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The variation of the transformation-mediated deformation behavior with microstruc-
tural changes in CuZr-based bulk metallic glass composites is investigated. With in-
creasing crystalline volume fraction, the deformation mechanism gradually changes
from a shear-banding dominated process as evidenced by a chaotic serrated flow be-
havior, to being governed by a martensitic transformation with a pronounced elastic-
plastic stage, resulting in different plastic deformations evolving into a self-organized
critical state characterized by the power-law distribution of shear avalanches. This is
reflected in the stress-strain curves by a single-to-“double”-to-“triple”-double yield-
ing transition and by different mechanical properties with different serrated flow
characteristics, which are interpreted based on the microstructural evolutions and a
fundamental energy theorem. Our results can assist in understanding deformation
behaviors for high-performance metastable alloys. Copyright 2013 Author(s). All ar-
ticle content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported license.[http://dx.doi.org/10.1063/1.4789516]

Bulk metallic glasses (BMGs) possess many attractive properties such as high strength and
a large elastic limit. However, their use as structural materials is severely limited due to their
poor ductility at room temperature arising from shear localization.1–5 To overcome their intrinsic
brittleness, many strategies have been proposed and one effective way is to design bulk metallic
glass composites (BMGCs) by in-situ or ex-situ introduction of the crystalline phase into the glassy
matrix.6–11 So far, various BMGCs containing crystalline phases with different length scales and
crystalline volume fractions (fcryst) have been fabricated,6–11 particularly in the recently developed
CuZr-based BMGCs containing metastable B2 phase precipitates.12–18 Owing to the martensitic
transformation (MT) of the metastable B2 phase during deformation at room temperature, stress
redistribution in the glassy matrix and transformation-mediated plasticity can be observed.12–18 As
the introduction of ductile phase into the glassy matrix, the formation of multiple shear bands
implies that the serrated flow characteristics may be correspondingly changed, which should be
further addressed. Then the physical mechanisms determining the yielding and subsequent plastic
deformation are yet to be resolved. In this letter, the macroscopic deformation response to the
microstructural features in CuZr-based BMGCs was well established.

Cu47.5Zr47.5Al5 BMG and its composites (labeled as BMG, and S1 to S5 in Fig. 1(a)) with
different fcryst were fabricated by suction casting using different melting currents/times (i.e. 150
A/10s, 86 mA/15s and 130 mA/10s) or by injection casting varying the melting temperatures.18
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FIG. 1. (a) XRD patterns and (b) the engineering stress-strain curves of the as-cast samples (Insets: OM picture and the
magnified “first yielding”, respectively; Partial results reprinted from K. K. Song, S. Pauly, Y. Zhang, R. Li, S. Gorantla,
N. Narayanan, U. Kühn, T. Gemming, and J. Eckert, Acta Materialia 2012; http://dx.doi.org/10.1016/j.actamat.2012.07.015,
Copyright 2012, With permission from Elsevier.).18

Compression tests were performed at room temperature using an Instron 5869 testing machine at an
initial strain rate of 2.5×10-4 s-1. The structures of all the samples were characterized using an X-ray
diffractometer (XRD, STOE STADI P, λ = 0.07093187 nm), a Zeiss Axiophot optical microscope
(OM) and a scanning electron microscope (SEM, Gemini 1530). The XRD patterns (Fig. 1(a)) show
that sharp Bragg peaks superimpose diffuse diffraction maxima, indicating that the samples consist
of amorphous phase and B2 phase and/or martensite. The enhanced crystalline peaks from the S1 to
S5 samples implies that fcryst gradually increases,19 being roughly determined from the area ratio of
the amorphous and crystalline phases extracted from OM pictures (middle inset in Fig. 1(b)). When
fcryst is larger than 45 ± 3 vol.%, some martensitic crystals (basic structure P21/m and superstructure
Cm) precipitate in the glassy matrix.12, 19 However, the overall deformation behaviors of all the
composites are not strongly affected by a minor amount of martensitic crystals due to their limited
ductility and strength.12, 18, 19

The compressive stress-strain curves (Fig. 1(b)) for the as-cast samples exhibit different yielding
behaviors, significant plastic strains and obvious work hardening. Generally, when a dual-phase
composite is subjected to loading, an elastic-elastic stage, a limited elastic-plastic stage and then
a plastic stage are experienced in turn.20 More interesting in Fig. 1(b) is the variation of the yield
strengths and the difference in the transition from the elastic to the plastic regime with increasing
fcryst. As shown in Fig. 1(b), without any crystals (BMG) or for a very low fcryst (S1, 2.5 ± 0.5
vol.%), a distinct yielding is observed at strains a bit lower than 2%. With gradually increasing
fcryst from 22 ± 1 vol.% to 80.5 ± 0.5 vol.%, the yielding behavior of the composites (e.g. S2, S3

