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ABSTRACT

CagsMgisZnyo bulk-metallic glass (BMG) exhibited a typical brittle fracture behavior during
compressive loading at room temperature. Samples exploded into many small pieces after elastic
deformation, and no macroscopic plasticity was observed. The fracture surface demonstrated
multiple fracture patterns, including typical metallic-glass vein patterns and glass mirror, mist,
and hackle patterns. These observations show that Ca-based BMGs are subjected to multiple
brittle fracture modes under compressive loading. Periodic nanoscale corrugations were found in

the hackle region, which may indicate local plasticity for the brittle fracture.

INTRODUCTION

Ca-based bulk-metallic glasses (BMGs) have low density (~ 2.0 g/cm®), low Young’s modulus
(~ 20 - 30 GPa), low shear modulus (~ 8 - 15 GPa), low glass-transition temperature (T4 ~ 100

°C - 190 °C), low crystallization temperature (Tx ~ 130 °C - 240 °C), and a wide super-cooled
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liquid temperature range (ATyg = Tx - Tg = 30 - 80°C) [1-3]. In addition, Ca-based BMGs have
very good glass-forming ability (GFA) and are based on two simple metals, Ca and Mg [3].
Since first Ca-based BMGs were successfully synthesized [4,5], numerous Ca-based BMG
systems have been discovered and studied [6-12]. The elastic modulus of Ca-based BMGs is
comparable to the modulus of human bones and Ca, Mg, and Zn are biocompatible. These
features make Ca-Mg-Zn-based alloys attractive for biomedical applications [2, 3, 13].
Brittleness at temperatures well below Ty is a common feature of many metallic glasses, such as
Zr-, Cu-, Mg-, and Fe- based BMGs [14]. Their brittleness is generally explained by limited
deformation carriers that can accommodate the loading conditions, such as linear and planar
defects, as well as the absence of strain hardening in amorphous structures [15]. Ca-based BMGs
are extremely brittle at room temperature [1, 15, 16]. During compression testing of a
CagsMgisZnyo (atomic percent) BMG, many thin pieces were observed to shed progressively
from free surfaces of samples due to splitting fracture, which eventually exploded into numerous
small pieces in the final catastrophic failure [15, 16].

A good understanding of the fracture behavior is critically important for the application of Ca-
based BMGs. The unusual, catastrophic failure of Ca BMGs makes it difficult to study the
fracture mechanisms that operate during the early stages of failure. In the current paper, the
fracture modes are characterized on fracture surfaces produced by interrupted compressive

loading of a CagsMgi15Zn20 BMG, and the associated failure mechanisms are discussed.

EXPERIMENT

The CagsMQgi5Zny0 (atomic percent, at. %) BMG alloy was fabricated by induction

melting pure elements (99.9% weight percent) in a water-cooled copper susceptor in an argon
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atmosphere. The prepared alloy was subsequently placed in a quartz crucible with a 2-mm
diameter hole at the bottom, induction melted in an argon atmosphere, and injected into a water-
cooled copper mold with a 15 mm x 15 mm x 4 mm cavity [1-2]. X-ray diffraction and
differential scanning calorimetry (DSC) were used to assess the structure of the 4-mm-thick
plates produced. The plates were cut into 4 x 4 x 4 mm® samples for compression experiments.
Each side of these samples was polished to a 600-SiC-grit-surface finish using a polishing fixture
(South Bay Technologies, San Clemente, CA) to keep the sides parallel and perpendicular.

A computer-controlled servohydraulic-testing machine (MTS Systems Corporation, Eden Praire,
MN) was employed to conduct the compression tests. The load frame was aligned prior to use.
The compression experiments were performed at room temperature under displacement control
with an initial strain rate of 10 s™. Tungsten-carbide spacers were employed above and below
the specimen to prevent the deformation of the pushrods during the compression experiments.
Compression loading was stopped immediately after spallation was first observed in the sample,
and before the catastrophic, explosive failure observed in the earlier study [15]. In general, 3-4
primary shear or split fracture planes can be observed. Fracture surfaces were characterized by a
Leo 1526 scanning electron microscopy (SEM) (LEO Electron Microscopy Ltd., Cambridge,
England) immediately after testing to avoid oxidation. Moreover, the angle between the fracture

plane and loading direction was measured.

