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In-situ synchrotron x-ray experiments have been used to follow the evolution of the diffraction peaks for
crystalline dendrites embedded in a bulk metallic glass matrix subjected to a compressive loading-unloading
cycle. We observe irreversible diffraction-peak splitting even though the load does not go beyond half of the
bulk yield strength. The chemical analysis coupled with the transmission electron microscopy mapping
suggests that the observed peak splitting originates from the chemical heterogeneity between the core
(major peak) and the stiffer shell (minor peak) of the dendrites. A molecular dynamics model has been
developed to compare the hkl-dependent microyielding of the bulk metallic-glass matrix composite. The
complementary diffraction measurements and the simulation results suggest that the interface, as Maxwell
damper, between the amorphous matrix and the (211) crystalline planes relax under prolonged load that
causes a delay in the reload curve which ultimately catches up with the original path.

ulk metallic glasses (BMGs) are renowned for being very strong but also very brittle' because the extent of

plastic deformation is limited by localized shear banding that leads to softening and catastrophic failure. By

contrast, crystalline phases can accommodate plastic flow by dislocations?, nano twins®, phase transforma-
tion** and so on’, thereby distributing deformation so as not to form localized shear bands. Xia and Wang’
modelled the toughening effect of incorporating a ductile phase within a hard matrix. Along these lines crystalline
phases have been added to brittle amorphous matrices to form BMG matrix composites (BMGMCs)®. Recent
advances in BMGMCs***™** show significant improvements in ductility, while retaining the characteristic
strength of the parent BMGs. The homogeneity of plastic deformation introduced by a ductile phase is critical
in imparting ductility and can be controlled by adding different types of reinforcements. Wang'® summarizes the
roles of minor additions in the fabrication and modification of BMGs. In this vein, Abdeljawad and Haataja’s
simulations predict an inverse relationship between the size of crystalline particles and the ductility of the
BMGMC’. Hofmann et al.*° and Demetriou ef al.>' experimentally confirm the importance of microstructural
refinement as a means of toughening the BMGMC.

To date, the proposed micromechanisms for the plastic deformation of BMGMCs have been based on ex-situ
observations. However, in-situ experiments can reveal the complementary real-time interactions between the
amorphous matrix and the included crystalline phase. Ott et al.** have measured the evolution of lattice-strain for
crystalline Ta particles embedded in a metallic matrix by diffraction peak analysis using in-situ synchrotron X-ray
diffraction, while ZrC crystal particles embedded in a BMG'"* have been similarly studied. Meanwhile, Clausen
et al. applied both Rietveld* and single-peak fitting** methods to study the diffraction profiles for the crystalline
phase of a BMGMC. However, as mentioned by Furukawa and Tanaka®, deformation may be inhomogeneous. In
an attempt to study the spatial-temporal evolution of deformation, we have performed an in-situ compression
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experiment combining ultrahigh spatial resolution hard x-ray
imaging (200nm resolution) with x-ray diffraction at the European
Synchrotron Radiation Facility (ESRF). This arrangement has
enabled us to determine the ensemble-averaged crystalline phase
response of the BMGMC while imaging the local arrangement by
tomography. A complementary examination of the chemical-distri-
bution coupled with electron microscopy was undertaken to identify
microstructural effects on the diffraction profiles. To interpret the
ensemble-averaged diffraction results, we have built a molecular
dynamics simulation model to examine the behavior of the amorph-
ous matrix/dendrite interface.

Results

The BMG/dendrite composite has a composition of ZrsgsTiis3
Nbs,Cug 1 NigoBej o in atomic percent (at. %) prepared by arc-
melting a mixture of Zr, Ti, Nb, Cu, Ni, and Be with purity higher
than 99.9% (weight percent) under an argon atmosphere®. This
BMGMC system is known for its good ductility*®. A dog-bone-shape
specimen was prepared for the in-situ compression experiment, as
shown in the Figure S1. The sample was compressed by a small load
rig accommodated on the beam line using the setup shown schem-
atically in Figure S2.