http://dx.doi.org/10.1016/j.actamat.2012.07.015
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and S4) changes and the yield strength becomes more difficult to identify. The elastic-plastic stage
becomes clearer, resulting in the formation of a “double yielding” or “triple yielding” behavior, thus
dividing the whole deformation into maximum four different stages (Fig. 1(b)). As fcryst reaches up to
22 ± 1 vol.% (S2), a blurry “double yielding” begins to appear. The “first yielding” strain and stress
are 0.95 % and 734 MPa while the “second yielding” occurs about 2 % and 1465 MPa, respectively.
For fcryst larger than 45 vol.%, a “third yielding” appears (S3 and S4). However, the fully crystalline
sample (S5) again only exhibits a double yielding behavior, which, yet, is different than that of the
S2 sample.21

As illustrated in the right inset in Fig. 1(b), the “first yielding” gradually becomes clearer with
increasing fcryst. Fig. 2 displays the variations of the yield strains/stresses as a function of fcryst. The
stress range of the elastic-plastic stage (stage II in Fig. 1(b)) is gradually enlarged, but the maximum
strain (Fig. 1(c)) is approximately 2 %. It is found that the “first” yield strength of the composites
can be modeled by the load-bearing model:12, 22

σComposite = σ Crystalline (1 + 0.5 fGlass) , (1)

where f and σ are the volume fractions of the constituent phases and the yield strength, respec-
tively, while the “second yield” strength can be modeled by the rule of mixtures (ROM) model
(Fig. 2(b)):12, 23

σComposite = fCrystσ
Crystalline + fGlassσ

Glass . (2)

As shown in Fig. 2(b), when fcryst is larger than 22 ± 1 vol.%, the “first yielding” is easily con-
fused with the “second yielding”, implying that the crystals start to impinge with each other and a
percolation threshold occurs.12, 18 Recently, the percolation theory has been widely used for model-
ing the deformation behavior of heterogeneous materials.12, 17, 24 The percolation threshold occurs
in dual-phase composites as the fcryst lies between 10 vol.% and 50 vol.%.12, 24 Hence, the “sec-
ond yielding” is not pronounced below the percolation threshold, whereas the “first yielding” is
inconspicuous above it, resulting in a real yielding percolation transition in CuZr-based BMGCs
with increasing fcryst.12 Generally, the interpenetration of B2 crystals starts at a low fcryst and in the
vicinity of 50 vol.% the crystals form a structural framework.12 In our case, the critical fcryst for the
transition is determined to 22 ± 1 vol.%, as sketched by the dash dot line in Fig. 2(b). It is noticed
that as fcryst increases from 2.5 ± 0.5 vol.% to 100 vol.%, the fracture strain first increases from 6.1
± 0.5% to 14.3 ± 0.5% and then decreases to 11.7 ± 0.5% (Fig. 2(a)), and the corresponding fracture
strengths also show a similar tendency (Fig. 2(b)). The corresponding fracture strain/stress cannot be
described by the ROM and the load-bearing models due to the following possible reasons:9, 12, 17, 25–31

(i) the macroscopic softening from SBs and the work hardening caused by the MT are not taken
into account and (ii) the interactions between SBs and the crystals, and the length-scale of the
constituents compared to the characteristic plastic zone size are not sufficiently considered. Based
on previous data and our observation for Cu47.5Zr47.5Al5 BMGCs,12, 18 the optimum fcryst with
respect to the fracture strength is determined to lie between 40 vol.% and 80 vol.% (inset in
Fig. 2(b)), depending on different casting conditions.12, 15, 17, 30 In the percolation theory, which can
well describe the plastic/fracture strains of BMGCs,12, 17 there is a maximum for the plastic/fracture
strains for Cu47.5Zr47.5Al5 BMGCs, further confirming our observation.

Based on the macroscopic deformation responses and previous results,12–18, 32–34 the deforma-
tion mechanisms of metastable Cu47.5Zr47.5Al5 alloys can be classified into five types: The first
constitutes the monolithic BMG whose mechanical properties are strongly affected by the existence
of nanoscale crystals in the glassy matrix.32–34 Significant plastic strain results from the multiplica-
tion of SBs induced by nanoscale heterogeneities.32, 34, 35 Without nanocrystals in the glassy matrix,33

the BMG exhibits a limited plasticity (Fig. 1(b)), and the deformation behavior is dominated by one
main shear banding process.32–34 Secondly, for a limited fcryst (S1, 2.5 ± 0.5 vol.%), one yielding is
still observed. However, before yielding, martensitic plates are found within some B2 CuZr crystals
without any SBs formed in the glassy matrix (Fig. 3(a)). After yielding, multiple SBs are observed
(Fig. 3(b)). The third type of deformation is represented by BMGCs with fcryst up to 22 ± 1 vol.%,
where the “first yielding” is clearly related to the MT of B2 phase, within which slip bands oc-
cur (Fig. 3(c)). After the “second yielding”, the martensite volume fraction quickly increases and
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FIG. 2. (a) Different yielding and fracture strains, and (b) different yield strengths and fracture strengths with increasing
fcryst (Inset: fracture strengths for different fcryst).

