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Abstract

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 conventional 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.
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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 [1-6]. Due to the
large energy absorption capacity by forming a steady plastic-flow stage, cellular
metals have been studied extensively for energy-absorption purpose [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

composite 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 [14-16].
This enables BMGs to become ideal parent materials to fabricate cellular structures
for energy-absorption applications. Some BMG structures, such as BMG foams
[17-20] 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 [10-13], 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 [25-28]. In fact, in practical applications of structural materials,
the material always deforms under complex stress states, rather than uniform
compressive or tensile stresses [29-31]. 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 absorption capacity than previously reported

metal foams and BMG structures.

2. Experimental

The design of a single tooth unit of saw-tooth-like BMG 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 (ds 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 Zrs7CupAloNigTis (at.%) BMG rods of 5 mm diameter 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 diffraction (XRD) analysis on a Rigaku SmartLab
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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

o nlr L)y 4 o1yd; 4,
Cpp [(n—1)ds + dy]of(hy + hy)

Pr (1)

where psand p, 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 = 5), B (n = 6) and C (n = 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 respectively made 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 (MTYS)
at a constant cross-head loading speed of 0.036 mm/min. After compressive testing,
the side surfaces of the deformed specimens 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 Zrs;Cu,pAl1oNigTis BMG specimen of 5 mm diameter has very limited
macroscopic strain (about 1% plastic strain) [23], the saw-tooth-like BMG structures
have wide plastic-flow plateau stages till densification. Moreover, besides the slight
decrease of the nominal stresses before the densification stage in specimens A and C,
all the specimens have continuously increasing nominal stresses during the
plastic-flow plateau stages. The stress decay factors fy of the saw-tooth-like BMG

structures were estimated using the expression [24]

fog= (Uonset_o'd)/ (3d_30nset) (2)

where oonset aNd eonset are the nominal stress and macroscopic strain at the onset of the
plastic-flow stage, and o4 and ¢4 are the values at densification. The calculated fq
values for specimens A-C are -10.6 MPa/1%, -15.8 MPa/1% and -22.5 MPa/1%,
respectively. When compared with the decay of the peak stresses during the
plastic-flow plateau stages in the cellular BMGs with macroscopic cellular structures
[24], the present saw-tooth-like BMG structures have high rates of increase in the
nominal stresses. Since BMGs are known to have work-softening behavior, the
increase of nominal stresses should result from the specially-designed trapezoidal
structural units. It has been reported that, under compression tests, BMG specimens
with sizes less than 1 mm have large macroscopic strains [32,33]. The resultant stress
gradient stemming from the trapezoidal shape under compression not only increases
the plastic deformation but also achieves work-hardening-like behavior, leading to

large macroscopic strains without failure [25-28].



To characterize the energy-absorption performance of the saw-tooth-like BMG
structures, the evolution of the energy absorption per unit volume (W,) is plotted in

Fig. 2b, according to the equation [34]
€D

W= [ o) de 3
0

where o(¢) is the nominal stress and ep the macroscopic strain. It can be seen that
specimens A-C have W, values of about 230 MJ/m®, 270 MJ/m® and 320 MJ/m?,
respectively, at the onset of the densification stage. These values are much larger than
the ones in the cellular BMGs with macroscopic cellular structures, which have been
reported to have the best energy-absorption performance of cellular BMGs [23].
When compared at a similar relative density of about 0.5 and ¢p = 0.4, the present
saw-tooth-like BMG structure shows enhanced energy absorption capacity (about 178
MJ/m?® for specimen A) of about 200% (W, = 58 MJ/m? for the cellular BMG with p;
= 0.49). Further examination of the evolution of the W, values during the plastic-flow
plateau stages shows that the saw-tooth-like BMG structures have larger rates of
increase as compared with the cellular BMGs. This phenomenon can be attributed to
the increase of nominal stresses of the saw-tooth-like BMG structures during the
plastic-flow plateau stages, while the cellular BMGs exist a decay in the peak stress

till densification [24].

Figure 3a summarizes the energy-absorption performance of the present
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saw-tooth-like BMG structures, cellular BMGs with macroscopic cellular structures
[23,24], BMG foams/honeycombs [18,20,22,35] and some representative metal foams:
Al and Al alloy foams [20,36,37], copper foams [11], steel foams [38,39], Zn alloy
foams [40], and composite metal foams [12,13,41,42]. It is found that the fabricated
saw-tooth-like BMG structures have substantially enhanced energy absorption
capacity as compared with the existing cellular solids, including metal foams and
cellular BMGs. The enhancement of the energy-absorption performance of the
saw-tooth-like BMG structures, as compared with the conventional metal foams, can
be understood to be due to two factors: the relatively-higher strength of the parent
materials [21] and the deformation behavior of the macroscopic cellular structures
[24]. However, when compared with the existing BMG structures, since the strength
of the parent BMGs (Zrs;Cuz0AloNigTis BMG) of the saw-tooth-like BMG structures
is not higher than the value of the reported BMG structures [23], the enhancement of
the energy-absorption performance appears to mainly result from the deformation

behavior of the designed saw-tooth-like structures.