The loads at which diffraction profiles were collected are marked
in Figure 1(a) relative to the stress-strain curve® for an identical
sample. It is evident that the load attained (1,000 MPa) is well within
the engineering elastic limit. The sample was then almost completely
unloaded to Pt 3, retaining a small force (about 20 N) to hold the
specimen in the load rig. The (110), (200), and (211) diffraction
planes confirm the body-centered-cubic (BCC) crystal structure of
the dendrites®. The evolution of the diffraction-profile measured for
planes normal to the loading direction is shown in Figure 1(b-e). It is
clear that upon compression, the original (110) peak splits into two
overlapping peaks (labelled ‘m’ and ‘M’). Upon unloading, the split
peaks change in intensity, but do not collapse back into a single peak.
Similar peak splitting occurs for the (200) and (211) peaks too as

shown in Figure S3. To resolve these overlapping diffraction peaks, a
double-peak fitting method has been applied which differs from
other refinement methods applied to the in-situ diffraction experi-
ments on BMGMCs'>****. The broadening of the diffraction peaks
will be referred to as the plastically induced strain®’ of the crystalline
dendrites.

During the loading (Pt 1 — Pt 2) and unloading (Pt 2 — Pt 3) the
diffraction rings corresponding to the crystalline dendrites were
repeatedly collected and the corresponding evolutions in lattice
strain for the major (M) and minor (m) peaks are shown in
Figures 2(a), 2(b), and 2(c) for (110), (200), and (211) respectively.
The corresponding changes in peak widths are presented in
Figures 2(d), 2(e), and 2(f), accordingly.

In the Figures 2(a)-(c), the behaviors of the major and minor
peaks are quite different. During compressive loading both peaks
shift in a compressive sense, but the major peak shifts to a much
higher degree. In fact both the (200) and (211) minor peaks appear to
shift in a tensile sense until —100 MPa is exceeded, although it
should be noted that it is very difficult to distinguish the minor peak
at these low loads. It should be noted that the compressive load was
held at a stress of —800 MPa for the (hours-long) tomography
experiment. This may explain the relaxation of the hki-dependent
lattice strain and peak width between finishing the loading curve and
starting the unloading one. Perhaps as a consequence of the pro-
longed hold time, upon unloading, none of the 3 major peaks retrace
the original loading paths, varying little until the load has fallen
below —500 MPa. Interestingly, the monolithic beta-crystalline
phase embedded in an BMGMC system having a similar chemical
composition to ours studied by Clausen et al** has a yield stress of
—610 MPa. However, in contrast to the observations by Clausen
et al., here the major peaks return to the original loading path upon
unloading below —500 MPa.

Considering the peak width changes in Figures 2(d)-(f), initially
the major peak narrows while the minor peak broadens until
—200 MPa is exceeded after which both peaks plateau before both
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Figure 1| (a) The undeformed (Pt 1), the compressed (Pt 2), and the unloaded states (Pt 3) at which the diffraction measurements were made alongside
the stress-strain compression curve. (b) The evolution (shown vertically) of the diffraction profile corresponding to strains in the loading direction
upon compression and unloading. (c) The corresponding diffraction line profiles for Pt 1, Pt 2, and Pt 3. (d) A comparison of the (110) peak before (black)
and during (red) compression with the split peaks labelled “M’” and “m”. (e) The retention of the peak splitting upon unloading.
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Figure 2 | Diffraction peak evolution (expressed in lattice strain) for the major peak (M) and the minor peak (m) for loading (filled symbols) and
unloading (open symbols) for (a) (110), (b) (200), and (c) (211) and the corresponding changes in peak-widths for (d) (110), (e) (200), and (f) (211).

broaden, the major peak at the faster rate. As seen for the peak shifts,
upon unloading there is some evidence that the widths are insensitive
to unloading at first (this is most evident for the (211) peak) before
retracing their loading paths below —500 MPa.

The most significant difference between the current results and
previous in-situ synchrotron x-ray** and neutron* diffraction results
is the peak splitting. This suggests two distinct regions within the
dendrites that respond differently to the applied stress. Recently,
experimental results have suggested that even within a disordered
bulk metallic glass, there might be two different regions showing
distinct behaviors. Du et al. reported the possibility of two glassy
phases for the Zr-Cu-Ni-Al system®. Dmowski et al. showed 75%
of the Zr-based BMG an elastic response to loading while 25%
behaved inelastically*. Ichitsubo et al’s ultrasonic annealing® and
Ohnuma’s x-ray diffraction results® also point to the presence of a
strongly-bonded region (SBR) and a weakly-bonded region (WBR)
in a Pd-based BMG and ferromagnetic-based amorphous ribbons,
respectively. Along the same lines the quasi-static compression-
unloading experiments of Huo et al. revealed a mechanical hysteresis
stress-strain loop'. Further, Wang et al. describe such an hysteresis
loop with a three-parameter model containing an elastic matrix, a
flow unit, and the shell of a flow unit®.