multiple SBs are induced (Fig. 3(d)). Fourthly, when fcryst is higher than 22 ± 1 vol.%, i.e. 45
± 3 vol.% - 80.5 ± 0.5 vol.%, a “triple yielding” behavior is observed (Fig. 1(b)), possibly due
to:18 (i) the “first yielding” results from the yielding of the B2 phase and the initiation of its MT;
(ii) the “second yielding” originates from the further development of MT and the multiplication of
SBs; (iii) the “third yielding” is due to the formation of a high density of dislocations and partial
detwinning. For the fully crystalline alloy, again a double yielding is observed, which results from
the formation of MT and de-twinning/dislocations with a high density.21 For this fifth type, no rigid
glassy matrix is present to provide the constraint, which weakens the effect of de-twinning and dis-
locations and hence decreases the fracture strength/strain (Fig. 1(b)). Nevertheless, the deformation
mechanisms of the metastable CuZr-based alloys with increasing fcryst are gradually dominated from
a shear-banding to a MT, leading to a single-to-“double”-to-“triple”-to-double yielding transition.

From a thermodynamic point of view, the dynamic instability of SBs and the plastic deformation
of metallic glasses can be evaluated by a shear-band instability index, λcrit:36

λcri t = L

(
1 + πd2

4L KM
Ey

)
, (3)

where L, d, and Ey are the height, the diameter, the stiffness and the Young’s modulus of the sample,
respectively, while KM is the machine stiffness. The effective Young’s modulus of the dual-phase
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FIG. 3. Surface morphology of (a-b) the S1 sample and (c-d) the S2 sample after the “first yielding” and the “second
yielding”, respectively (Insets in (a) and (d): twinned martensitic plates).

composite can be obtained:37

Ecomposite = Ematri x

[
1 + fcryst

(
Ecryst − Ematri x

)
(
1 − fcryst

)
β

(
Ecryst − Ematri x

) + Ematri x

]
, (4)

where Ematrix and Ecryst are Young’s modulus of the amorphous and ductile phase, respectively, β is
calculated by β = 2(4-5νmatrix)/15(1-νmatrix), and νmatrix is the Poisson ratio of the matrix.37 Based
on the Eq. (4) and precious results,12 the E of the composite can be estimated to decrease from
89 ± 2 GPa to 82 ± 2 GPa with an increasing crystalline volume fraction. Then the calculated
λcrit of CuZr-based BMGCs gradually decreases from 7.8 mm with increasing fcryst. Besides, the
ductile phase in the glassy matrix may serve as heterogeneous nucleation site for the initiation of
SBs and act as pinning centers during SB propagation during plastic deformation.6–9 Then for the
ductile-phase reinforced CuZr-based BMGCs, shear banding gradually progresses in a more stable
way.36 Therefore, with increasing fcryst, the mean free path of the SBs is reduced and the shear offset
generated by each shear event is reduced. Generally, the movement of the SBs in metallic glasses
is directly related with the activation of shear transformation zones (STZs), and their dynamics
is reflected by serrations in the respective stress-strain curves.38–41 For the Cu47.5Zr47.5Al5 BMG
without obvious nanocrystals,33 the serrated flow is observed and its statistics the number of stress
drops N(�σ s) with a given stress amplitude are counted. The corresponding histogram displays a
relatively broad distribution described by a Gaussian distribution (Fig. 4(a)), implying a chaotic
behavior.38, 42 For the Cu47.5Zr47.5Al5 BMG containing nanocrystals,32, 38 the stress drop distribution
follows a power-law with an exponent, α = 1.49, indicating a self-organized intermittent plastic flow
behavior.38, 43, 44 As the B2 phase is introduced into the glassy matrix, the S1 sample also exhibits
numerous flow serrations (Fig. 4(b)) and the serrated flow also evolves into a self-organized state with
a power-law exponent of 1.25. Therefore, the dynamics of the serrated flow of the metastable CuZr-
based alloys change from a chaotic state to a self-organized criticality due to the microstructural
heterogeneities. However, for the S2 sample, the serrated flow behavior is not obvious but can still
be found (Fig. 4(c)). Its α exponent, which is larger than 2, does not fall into the experimental range
of 1.3-1.5 for BMGs,38, 43 implying that the MT starts to compete with the shear banding during
deformation. As fcryst increases up to 80.5 ± 0.5 vol.%, the enlarged view of the stable plastic stage
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FIG. 4. (a-d) The serrated flows vs. the time of the BMG and the S1-S4 samples (Insets: N(�σ s) vs. the time and magnified
serrated flow behavior, with schematic purple curves obtained by Gaussian and power law fits, respectively, whose calculation
procedures have been given in Refs. 38 and 42).

