume fraction of the B2 phase increased to 45.1%, the
tensile plastic deformation stability was remarkably improved, as seen for S3 in Fig. 2a. The
total strain before necking and fracture was 19.2% for S3. As to S3, with a crystalline volume
fraction of 45.1%, it firstly yielded at 566 MPa and then secondly at 1200 MPa. This first and
second yielding is induced by the martensitic transformation of the B2 phase and the initiation
of the shear bands in the glassy matrix, respectively [21,24]. Its flow serration was
significantly smaller than that of S2, as shown in Fig. 2b. Figure 2c shows the true
stress-strain curve and the corresponding work-hardening rate for S3 subjected to uniaxial
tension. It is clear that S3 underwent significant work hardening to the stress of 1843 MPa,

which is almost 60% higher than the yield stress of 1200 MPa. The average strain-hardening

d . . . 0
rate (6 = d—a) for S3 was 3580 MPa, and the normalized strain-hardening rate (K = —)
& Os

was about 2.98.
Figure 2d shows the deformation feature of S3. The plastic deformation was very

uniform in the whole gauge region. No long penetrating shear bands can be observed in the



whole deformation region. High density shear bands were formed near the B2/MG interface,
and also severe plastic deformation occurred inside the B2 phases (Fig. 2e). Obvious B19'
deformation twins and the interaction between the twins were found in the B2 phase region
(see inset in Fig. 2e), which was also found in the Zrs25CUaa25Al75Er, MGC [26], CuZr alloy
[27], and the ZrisCua75Al4C005 MGC [21]. For the as-cast S3, there were two major phases:
the metallic glass matrix and the B2 phase with a body-centred cubic (bcc) structure. However,
when the sample was subjected to tensile deformation, the B2 peak significantly decreased.
An obvious martensitic transformation also occurred, related to the process of a new

monoclinic phase B19’ formation in the B2 matrix (see Fig. 2f).

4. Discussion

The experimental results above clearly demonstrate that the stability of the tensile
plastic deformation of ZrCu-based MGCs is greatly improved by the metastable B2 phase. It
is believed that the stabilized tensile plastic deformation is attributed to the high
work-hardening rate of the metastable B2 phase [21-23,25]. It was found that both primary
and secondary twins are produced during the plastic deformation [27]. First, the primary twins
formed on the sample at a relatively low tensile stress, and with the plastic deformation

accumulating, secondary twins were formed (see the inset in Fig. 2(e)). The interaction of the

primary and secondary twins results in the high work-hardening rate of the B2 phase [25]. In
this condition, more interfaces between the B2 matrix and the martensite with deformation
twins reduce the mean free path of the dislocations and accordingly improve the dynamic
Hall-Petch effect of the B2 phase. At the same time, more stress concentration sites form in
the B2/MG interface [25].

In ZrCu-based MGCs, the maximum elastic strain of the MG matrix is about 2%,
whereas the maximum elastic strain of the B2 phase is much smaller than 1% [25]. Therefore,
when subjected to tensile loading, the B2 phase will firstly deform plastically. Its deformation
is confined by the interface, and there is a large stress concentration at the interface. With the

loading further increased, when the total strain of the B2 is near 2%, the MG matrix will start



to deform plastically by forming shear bands, and the stress concentration sites near the
interfaces facilitate the initiation of shear bands. Such phenomenon has also been analyzed for
MG/crystalline multilayer composites [25,28,29]. Figure 2e is a typical SEM image showing
that the shear bands initiate at the interface in S3. Therefore, it is considered that B2 particles
can promote the formation of multiple shear bands, and the multiple shear bands will interact
with those initiating from neighbouring B2 particles, leading to the large plastic strain in the
ZrCu-based MGCs [25].

