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a b s t r a c t

We systematically investigate the microstructures of metallic glasses with nanoscale networks of
chemical heterogeneities introduced by the presence of a metastable miscibility gap, and their effects on
modulating plastic flow of the alloys. Microstructural analysis of as-quenched alloys and the associated
thermodynamic assessment in Cu-Zr-Al-Y metallic glass-forming system suggest that the existence of a
metastable miscibility gap can induce not only phase-separated microstructures with sharp phase in-
terfaces but also compositional fluctuations without a clear interface ranging from atomic scale to a few-
nanometer scale in the fully amorphous alloys. The statistical analysis of shear avalanches in such
compositionally heterogeneous metallic glasses reveals that chemical heterogeneities extending over a
few nanometers promote a relatively large population of shear deformation units jammed before the
nucleation of mature shear bands. This leads to the multiple nucleation of shear bands and sluggish
deformation behavior along them. However, phase interfaces formed by phase separation inside the
miscibility gap promote rapid propagation of shear bands at low flow stress, while compositional fluc-
tuations creating non-sharp interfaces emerging at the outside of miscibility gap have relatively high
resistance against shear band propagation. We hence suggest that the optimization of nanoscale
compositional fluctuations in metallic glasses in terms of topology, percolation and magnitude can be an
effective route for improving the materials' damage tolerance upon plastic flow.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The limited room-temperature plasticity of metallic glasses has
been a crucial shortcoming for their use in structural applications,
despite their superior mechanical properties before yielding such
as high strength and large elastic strain limit arising from the
absence of compositional and structural long-range order [1]. The
brittle fracture of metallic glasses originates in an abrupt and
catastrophic propagation of a small set of shear bands accompanied
by highly localized stresses and a lack of intrinsic crack propagation
barriers such as grain boundaries [2e4]. Turning the shear banding
behavior from a highly localized and inhomogeneous mode to-
wards a more distributed and dissipative pattern has been a sig-
nificant issue for enhancing ductility of metallic glasses. In this
regard, various composite structures composed of a metallic glass

matrix and nano-to micrometer scale crystalline secondary phases
have been reported to successfully inhibit the rapid propagation of
shear bands and impart pronounced ductility and toughness to the
alloys [5e9].

However, for monolithic metallic glasses, atomic-scale struc-
tural manipulation can also improve their plasticity via thermo-
mechanical processing [10] or minor addition of alloying elements
[11]. The former measure controls the effective cooling rate of
metallic glasses through post-processing such as thermal cycling
[12], elastostatic loading [13,14] and severe plastic deformation
[15,16], and renders the atomic structure of the alloys into a reju-
venated state [10]. The introduction of widely-distributed ‘soft
spots’ [17] in an amorphous matrix via the structural rejuvenation
enables the improvement of mechanical stability [10]. On the other
hand, the minor addition of alloying elements, especially those
with a positive enthalpy of mixing relation with the major alloying
elements, induces atomic scale heterogeneities [18] in as-cast
monolithic bulk metallic glasses. Chemical heterogeneities
featuring at small size scale under a few nanometers affect the flow

* Corresponding author.
E-mail address: espark@snu.ac.kr (E.S. Park).

Contents lists available at ScienceDirect

Acta Materialia

journal homepage: www.elsevier .com/locate/actamat

http://dx.doi.org/10.1016/j.actamat.2017.08.002
1359-6454/© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Acta Materialia 140 (2017) 116e129

mailto:espark@snu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2017.08.002&domain=pdf
www.sciencedirect.com/science/journal/13596454
www.elsevier.com/locate/actamat
http://dx.doi.org/10.1016/j.actamat.2017.08.002
http://dx.doi.org/10.1016/j.actamat.2017.08.002
http://dx.doi.org/10.1016/j.actamat.2017.08.002


characteristics of local regions under shear deformation. This re-
sults in improved plasticity which was revealed for various bulk
metallic glasses with optimized compositions such as Cu46Zr47A-
l7(Y,Gd)5 [18,19] (DHmix