(Fig. 4(d)) shows that the number and the magnitude of the stress drops gradually become more and
smaller, respectively, so the time - stress curves for the S3 and S4 samples are smoother. Moreover,
the S5 crystalline sample does not exhibit any flow serrations, indicating that the deformation is
totally dominated by the MT.

Nevertheless, the plastic deformation of metastable CuZr-based alloys is indeed related with the
shear banding and MT processes. As proven above, with different scaled microstructural inhomo-
geneities introducing into a glassy matrix, the shear banding process reflected by different serration
behaviors has shown a transition from a chaotic serrated flow behavior represented by a Gaussian
distribution of shear avalanches to a self-organized critical state characterized by a power-law dis-
tribution of shear avalanches. However, with further increasing fcryst, the plastic process would be
dominated by the MT process gradually. As we know, MT, being induced by thermal or deformation
factors, is diffusionless structural transformation from a high-temperature crystalline phase to a
low-temperature crystalline phase involving a rearrangement of atoms that shears the unit cell.45–47

As the transformation proceeds by the movement of the habit plane, the new phase forms which
would result in large coherency strains in the lattice and the accumulation of the elastic energy.45–47

The dynamics process of the MT has been investigated by using transient thermal spikes, acoustic
emissions, electrical resistivity, conventional x-ray, neutron scattering, and coherent x-ray scatter-
ing at third-generation synchrotron sources measurements, respectively,46–51 which give an indirect
or/and direct access to the underlying local dynamics of the MT. It was found that the dynamics of
the MT also self-organize into a critical state, which leads to the relief of strain through a series of
discrete avalanches,46, 47 i.e. the dissipation of the elastic energy stored during the transformation.
The corresponding power-law exponent was found to be larger than that of the dynamics process of
shear banding, and increases to 2.8-3.2 in Cu-based shape memory alloys.46 However, the serrations
in the compression curves start to disspear with increasing fcryst, which suggests the scale of the local
dynamics of the plastic deformation gradually decreases with the addition of an amount of shape
memory B2 CuZr phase into the glassy matrix. Based on fundamental energy theorems, a quasi phase
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transition model of SBs in MGs was proposed by analyzing energy changes during shear banding in
a sample-machine system.52 Generally, one serration event related with shear banding consists of an
elastic energy accumulation followed by the release of elastic energy. The elastic energy density of
one serration event, �δ, can be calculated by �δ = �σ�ε/2, where �σ and �ε are the elastic stress
and strain in one serration event, respectively.53 As the SBs start to propagate, the elastic energy
of the serration events is consumed by the initiation and propagation of SBs in the local plastic
region, i.e. configurational hopping of STZs.39, 43 Then the elastic energy is stored in a sample -
testing machine system and is mainly consumed by the initiation and propagation of SBs during
deformation.36 After shear banding, the elastic energy stored (|�G E |) consists of the increase in the
volume free energy and the newly generated interfacial free energy, or/and the dissipated energy in
the form of heat within the SBs.52, 54 In our case, the formation of phase transformation can also
store and dissipate parts of |�G E |, consuming energy in the form of heat and the newly-generated
interfacial free energy and so on.55, 56 In fact, the MT is quite pronounced before the formation of
SBs especially with increasing fcryst. Thus, the dissipated energy results in a decrease of the elastic
energy density of serration events and then slows down the shear-banding process. On the other
hand, the SBs can be initiated easily at the interface between the glassy matrix and the crystals due
to the high interfacial energy and large stress concentrations at the interface.6, 57 According to the
conservation of energy, the SBs may operate more easily but less elastic energy will be dissipated
in each shear banding event, facilitating the formation of multiple SBs and impeding their rapid
propagation, being reflected from the serrated flow behaviors. Therefore, the number and stress
oscillations of the serration events become higher and smaller with increasing fcryst, respectively,
confirming the gradual change of the deformation mechanisms.

To conclude, the different yielding and plastic behaviors of the metastable CuZr-based alloys
with increasing fcryst results from the MT, and/or the formation of multiple SBs, and/or partial
detwinning together with a high density of dislocations, leading to a single-to-“double”-to-“triple”-
to-double” yielding transition. The critical fcryst for the transition can be estimated to be 22 vol.%
and the optimum fcryst for good mechanical properties lies between 40 - 80 vol.%. The “first” and
“second” yield strength can be modeled by the load-bearing model and the ROM, respectively.
With increasing fcryst, the elastic energy stored in the system was redistributed, resulting in different
serrated flow characteristics and different plastic deformations evolving into a self-organized critical
state characterized by the power-law distribution of shear avalanches.
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