RESULTS AND DISCUSSION

The plates produced were found to be fully amorphous in the as-cast condition [2], and detailed
mechanical properties of the CagsMgi5Zn20 BMG have been reported previously [15]. A

relatively flat fracture plane with a large angle of approximately 35° with respect to the loading
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axis was covered by vein patterns (Figure 1), which are the typical BMG shear-fracture feature.
The vein structure has been widely observed and is generally attributed to the significant increase
in the temperature in shear bands during the deformation of metallic glasses [17-18]. This feature
is consistent with the reported results for many other metallic glasses, which demonstrate that the
compressive fracture of metallic glasses does not occur along the plane of the maximum shear
stress, and the compressive fracture angle is less than 45° [19-20]. Although the aspect ratio of
the current sample is 1, the fracture behavior may not change with the aspect ratio when it is
larger than 0.75 [21]. Only specimens with the aspect ratios equal to and smaller than 0.75
exhibit an excellent compressive ductility due to the constraint on the compressive deformation
of BMGs [21]. The size of vein patterns varies significantly along the perpendicular direction to
the crack propagation, such as from A to B in Figure 1(a). Figure 1(b) shows the elongated
cellular vein structure at high magnification. This characteristic vein in BMGs may indicate the
relatively ductile local fracture [14]. Vein patterns in BMGs also seem to indicate a pre-melting
state of the material at the shear failure surfaces. These facts indicate that the Ca-based BMG
exhibits localized shear bands and local plasticity, while it lacks a global shear band and
macroscopic plasticity. The width of the dimple vein structure is up to 13.2 um in the current Ca-
based BMG.

Conchoidal fracture morphologies occurred during the fracture of the CagsMgi5Zn0 BMG in the
present study. Conchoidal fracture was generally found on fracture planes that locally appear to
be inclined by about 0 - 20° to the direction of the applied load. This fracture surface produced
the splitting fracture mode in the CagsMgi15Znz0 BMG [15, 16]. Figure 2(a) presents the very
smooth mirror region near the fracture origin, the mist region, which transitions from mirror to

hackle regions, and the hackle region with radiating ridges and valleys [Figure 2(b)]. The smooth
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mirror surface produces in the initial fracture region. Then, a rougher surface known as mist is
created when the crack accelerates and becomes unstable. Moreover, this instability eventually
causes the crack to branch out, producing the roughest hackle region. The hackle region is
characterized by elongated markings that emanate from the flaw origin [22]. These fracture
phenomena are found in other brittle BMGs, such as Fe-based, Co-based, and Mg-based BMGs
[23-25]. Zhang et. al. reported similar cleavage-fracture morphologies on fracture surfaces from
compression tests on Fegs sCrysMo,GasP1,CsBs 5 and CogsFexgTas sBs1 5 [23]. They suggest (1)
that the mirror morphology forms when the propagation velocity is lower than a critical velocity,
(2) that the mist region is formed as the crack front accelerates toward a critical velocity, and (3)
that the hackle region is formed when the crack exceeds a critical velocity and becomes unstable.
They also found periodic, wavy nanoscale steps in the mirror, mist, and hackle regions, and
suggested that these nanoscale steps enable the dynamic crack to dissipate more energy through a
curving path [23]. Wang et. al. found an unusual fractographic evolution from a nanoscale,
dimplelike structure to nanoscale periodic steps and corrugations, and then to a flat mirror zone
along the crack-propagation direction when they conducted a three-point-bending test on
MgssCu,sGdig BMG [25]. They propose that the transition is due to the propagation-speed
dependent dynamic behavior of the viscoelastic matter at the crack-tip front, where local
softening occurs in the fracture-process zone [25].