Zr�ðY ;GdÞ ¼ þ9 kJ=mol), Zr57Ta5Cu18Ni8Al10 [20]

(DHmix
Zr�Ta ¼ þ3 kJ=mol), Ni59Zr16Ti13Si3Sn2Nb7 [21],

Cu47Ti33Zr7Nb4Ni8Si1 [22] (DHmix
Zr�Nb ¼ þ4 kJ=mol, DHmix

Nb�Ti ¼
þ4 kJ=mol) and Cu55Zr30Ti10Ag5 [23] (DHmix

Cu�Ag ¼ þ2 kJ=mol) (we

refer to [24] for the values of DHmix). Both approaches to enhance
the plasticity of monolithic metallic glasses are closely related to
the manipulation of the operation of shear deformation units (i.e.
‘shear transformation zones (STZs)’ [2]) besides the control of
mature shear bands. Overall, the modulation of multi-scale ‘shear
avalanches’ in metallic glasses, ranging from nm-scale shear
transformations to macroscopic shear banding, is a key issue for
improving the ductility of such alloys.

Here we suggest a novel route for modulating shear avalanches
and plasticity of metallic glasses in alloy systems with a metastable
miscibility gap. From miscibility gaps in multicomponent systems,
phase separating metallic glasses (PS-MGs) have been reported in
various alloy systems such as La-Zr-Cu-Ni-Al [25], Cu-(Zr,Hf)-
(Y,Gd)-Al [18,19], (Ti,Zr)-Y-Al-Co [26], Gd-Ti-Al-(Co,Cu) [27], Gd-
(Hf,Ti,Y)-Co-Al [28,29], Ni-Nb-Y [30] and Gd-Zr-Al-Ni [31].
Although, the metallic glasses with dual amorphous phases were
introduced as a novel amorphous-amorphous composite structure
with enhanced mechanical properties in very limited cases [32],
phase separation in glass-forming system, in general, causes to
deteriorate both ductility and strength as compared to monolithic
metallic glasses, which attributed to weak phase interfaces be-
tween the adjacent amorphous phases. However, the Cu-Zr-Al-Y
PS-MG-forming system particularly exhibit a fine scale phase sep-
aration ranging over a few tens of nanometers and pronounced
bending ductility being folded 180� without fracture for ribbon-
type sample. Here, we systematically investigate the microstruc-
ture and deformation behavior of the Cu-Zr-Al-Y metallic glasses
especially focusing on alloys with low Y contents (� 15 at.%). The
presence of chemically heterogeneous substructures in the fully
amorphous state depending on alloy compositions were confirmed
by various structural analyses, and their role on the deformation
behavior was examined via multi-scale mechanical tests including
nanoindentation tests, micropillar compression tests and macro-
scale bending tests. Based on the results, we propose a novel
strategy for enhancing the plasticity of metallic glass-forming al-
loys via formation of spinodal-like nanoscale networks of chemical
heterogeneities without pronounced sharp interfaces.

2. Experimental

2.1. Sample preparation

Cu46Zr47-xAl7Yx (x ¼ 0, 2, 5, 10, 15, 20, 25, 30, 35, 47 at.%) alloy
ingots were prepared by arc-melting with high-purity elements of
Cu (99.9%), Zr (99.9%), Al (99.9%), and Y (99.9%) under Ti-gettered
argon atmosphere. Rapidly solidified ribbons were prepared by
melt-spinning technique. The alloy ingots were re-melted in a
quartz tube in an induction heater, and were ejected with an over-
pressure of 50 kPa through a 0.5 mm-diameter circular nozzle onto
a copper wheel rotating with a surface velocity of 40 m/s. The
dimension of the as-spun ribbons was 2 ± 0.2 mm in width and
40 ± 5 mm in thickness.

2.2. Microstructural characterization

The amorphous structure for the as-spun ribbon samples was

confirmed by X-ray diffraction (XRD; Bruker D2 Phaser) using
monochromatic Cu Ka radiation. The thermal behavior of the as-
cast ribbons was investigated by differential scanning calorimetry
(DSC; Perkin Elmer DSC 7) at a heating rate of 40 K/min. Scanning
electron microscopy (SEM) observation was performed at a low
acceleration voltage of 2 kV using a field-emission SEM (Zeiss
CrossBeam 1540EsB) equipped with an in-lens detector.