Consequently a hypothetical “core-shell composite” model is pro-
posed to describe our major and minor peaks. Our model is based on
the interface depicted by Kelton and Greer* and Pieter Rein ten
Wolde et al.>* We propose that our major and minor peaks corre-
spond to the core and shell/boundary regions of the dendrites,

respectively. This is analogous to the hard/soft models described
by Eshelby’s method to describe the internal strains of metal matrix
composites®.

To examine the grounds for this hypothesis, chemical mapping
and electron microscopy was undertaken. In each case the spatial
resolution was around 20 nm by 20 nm. The results are shown in
Figure 3 for a representative dendrite/BMG interface which appears
to show a transition region. The chemical compositions for the crys-
talline core and the amorphous regions in Figure 3 agree with those
of Kithn et al.** However, the gradation in the boundary region is
reported for the first time for this system. Similar chemical hetero-
geneity near the interface has also been seen previously in a brass-
reinforced NisgZryoTi;6Si,Sn; bulk metallic glass composite™.
Consequently we conclude that the distinct splitting into major
and minor peaks arises from the differences between the chemical
compositions of the core and shell regions of the dendrites.

Discussion

To identify which regions of the dendrites correspond to the major
and minor diffraction peaks, we compare the chemically dependent
modulus and lattice parameters. The TEM diffraction spots for the
shell and core regions suggest that the major peak at the higher
scattering angle (20) corresponds to the smaller lattice parameter
found at the core and the minor peak at the lower angle is associated
with the shell (boundary region). The lattice modulus of the dendrite
cores is inferred from Figure 2 to be lower than that of the boundary
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Figure 3 | Transmission electron microscopy and the associated chemical-profiling. (a) TEM micrograph showing the phase boundaries and the line for
chemical profiling (b) Line scan from the interior (most left) of the dendrite to the amorphous matrix (most right). (c) The chemical distribution
of the major components (Ni, Nb and Zr) of the BMGMC along the scan line alongside corresponding TEM diffraction patterns.

regions. This stiffer “Shell” and softer “Core” deduction agrees with
BMG-brass interfaces results”. As discussed above, the local struc-
ture plays an important role during the deformation. For example,
Jiang et al. reported spatiotemporally inhomogeneous deformation™.
The simulations***'!, including Cleri’s “Core-Shell” simulations*',
as well as the experiments of Jang et al*’, have helped elucidate the
cooperative activation of lattice dislocations on the glass-crystal
boundaries. Following on from this literature, we have developed a
model to examine the role of the interface in the light of our mea-
sured lattice-strain changes. A Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)* code has been used (see
Methods for details) to simulate the amorphous matrix/dendrite
boundary region in order to simulate the evolution of the lattice-
spacing for the shell region (minor peak). The strain response of the
(110) and (211) lattice planes under compression (Figures 2(a) and

2(c)) are selected for comparison because the {110}<111> and
{211}<111> slip systems are expected both theoretically* and
experimentally* to have the minimum tensile and shear strengths.
However, {110}<<111> shear differs from {211}<<111>> shear in the
lattice relaxation behavior*’. The relaxation returns the deformed
structure to the BCC structure at a specific strain level through a
saddle-point structure®.

The measured (110) and (211) lattice strain responses for the
minor (shell) peaks are reproduced in Figures 4(a) and 4(b), respect-
ively. In Figure 4(a), within —300 MPa to —500 MPa, the (110)
lattice strain is more compressive subjected to unloading. Beyond
—500 MPa, there is no clear difference. On the other hand, in
Figure 4(b), there is significant relaxation after the holding from
—800 MPa to —500 MPa for the (211) lattice strain where is less
compressive subjected to unloading.
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Figure 4 | The measured loading-unloading responses of (a) the (110) and (b) the (211) shell (minor) diffraction peaks for lattice strain. The simulated
compression-unloading loop of the lattice strain experienced stress: (c) before and (d) beyond yielding, respectively.