The flow serration in the stress-strain curves reflects the shear band behavior in MGs,
and is related to the activation of the shear transformation zones and their dynamics [25,30].
As shown in Fig. 2b, the stress drop amplitude Acs is about 3.5+0.5 MPa for S2, and only
1.3+0.2 MPa for S3. The stress-strain curves indicate that S2 shows chaotic plastic
deformation behavior characterized by a Gaussian distribution of the shear avalanches, but S3
is more self-organized, and is represented by a power-law distribution of the shear avalanches
[30]. This great change is induced by the microstructural heterogeneities of the B2 phases. As
is well known, an MG can store large elastic energy due to its high strength and large elastic
deformation [31,32]. Once the shear band is initiated, the energy will be dissipated quickly in
the propagating shear band. In the case of the B2 reinforced MGC, the B2 phase undergoes
prevailing martensitic transformation long before the formation of shear bands, especially
with the large volume fraction of the B2 phase [25]. The martensitic transformation can
dissipate most elastic energy, and decrease the elastic energy dissipated by the propagation of
the shear band, which is reflected by the low stress drop of the stress-strain curve (see Fig. 2b)
and the tiny and short shear bands in S3 (see Fig. 2d and 2e).

In MGCs, the tensile plastic deformation stability is very sensitive to the morphology of
the shear bands [25]. For an MGC manifesting stable tensile plastic deformation behavior, at
least two conditions should be satisfied: one is that the length (free path) of the shear band
should be short enough or lower than a critical value [32], and another requires effective
interaction between the shear bands [25]. For the present MGC sample, S3, the volume
fraction of the B2 phase is high enough to shorten the free path to under the critical value.
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Meanwhile, the martensitic transformation can produce sufficient stress concentration sites
exciting the high dense shear bands from different directions. A short free path of the shear
band as well as high density shear bands can significantly reduce the elastic energy density
dissipation on the shear band, and the multi-direction enhances the interaction of the shear
bands, thus the propagation of shear band is stabilized and the formation of cracks in the shear
band is delayed [25,33]. Furthermore, the martensitic transformation of the B2 phase and the
subsequent dislocation glide can relieve the stress concentration near the interface between
the MG and the B2 phases, which delays the formation of cracks at the interface [25].
Therefore, the ZrCu-based MGC-III can promote the formation and interaction of multiple
shear bands and show excellent tensile plastic deformation behavior.

To achieve homogeneous plastic deformation in MGCs, besides the formation and
interaction of multiple shear bands, there should be a match of the strain-hardening rates
between the ductile phase and the MG matrix. As pointed out previously, the initial
homogeneous plastic deformation of MGC is related to its normalized strain-hardening rate
[34], which is

:ida

K —_—.
o, de

1)

Here, K is the normalized strain-hardening rate of the MGC, o, is the yield strength of the

MGC, and d_a is the strain-hardening rate of the MGC. For a simplistic analysis, it is
£

supposed that the MG matrix and the ductile phase yield synchronically (Actually, the ductile

phase yields before the MG matrix). Taking o = f,o, + f,0, (f, and f,, are the
volume fractions for the ductile phase and the MG matrix; o, and o,, are the stresses for

the ductile phase and the MG matrix, respectively) and o, = f.o; + f,00' (o and o'

are the yield strengths of the ductile phase and the MG matrix, respectively) into Eq. 1, one

gets
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Eqg. 3 also can be written as
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Here, K, :iPdO-P and K, :iMdO-’V' are the normalized strain-hardening rates for
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the ductile phase and the MGC, respectively. Since f,, =1— f, and the yield strength ratio
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This is the equation of the normalized strain-hardening rate for an MGC. As reported in

literature [34], if K>1, stable plastic deformation can occur in MGC/PT bimetals,

otherwise instable plastic deformation occurs. Therefore, by substituting K, =17.4 (typical
for B2 phase [34]), K,,=0[34], anda =3.53 in Eq. 4, we can obtain K as a function of the

volume fraction f, of the ductile phase, as shown in Fig. 3a. It can be seen that the
normalized strain-hardening rate of the MGC monotonically increases with the volume
fraction f, of the ductile phase. When the volume fraction f, of the ductile phase is larger
than 0.20, K is larger than 1, which is the critical value for the stable plastic deformation of

the MGC. Obviously, for the present MGCs, only the specimen with f,=45.1% can meet

this requirement. For the other specimens with f,=9.9% and 18.2%, their normalized

strain-hardening rates are smaller than 1, so their plastic deformation is unstable, as shown in
Fig. 3a and Fig. 2a. However, the typical normalized strain-hardening rate of the 3 dendrite