SANS experiments were conducted using a 40 m SANS instru-
ment [33] at the High-Flux Advanced Neutron Application Reactor
(HANARO) at the Korea Atomic Energy Research Institute (KAERI). A
monochromated cold neutron beam with an average wavelength
6 Å was irradiated to the ribbon sample packed tightly inside f

8 mm � t 1.5 mm volume in a cadmium holder. Three different
sample-to-detector distances (SDD ¼ 17.3, 6.7 and 1.15 m) setups
were applied for measurement in wide q-range. After necessary
data reduction processes for open beam scattering, transmission
and detector inhomogeneities, the corrected scattering intensity
functions were normalized to the absolute intensity scale.

Needle-shaped specimens for atom probe tomography (APT),
having radii of curvature smaller than 100 nm, were prepared using
a dual-beam FIB system (FEI Helios Nano-Lab 600i). A wedge-
shaped piece of the sample was taken from the center area of the
ribbon cross-section in a standard FIB lift-out procedure [34],
placed on a Si micro-tip array, and subjected to annular FIB milling
procedure at a low acceleration voltage of 30 kV (0.23 nA). Final
polishing was done at 5 kV (40 pA) to minimize Ga þ implantation
into the samples and maintain it at a negligible level. APT analyses
were carried out using a LEAP 3000� HR system (Cameca In-
struments) in laser-pursed mode at 100 kHz pulse repetition rate,
0.5% target evaporation, 0.4 nJ energy and 70 K. The APT data were
reconstructed and evaluated using IVAS software provided by
Cameca Instruments. Compositional frequency distributions are
obtained by a grid-based counting algorithm [35,36] using a bin
size of 300 atoms.

2.3. Mechanical testing

Nanoindentation tests were carried out on the finely polished
cross-sections of ribbon samples using a nanomechanical tester
(Hysitron TI 750 TriboIndenter) in a load-controlled test condition.
In order to obtain an average hardness value of each ribbon sample,
nanoindentation tests were repeated for 20 times per samples
using Berkovich diamond tip. Standard deviations were used as
error ranges. In order to analyze shear avalanches statistically in the
selected ribbon samples, repeated nanoindentation tests were
conducted for 150 times per sample using a conical-type diamond
tip with a 2 mm radius. For a single indent, the indentation forcewas
(i) increased up to peak force of 5 mN in 5 s at constant loading rate,
(ii) remained at the peak force for 2 s, and (iii) was finally unloaded
in 5 s. The deviations were used as error ranges. The strain burst
sizes of pop-ins were collected from the resulting load-
displacement curves using a MATLAB-based code.

Micropillar samples were fabricated by FIB (FEI Nova 600
Nanolab) at the center region of ribbon cross-sections. Annular FIB
milling procedure was conducted using an acceleration voltage of
30 kV and with ion beam current controlled from 5 nA to 100 pA to
minimize the taper angle of the pillars to a value below 1.5�. The
final dimension of the cylindrical pillars was f 1.8 ± 0.05 mm � H
3.9 ± 0.1 mm (aspect ratio ~ 2.167). The fabricated pillars were
compressed in a load-controlled mode with a constant loading rate
of 10 mN/s using in situmechanical tester (Hysitron Picoindenter PI-
85) inside a field-emission SEM (FEI Quanta 250). A flat-punch type
diamond tip with flat surface diameter ¼ 10 mm was used for the
compression tests. Before compression, the diamond tip contacted
with the pillars forcing small preload of 2 mN and an average drift

J. Kim et al. / Acta Materialia 140 (2017) 116e129 117



Download English Version:

https://daneshyari.com/en/article/5435760

Download Persian Version:

https://daneshyari.com/article/5435760

Daneshyari.com

https://daneshyari.com/en/article/5435760
https://daneshyari.com/article/5435760
https://daneshyari.com