After densification, one typical tooth unit of the saw-tooth-like BMG structures is
given in Fig. 3(b-e). Differing from previously reported cellular BMGs, in which the
deformation modes are mainly bending, buckling and collapse of structural units
[17,18,21,43], the deformation mode of the tooth unit in the present saw-tooth-like
BMG structures is primarily plastic deformation through shear-banding. The SEM

images (Figs. 3c-e) show that, during the compressive testing process, the tooth unit
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has undergone large plastic deformation, which is evidenced by the observation of a
large number of shear bands. The top part of the tooth unit (Fig. 3c) has shear band
patterns with three shear-banding directions, indicating the occurrence of many
shear-band intersections. The bottom part of the tooth unit (Fig. 3d) also has dense
shear-band patterns with two shear-banding directions as well as intersections. The
dense shear-band patterns as well as the shear-band intersections on the tooth unit
validate the accommodation of a huge amount of mechanical energy during the
compression tests [44,45]. The formation of the shear-band patterns can be understood
from effect of the gradient distribution of the stresses. Under compressive loading, the
trapezoidal geometry of the tooth unit creates a gradient distribution of the stresses,
where the top part has the strongest stress concentrations to initiate more shear bands
than the bottom part, agreeing well with previous findings under complex stress states
[25,26,29,30]. On the other hand, besides the observation of dense shear-band patterns
on the surface of the tooth unit, two major shear processes without fracture (as
indicated by the red arrows in Fig. 3b) are also observed. It can be speculated that,
during each major shearing process, the top part of the tooth unit was compressed to
slide down without fracture, resulting in large macroscopic strains to accommodate
the mechanical energy. It can be summarized that the formation of the dense
shear-band patterns and the shearing processes without fracture play key roles in
achieving the excellent energy-absorption performance in the saw-tooth-like BMG
structures. Moreover, at the region between the tooth unit and the substrate, a series of

shear bands can also be observed (Fig. 3e), which are roughly perpendicular to the



loading direction. This suggests that, if the compressive loading process proceeds, the
plastic deformation may extend to the substrate to accommodate more mechanical
energy. Actually, this predication has been verified by the observation of a large
number of shear bands on the substrate in the specimens with 52.8% nominal strain

(Fig. 4b).

Besides the excellent energy-absorption performance, another advantage of
saw-tooth-like BMG structures is their designable potential. Since the saw-tooth-like
BMG structure consists of periodically distributed tooth units, if we ignore the effect
caused by the neighboring tooth unit, the overall energy-absorption performance

should be proportional to the number of tooth units, leading to the relationship

W, = nwy (4)

where n is the number of tooth unit and w, is the average energy absorption capacity
of each tooth unit. Based on the experimental values of specimens A-C, w, was

estimated using the equation

1 /W, _ W, _ W, _
VT/V:_( VA+ VB+ VC)
na np nc

(5)

where W,.a, Wy.g and W,.c are the energy absorption capacities of specimens A-C,
respectively, and na, ng and nc are the corresponding number of tooth units. Taking
the value at the onset of the densification stage as the energy absorption capacity of

specimens A-C, the values of W,.a, Wy.g and W,.c were estimated at 230 MJ/m?, 270

MJ/m® and 320 MJ/m?®, respectively. The average energy absorption capacity of the
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tooth unit (w,) was then calculated as 43.7 + 3.7 MJ/m®. Therefore, for saw-tooth-like
BMG structures with tooth unit number n =7, 4 and 3, the W,, values were estimated
at 306 + 26 MJ/m3, 175 + 15 MJ/m®and 131 + 11 MJ/m®, respectively. As shown in
Fig. 3a, the estimated values are also much larger than those in existing cellular

BMGs.