In the current study, no dimple-like structure or wavy corrugations were observed in the mirror
and mist regions. However, periodic, wave-like nanoscale patterns were found in the hackle
region, as shown in Figures 2(c) and 2(d). These periodic patterns suggest that the hackle ridges
formed when the crack velocity or direction varied along the crack front [Figures 2(c) and 2(d)]

[23]. In the mirror region, the crack velocity is low, and the crack front can keep the same
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velocity. In the hackle region, the crack velocity is fast, and the propagation is unstable. Then the
hackle ridges form. Figure 2(d) demonstrated that the periodic corrugations on both sides of a
hackle ridge grew in different directions with asynchronous steps. The wavelength of the
periodic corrugations is measured to be approximate 76 nm. The periodic nanoscale corrugations
may result from a local plastic fracture, and the local plasticity plays a dominant role at the front
of the crack tip [26]. However, these fine nanoscale patterns may reflect the relatively brittle
fracture in BMGs.

The large-scale vein patterns and fine-scale wavy corrugations could be two indicators for the
existence of the local ductility in the Ca-based BMG. In the present investigation, the vein
patterns might result from the shear fracture through shear bands, which were generally observed
in Zr and Cu-based BMGs, and the wavy corrugations were the results of splitting fracture
through the crack-tip opening, which was usually found in Fe- and Co-based BMGs. This trend
may indicate that the Ca-based BMG demonstrates different fracture characteristics. The Ca-
based BMG has better local ductility under a shear-fracture mode than that under a splitting-
fracture mode. Xi et. al. found that the plastic-process zone, w, (measured as the average width
of the dimple or the wavelength of the vein features) increased linearly with the increase of
(Kcloy)? where K is the fracture toughness, and ov is the fracture strength [27]. We assume that
the current Ca-based BMG follows the same trend. The average of oy is about 364 MPa [15].
For the shear mode of the Ca-based BMG, w is up to 13.2 um (estimated from the width of the
dimple vein structure) and Kc is estimated to be ~ 8.79 MPa-m®®. For a splitting mode of the Ca-
based BMG, w is 76 nm (estimated from the wavelength of the periodic steps/corrugations) and
Kc is estimated to be ~ 0.75 MPa-m®°. Although the fracture toughness of the Ca-based BMG

under shear mode can reach 8.79 MPa-m®?, the Ca-based BMG only exhibited very small
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fracture toughness for splitting mode, which is comparable to the silicate glasses with K¢ ~ 0.68
to 0.91 MPa-m®® [27]. This may suggest that the brittleness of the Ca-based BMG is close to
common oxide glasses. Thus, the Ca-based BMG demonstrates two types of fracture behavior
under the compression loading. In fact, it was found that the Poisson’s ratio of the CagsMg15Zn2
BMG is ~ 0.3 [3]. In general, metallic glasses with the Poisson’s ratio less than 0.31 - 0.32 are
more brittle [28]. Therefore, the current Ca-based BMG is in the transition from the “brittle” to
“ductile” characteristics. The further investigation on the brittle/ductile fracture behavior of the
Ca-based BMGs may provide an opportunity to thoroughly understanding the brittleness nature

of BMGs.

CONCLUSIONS

The CagsMg15Zn,0 BMG exhibited the duality of fracture behavior under compression loading.
SEM observation showed that the fracture surfaces contained the typical BMG vein pattern in the
shear-fracture mode and the typical glass mirror, mist, and hackle patterns in the
splitting/opening fracture mode. Furthermore, periodic nanoscale corrugations were found in the
hackle region, which may indicate a local plasticity for the brittle fracture. Ca-based BMGs

could be an ideal material for studying the brittle/ductile fracture mechanism in metallic glasses.
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Figure 1. Vein patterns in the shear fracture surface of the CagsMgi5Zn,0 BMG after a
compression experiment (a) at a lower magnification and (b) at a higher magnification. The solid

arrows indicate the crack-growth directions.
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Figures 2a and 2b
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Figure 2. Fracture-surface morphology on the splitting surface of the CagsMg15Zn,0 BMG after a
compression experiment. (a) Brittle fractography with mirror, mist, and hackle morphologies. (b)
Detailed morphology of the hackle zone inside the box in (a). (c) and (d) Periodic corrugations at

a higher magnification. The solid arrows indicate the crack-growth direction.
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