(Ties.4Zr103M097CuUs6) precipitated in the TissZr,sMosCuioBeis MGC is only 2.42 [18,34],




which is far smaller than that of the B2-reinforced MGC. To achieve stable plastic
deformation, the volume fraction of B dendrite should be larger than 70%, as shown in Fig. 3a.
Figure 4b shows the normalized strain-hardening rate of some MGCs with different volume

fraction of the ductile phases. It is obvious that most 3-dendrite-reinforced MGCs stay under

the line K, =1.0, even if the volume fraction is close 70%. However, for all B2-reinforced

MGCs, they stay above the line K, =1.0. Even if the volume fraction is smaller than 50%,

they can maintain large normalized strain-hardening rate, and display stable plastic
deformation [21], as shown in Fig. 3b.

Therefore, by formation and interaction of multiple shear bands, the B2-reinforced
MGC with large normalized strain-hardening rate can undergo large stable plastic
deformation. Figure 4 shows the tensile fracture strength-plastic strain data from previously
reported Cu-, Zr-, and Ti-based MGCs and the present B2-MGC. For the previous reported

B-MGCs and B2-MGCs [16,17,19,20,35-40], most are located on the left bottom with 1300

MPa< oy <1750 MPa and &, <4.0%. Only a few B2-MGCs [21] and metastable B-MGCs
[20,39] show a mixture of large fracture strength (o, >1650 MPa) and large plastic strain
(&, >4.0%). As to the present B2-MGC, they are shown on the upper right corner of Fig. 4,

with oy larger than 1800 MPa and ¢, larger than 14%, exhibiting a good combination of

high fracture strength and large plastic strain. It's clear that by controlling the distribution of

the B2 phase, the B2-MGC can achieve excellent mechanical performance.

5. Conclusions

In summary, this study indicates that the metastable B2 phase can effectively promote
multiple shear bands and thus significantly improve the plastic deformation capability of
B2-MGCs. The uniform plastic deformation of the ZrCu-based MGC originates from a
deformation mechanism of the effective excitation of the stress concentration sites along the
B2/MG interfaces. The effect of the ductile phase on the plastic stability of MGCs was also

analyzed from the concept of the normalized strain-hardening rate. The critical volume



fractions for stable plastic deformation of B2- or B-reinforced MGCs were also calculated.
This finding implies that the mechanical properties of MGC can be well tailored by choosing

a suitable reinforcer and controlling its volume fraction.
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Figures Caption

Fig. 1. (a) XRD pattern of metallic glass composite S3. The inset is the optical micrograph
image of sample S3. (b) The volume fraction of B2 phase for S1, S2, and S3.

Fig. 2. (a) Tensile engineering stress-strain curves for the metallic glass composite samples S1,
S2, and S3, respectively. (b) Enlarged stress-strain curves for showing the flow
serrations of samples S2 and S3. (c) Tensile true stress-strain curve and the
corresponding work-hardening rate for S3. (d) Macroscopic and (e) enlarged SEM

images showing the tensile deformation features of S3. The inset in Fig. 2(e) is an

enlarged image indicating the interaction between the twins. (f) XRD patterns

showing the phase structure of S3 before and after deformation, as denoted as-cast
and deformed, respectively. For the as-cast S3, there are two phases: the metallic
glass matrix and the B2 phase with a body-centred cubic (bcc) structure. For the
deformed S3, there are three phases: the metallic glass matrix, B2 phase, and B19’
with monoclinic structure.

Fig. 3. (a) The calculated normalized strain-hardening rate for B2-MGCs and B-MGCs with
different volume fraction of the ductile phase based on Eq. 4. (b) The normalized

strain-hardening rate for B2-MGCs and B-MGCs [16,17,19-21,35-39]. The line

K, =1.0 is the reference line for homogeneous plastic deformation.

Fig. 4. Strength-ductility diagram of metallic glass composites [16,17,19-21,35-40].
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