Although the energy-absorption performance of the saw-tooth-like BMG structures
was mainly influenced by the deformation behavior of the tooth units, other factors
relating to the relative densities, such as the distance between the neutral planes of the
tooth units (ds in Fig. 1) and the thickness of the substrate (h, in Fig. 1), also affect the
overall performance of the structures. On the one hand, the decrease of distance
between the tooth units not only increases the relative density of the BMG structures
(eqg. 1), but also affects the deformation behavior of neighboring tooth units. It can be
seen in Fig. 4a, the tooth unit has contacted a neighboring tooth unit, causing the
decrease of the onset strain for the densification stage (Fig. 2). On the other hand, the
aforementioned plastic deformation in the substrate could increase the capacity for
energy-absorption. For example, the continuous compressive testing of specimen B
during the densification stage has shown contact between the tooth units and the
substrate (Fig. 4b). In the magnified SEM image (Figs. 4c), the contact of the top part
of the tooth unit cause the formation of profuse shear bands in the substrate, similar to
the indentation tests [46,47]. Furthermore, in the region below the deformed tooth unit,

a large number of shear bands are also formed throughout the substrate (Fig. 4d). The
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formation of a larger number of shear bands in the substrate implies that, even after
densification, the saw-tooth-like BMG structures still have great potential to deform
plastically and accommodate a large amount of mechanical energy. Specimen B
exhibited an energy absorption capacity W, of about 419 MJ/m? at a nominal strain of
about 53% (the value is about 270 MJ/m? at the onset of the densification stage, i.e.,

80nset = 43%) .

To obtain stable nominal-stresses during the plastic-flow plateau stages is critical for
achieving better energy-absorption performance in structural materials [7,24]. In the
present work, continuous increasing of the nominal stress during the plastic-flow
plateau stages has been achieved in BMG structures by creating gradient distributed
stresses though geometric design. The findings suggest that, although BMGs have a
work-softening nature and overall brittleness [48,49], the work-hardening-like
behavior of BMGs under complex stress states [25] can still be employed to enhance
the energy-absorption performance of BMG structures. In practical structural
materials, the struts always deform under complex stress states but seldom under
uniformly distributed stress states [29,31]. Therefore, the use of the deformation
behavior of BMGs under complex stress states in designing BMG structures could
have large potential for widespread applications in industry. The saw-tooth-like
structures made of a high-strength stainless steel demonstrated W, values of about 122
MJ/m?, 145 MJ/m? and 180 MJ/m? at the onset of the densification stages (Fig. 3a),

which are also much larger than the composite metal foams [12,13,41,42] and steel
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foams [38,39]. This indicates that the using of other BMGs or alloys with higher
strengths may further improve the energy-absorption performance. Additionally, as
compared with microscopic cellular structures in metal foams [50,51], the controllable
geometry enables the corresponding properties to become designable. Besides the
periodic distribution of the tooth units, the tooth geometry and the substrate thickness
could also be changed, providing a feasible route to optimize the energy-absorption

properties for practical applications.

4. Conclusions

In summary, some saw-tooth-like BMG structures have been fabricated, and exhibited
greatly enhanced energy absorption capacity than previously reported metal foams
and BMG structures. Under compressive testing, the resultant stress gradient results in
large plastic deformation in the structural units, leading to wide plastic-flow plateau
stages with continuous increasing of the nominal stresses. The change of the
mechanical energy accommodation route, from bending, buckling and collapse of
struts in cellular metals to large plastic deformation in the present saw-tooth-like
BMG structures, is responsible for the improvement of the energy-absorption
performance. Moreover, the tunable distributions of the structural units, as well as
geometric changes, can provide a feasible route to obtain BMG structures with

desired properties.
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Figure captions

Figure 1. (a) The schematic diagram of the designed saw-tooth-like BMG structures,
where hy =2 mm, h, =1 mm, w=2 mm, d; =0.33 mm, d, =1 mm, and d3 = 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.

Figure 2. The compressive testing results of the saw-tooth-like BMG structures (a)
and the corresponding evolution of the energy absorption capacity (W,) of the
saw-tooth-like BMG structures (b). The dash lines in (b) show the evolution of W, of

two cellular BMGs with macroscopic cellular structures [23] for comparison.

Figure 3. (a) Comparison of the energy absorption capacity per unit volume (W,) of
the saw-tooth-like BMG structures with other cellular solids: (1) saw-tooth-like BMG
structures in the present work; (2) Estimated values in saw-tooth-like BMG structures
with other relative densities; (3) Saw-tooth-like structures made of a high-strength
stainless steel; (4) Cellular BMGs with macroscopic cellular structures [23,24]; (5)
BMG foams [18,20,35] and honeycombs [22]; (6) Composite metal foams
[12,13,41,42]; (7) Cu foams [11]; (8) Steel foams [38,39]; (9) Zn-22Al alloy foams
[40] and (10) Al and Al alloy foams [20,36,37]. (b-c) SEM images of one typical tooth
unit in specimen A after densification, where (c-e) are magnified images of the

rectangles F, G and H in (b) respectively. The red arrows in (b) indicate the major
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sliding processes in the tooth unit, and the dashed lines in (c-e) show the

shear-banding directions.

Figure 4. (a) and (b) are SEM images showing the typical tooth units of specimens C
and B, respectively, after densification. (c) and (d) are the magnified SEM images of

rectangles M and N in (b), respectively.
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