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Report:

In general, the formation and the stability of condensed matter are closely related to their
atomic structure. Nevertheless, the structure of metastable alloys- in particular BMGs- is poorly
known and, as a result, the atomic origins of the glass forming ability (GFA) of BMGs have not
been well understood. The problem becomes more complicated when considering a
nanocomposite instead of a BMG, since in this case a glassy matrix and nanocrystals- or even
clusters of several thousands of atoms- coexist. The BMGs usually deform very slightly via
localized shear-transformation zones (STZs) and shear-band mechanisms, and immediately suffer
a catastrophic failure. Upon mechanical deformation, the BMGs may become anisotropic. Some
BMGs may develop nanocrystalline structure directly upon mechanical loading, twin, and then
plastically deform. The length scale of the transformation is usually less than few hundreds of nm.
In-situ measurements using focussed hard synchrotron x-rays may put in evidence this
mechanism. Besides, using a similar approach, the residual stress can be mapped in the deformed
and/or prestressed/pre-strained glassy samples.

The room temperature ductility of BMGs is usually disappointedly low due to shear
localization. This is a consequence of strain softening, a phenomenon that originates from shear-
induced dilation that causes plastic strain to be highly localized in shear bands. Shear localization
is particularly critical under quasistatic tensile loading, where generally a single shear band
propagates catastrophically through the material soon after yielding. So far, significant tensile
ductility has been reported only for sub-microscopic samples of ~100 nm and for testing at high
strain rates. Recently our research group [1] developed CuZrbased BMGs, which polymorphically
precipitate nanocrystals during deformation. The formation of such structural heterogeneities
hampers shear band generation and results in macroscopically detectable plastic strain and work
hardening. The precipitation of nanocrystals and their subsequent twinning can be understood in
terms of a deformation-induced softening of the instantaneous shear modulus. This novel



deformation mechanism is believed to be not only limited to CuZr-based BMGs but it may also
promote ductility in other BMGs. For example, our very last mechanical tests on Fe-based BMGs
corroborate this conclusion [2]. The structure and in particular the SRO of the Fe-based glasses
were previously investigated at ID11 during the experiment HD482 (see the submitted report, as
well as ref. [2]). Several properties of amorphous materials including fatigue, fracture, and
component performance are governed by the magnitude of strain fields around heterogeneities,
such as local compositional variations, crystalline inclusions, voids, or cracks. Recently, we
succeeded to calculate the strain tensor of a BMG under tensile stress [3] by evaluating the shift of
the main amorphous maximum in the reciprocal space by x-ray diffraction using synchrotron
radiation. We believe that this method can be successfully applied in order to map the residual
stresses and nanoscale heterogeneities in BMGs induced by elastic and/or plastic deformation [4].
It was also observed that some Fe-based BMGs with small Cu additions may become ductile. The
reason is believed to be the segregation of Cu nanoclusters during casting or mechanical loading.
The scientific literature lacks on systematic studies related to this aspect.

During the experiment several BMG samples were in-situ investigated (i.e. in compression),
as well as after different mechanical treatments: scan around a shear band or around small plastic
deformation created by indentation, in order to quantify the residual stress. The experiments were
done by using a very fine beam, i.e. focussed down to 5 um x 150 nm.

The first example is presented in Fig. 1, which shows for comparison the shifting in the main
broad peak positions Q1 between an as-cast and indented Zr-based BMG sample.
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The lack of long-range order in metallic glasses enables yield strength closer to theoretical
limits but reduces plastic deformation which is inhomogeneous, concentrated in narrow shear
bands. The in-situ formation of a softy secondary phase in the glassy matrix can overcome this
drawback with a better balance between strength and plasticity. The two most promising families of
bulk metallic glass composites with significant deformability are Ti-Zr-Be-based and CuZr-based.
The former precipitates B-(Ti,Zr) dendrites in the glassy matrix whereas the latter forms spherical
precipitates of the cubic B2-CuZr phase. The plastic deformation starts in the softy secondary
phase, which will induce the formation of a heterogeneous stress distribution in the glass matrix
with stress concentration and formation of multiple shear bands. The precipitates also act as a
barrier for the fast movement of shear bands, avoiding earlier fracture. Both B2 and B-(Ti,Zr) may
undergo martensitic transformation during deformation depending on composition and it will result
in a more stable deformation with work-hardening behaviour. The search for new bulk metallic
glass composites without toxic elements as Be and with enhanced mechanical properties is of
fundamental interest in order to widen their range of application and optimize their performance by
understanding the correlation between phase formation, microstructure and mechanical properties.
We discovered very recently a new family of TiCu-based BMG composites with advanced
mechanical properties [5] which combines the softy cubic B2-(Ti,Zr)(Cu,Ni) phase within the glassy
matrix. The structural transformation in these composites during uniaxial compression tests was
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analyzed by in-situ high energy X-ray diffraction and the results for a TissCu,1NigZrs rod are shown
in Fig. 2. The as-cast sample consists basically of two phases: the cubic B2-(Ti,Zr)(Cu,Ni) and
amorphous phase. Fig. 2 shows that this cubic phase undergoes a martensitic transformation to

the orthorhombic B19-(Ti,Zr)(Cu,Ni) during deformation. The i

n-situ XRD results show that the B2

phase starts to transform around 620 £ 50 MPa, which is earlier than the measured yield strength
(around 1500 £ 50 MPa). This proves that the B2 phase deforms first than the glass matrix as
suggested in our previous paper. The martensitic transformation of the B2 to the B19 phase
contributes to the large ductility observed for these composites and can also explain their work-

hardening behaviour.
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Figure 1 — In-situ XRD results obtained
during compression of a 1 mm diameter
Ti45Cu41Ning5 rod. The cubic B2-
(Ti,Zr)(Cu,Ni) phase transforms to the
orthorhombic  B19-(Ti,Zr)(Cu,Ni)  during
deformation, which contributes to the large
ductility and work-hardening behaviour
observed for these composites. For this
experiment the very fine focused x-ray
beam passed through one single B2 crystal.
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