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a b s t r a c t

In this work, saw-tooth-like bulk metallic glass (BMG) structures were developed, exhibiting greatly
enhanced energy-absorption performance as compared with existing cellular metals, such as conven-
tional metal foams and BMG foams/honeycombs. The excellent energy absorption capacity is attributed
to the change of the deformation modes from bending, buckling and collapse of the structural units in
conventional cellular solids to large plastic deformation in the present BMG structures. Additionally, the
energy absorption capacity of designed saw-tooth-like BMG structures can also be tuned by tailoring the
periodic distribution of the structural units.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cellular solids with high energy absorption capacity have wide
applications for crash protection and blast mitigation, such as in
automotive industries, light-weight constructions and supporting
cores of structural sandwich panels [1e6]. Due to the large energy
absorption capacity by forming a steady plastic-flow stage, cellular
metals have been studied extensively for energy-absorption pur-
pose [7,8]. For example, Al and Al alloy foams have demonstrated a
wide range of porosity, a high specific strength and a high energy
absorption capacity [1,9]. Research findings have demonstrated
that the energy-absorption performance of cellular materials is
significantly influenced by the strength of the parent materials [7].
By replacing the parent Al alloys using metals with relatively-
higher strength, some other alloy based foams have then been
developed, such as steel foams [10], copper foams [11] and com-
posite metal foams [12,13], exhibiting better energy-absorption
performance.

As a novel class of structural materials, bulk metallic glasses
(BMGs) are known to have relatively higher hardness and strength
than their crystalline counterparts [14e16]. This enables BMGs to

become ideal parent materials to fabricate cellular structures for
energy-absorption applications. Some BMG structures, such as
BMG foams [17e20] and honeycombs [21,22], have been developed
and have demonstrated better energy-absorption performance
than conventional Al foams. However, when compared with other
alloy foams [10e13], the energy-absorption performance of these
BMG structures shows no obvious advantages. Some recent work
has shown that to increase the plastic deformation in the structural
units could further improve the energy-absorption performance of
BMG structures [23,24]. BMGs are able to demonstrate more plastic
deformation behavior under complex stress states than uniform
stress states [25e28]. In fact, in practical applications of structural
materials, thematerial always deforms under complex stress states,
rather than uniform compressive or tensile stresses [29e31]. In this
work, by the use of the large plastic deformation behavior of BMGs
under complex stress states, some saw-tooth-like BMG structures
have been designed and fabricated, where the deformation modes
are mainly plastic deformation under compressive testing. These
BMG structures have demonstrated much enhanced energy ab-
sorption capacity than previously reported metal foams and BMG
structures.

2. Experimental

The design of a single tooth unit of saw-tooth-like BMG
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structures is shown in the schematic diagram in Fig. 1. The saw-
tooth-like BMG structure consists of a substrate and periodically
distributed tooth units. The distances between the symmetric
planes of the tooth units (d3 in Fig. 1) were tailored as 2.8 mm,
2.2 mm and 1.6 mm for specimens A, B and C, respectively. To
fabricate the saw-tooth-like BMG structures, as-cast Zr57Cu20Al10-
Ni8Ti5 (at.%) BMG rods of 5 mmdiameter were prepared by suction-
casting the melted ingots in a copper mold, from the pure elements
of Zr, Cu, Al, Ni, and Ti. The amorphous atomic structure of the as-
cast BMG specimens was confirmed using standard X-ray diffrac-
tion (XRD) analysis on a Rigaku SmartLab X-ray diffractometer. The
saw-tooth-like structures were then fabricated from the as-cast
rods using wire-cut electrical discharge machining (EDM) on an
FI 240 SLP wire-cut EDM machine. After EDM, the side surfaces of
the specimens were polished using abrasive paper with grit sizes

from 150 to 2000. The relative densities of the saw-tooth-like BMG
structures were calculated using the equation

rr ¼
rs
rp

¼ n ðd1þd2Þ
2 h1 þ ðn� 1Þd3 þ d2

½ðn� 1Þd3 þ d2�ofðh1 þ h2Þ
(1)

where rs and rp are the densities of the saw-tooth-like BMG
structures and the parent BMGs respectively, and n is the number of
the tooth unit. The relative densities of specimens A (n ¼ 5), B
(n ¼ 6) and C (n ¼ 8) were calculated as 0.52, 0.56 and 0.62,
respectively. Three saw-tooth-like structures with relative densities
of 0.52, 0.56 and 0.62 respectivelymade of a high-strength stainless
steel (SS316L) have also been prepared to make a comparison.
Compression tests of the saw-tooth-like BMG structures were
conducted on a servo-hydraulic 810 Materials Testing System
(MTS) at a constant cross-head loading speed of 0.036 mm/min.
After compressive testing, the side surfaces of the deformed spec-
imens were examined using scanning electron microscopy (SEM)
on a Jeol JSM-6490 scanning electron microscope.

3. Results and discussion

The compressive deformation behavior of the saw-tooth-like
BMG structures is shown in Fig. 2a. Although BMGs are known to
have a size effect [32,33], and the bulk form of a Zr57Cu20Al10Ni8Ti5
BMG specimen of 5 mm diameter has very limited macroscopic

Fig. 1. (a) The schematic diagram of the designed saw-tooth-like BMG structures,
where h1 ¼ 2 mm, h2 ¼ 1 mm, w ¼ 2 mm, d1 ¼ 0.33 mm, d2 ¼ 1 mm, and d3 ¼ 2.8 mm,
2.2 mm and 1.6 mm respectively for specimens A, B and C, respectively. (b) The
schematic diagram showing the compressive testing of the saw-tooth-like structures.

Fig. 2. The compressive testing results of the saw-tooth-like BMG structures (a) and
the corresponding evolution of the energy absorption capacity (Wv) of the saw-tooth-
like BMG structures (b). The dash lines in (b) show the evolution of Wv of two cellular
BMGs with macroscopic cellular structures [23] for comparison.
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