The simulated lattice-strain evolution within yielding and beyond
yielding are shown in Figures 4(c) and 4(d), respectively. Upon com-
pression, both simulated lattice strain also show nonlinear responses.
In Figure 4(c), the compressive loading-unloading cycle is within
yielding, lattice strain is more compressive subjected to unloading
and there is no clear difference. However, in Figure 4(d), while
unloading, unlike the measured relaxation phenomena subjected to
the holding, we did not simulate the holding. Although at the end of
the cycle, the simulated lattice strain almost come back to that of the
beginning, there is clear hysteresis response and lattice strain is less
compressive subjected to unloading. The differences between the
simulated lattice-strain responses might reflect the different
saddle-point structures between {110}<<111> and {211}<111>
shear paths*. Moreover, the (211) lattice-strain evolution shows
the features of microstructure relaxation®. The effect of our simpli-
fied deformation-accommodation picture of the interface agrees
with the phenomena of Xu and Lu’s interface model®’. The mechan-
isms rely on the ductile particles limiting the shear extension and/or
retarding the shear-band propagation via forming a “plastic zone” in
their constrained amorphous matrix. Wang et al.’s** simulation sug-
gests the amorphous—crystal interfaces exhibit unique inelastic shear
(slip) transfer characteristics where the glassy layers can act as high-
capacity sinks enabling absorption of deformation. Hence, the
observed simulated and measured lattice-strain loop might originate
from the deformation of metallic glasses, which are then accommo-
dated by the crystalline phase®.

In summary, our experiments directly observe the composite
behavior of the crystalline dendrites in the BMGMC. Our work has
reported distinct splitting for the first time. This suggests that the
particles have a characteristic core-shell character. The major (core)
and minor (shell) peak shifts and peak broadenings of the crystalline
dendrites indicate that strain heterogeneity relaxes. Different lattice-

strain behaviors of the interfaces show the hkl-dependent relaxation
near the interface, as Maxwell damper. The tangled boundaries and
the rearranged interiors accommodate the plasticity over the hold
time when the tomography was collected. While unloading to smal-
ler compression, the reversible peak widths and lattice strains of all
hkl planes suggest statistically-resilient arrangements.

Methods

In-situ diffraction experiments. The diffraction experiments sample a gauge volume
of 120 pm X 120 pm indicated by the red box of the Figure S1. In order to collect the
sufficient transmitted diffraction signal, a compromise between the best energy for
the X-ray lens arrangement on the beamline® and for the penetration through the
relatively heavy atomic number of our sample is set at 46 keV. More specifically, to
ensure sufficient penetration, the cross-section of the sample gauge was machined
down to less than 500 um, as shown in Figure S1. The evolution of the diffraction-
peak profiles were measured during the deformation experiment and an area detector
focusing on the horizontal (equatorial) and vertical (polar) arcs recorded the loading
and transverse directional information simultaneously (Figure S2).

Molecular dynamics simulation. The calculations were performed on a range of
massively parallel platforms. A model of half-dendrite, half-matrix and their interface
was built around Cleri and Rosato’s concept®’. A box about 136A X 68A X 204A is
developed to contain the systems, respectively. The periodic boundary conditions are
applied in all three spatial directions. The embedded atom model (EAM) was used to
describe the interaction between the atoms of the system in the MD simulation.
Because our focus was on relationship between the crystalline, amorphous phases,
and the interface, we have simplified the material to a binary-element system
comprising 50% Zr and 50% Cu. The reason to select the Zr and Cu is based on their
empirical formability of the amorphous phase reported elsewhere'. The potential
parameters are taken from Hao et al.”* An isothermal-isobaric ensemble is applied to
define our experimental conditions at a fixed pressure P (1 atm), temperature T
(300 K), and number of atoms N (more than 115,000) as an NPT ensemble. We also
applied Nose-Hoover thermostat and barostat in the current MD simulation.
Velocity Verlet algorithm is employed to calculate the trajectories of the atoms. A
time step of 2 fs was set for the time integration. Before the loading, a relaxation
process of 10,000 steps was applied to eliminate the internal stresses. After relaxation,
the model was subjected to a constant compression strain rate of 10'° s™" in the
loading direction.
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