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Abstract. To face High Velocity Impacts, the aerospace industry has a constant need for innovative materials that can be used as
debris shielding components. Bulk Metallic Glasses (BMG) revealed interesting mechanical properties in case of static and quasi-
static loading conditions: high elasticity, high toughness, low density and high fracture threshold. The department of Mechanics
and Glass of the Institute of Physics Rennes conducted laser shock experiments (ELFIE facility) to study compositional effects on
the behavior of a ternary ZrCuAl BMG under high strain rate, up -to the fragmentation process. Ejecta velocities were measured
by Photonic Doppler Velocimetry and debris morphologies were observed by shadowgraphy. Scanning Electron Microscopy ob-
servations revealed the influence of the composition on fracture surfaces morphologies. A dependency of spalling process has been
correlated to Poisson’s ratio (i.e. zirconium content).

INTRODUCTION

For decades, it has been widely proven that metallic glasses possess very distinctive properties that contrast with
other families of materials. On one hand, they exhibit macroscopic brittle fracture and shear localization at room
temperature and under quasi-static loadings. At the microscopic scale on the other hand, evidences of plastic shear
flows are usually observed on fracture surfaces with the appearance typical vein-patterns. Fracture in metallic glasses
is also clearly unusual since some compositions are doted of high yield strength and toughness. To characterize their
fracture behavior, extensive works have been focused on the correlation between elastic constants and toughness (or
fracture toughness) [1], [2], [3], [4], [5]. As a result, ductility and brittleness but also atomic bonds are often discussed
in term of Poisson’s ratio: the higher this ratio is, the higher the ductility (plasticity) is. More precisely, Greer et al [6]
suggested that within a given system (here a ternary one) a higher plasticity or toughness is always correlated with a
higher ν.

EXPERIMENTAL SETUP

The ZrCuAl BMG ingots that were studied, were prepared by arc melting mixtures of high purity Zr (from a Zr crystal
rod < 0.05 at. % oxygen), Cu and Al under an argon atmosphere. The full casting method is described in [7]. X-ray
diffractometry was used to control that the cast ingot is amorphous. Initial properties summarized in Table 1 such
as density and elastic moduli (E and ν) were measured respectively by Archimedes and ultrasonic method at room
temperature. Four master ingots of ternaries ZrxCu(90−x)Al10 BMG (x = 45, 50, 55 and 60) were cut and polished into
slices of various thickness between 150 and 500 µm. The experiments were performed at the ELFIE facility (UMR
7605, Ecole Polytechnique, France). Laser provides a 350 f s duration high power pulse at 1.06 µm -wavelength fo-
cused on the surface of the specimen (spot diameter of 1.7 mm). Samples are set in a secondary vacuum chamber



Acc
ep

ted
 m

an
us

cri
tpt

(10−5 mbar is achieved) to avoid laser breakdown with air. The maximum provided energy is 11.4 J resulting in laser
intensities up to 1.38 PW.cm−2. Every shot was performed at quasi-identical energy (∼ 10.5 J ±0.75 corresponding to
1.3 PW.cm−2 intensity). In -situ diagnostics, such as Transverse Shadowgraphy [8] and Photonic Doppler Velocimetry
(PDV) [9], [10] were used to follow ejecta trajectories and morphology, but also to measure spall velocities. The de-
tailed description of the setup configuration is described elsewhere [11]. Post-mortem observations were performed on
recovered fracture surfaces by a Scanning Electron Microscopy (SEM) on the ScanMat facility (UMS 2001, Rennes,
France). To simplify reading in the following figures, compositions are depicted by four different colors: red, blue,
yellow and green that correspond respectively to Zr45Cu45Al10, Zr50Cu40Al10, Zr55Cu35Al10 and Zr60Cu30Al10.

TABLE 1. Initial properties of as-cast samples of ternary ZrxCu(90−x)Al10 BMG
(x = 45, 50, 55 and 60).ρ, E, ν, Tg refer respectively to the initial density, Young’s
modulus, Poisson’s ratio, and the temperature of vitreous transition

Composition ρ [g.cm−2] E [MPa] ν Tg [K]

Zr45Cu45Al10 219 97 ±1 0.354 ±0.002 724 [12]
Zr50Cu40Al10 225 89 ±1 0.369 ±0.002 706 [12]
Zr55Cu35Al10 226 87 ±1 0.370 ±0.002 688 [12]
Zr60Cu30Al10 223 82 ±1 0.375 ±0.002 671 [12]
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FIGURE 1. Spall velocity evolution versus sample thickness of ZrxCu(90−x)Al10 samples (x = 45 red triangle, x = 50 blue square,
x = 55 yellow circle, and x = 60 green diamond) subjected to 1.3 PW.cm−2 intensity laser shock.

RESULTS

In Fig. 1 are displayed the terminal spall velocities measured by PDV versus sample thickness. According to shock-
wave theory, spall velocity decreases with increasing sample thickness in between 150 and 270 µm due to hydro-
dynamic damping [13], [14]. It appears for a fixed thickness that spall velocities are the highest for the Cu-richest
composition (Zr45Cu45Al10) and the lowest for the Zr-richest specimens (Zr60Cu30Al10). However, at around 270
µm one may distinguish a velocity jump for every composition except for the Zr60Cu30Al10 composition which did
not spall. This jump is quite astonishing since BMGs do not apparently possess phase, unlike to crystalline materi-
als. Somehow pressure level and/or sound wave velocity and/or dynamic tensile threshold are modified for samples
thicker than 270 µm. Furthermore, only the Zr45Cu45Al10 sample is subjected to spallation when sample thickness
is around 460 µm. For every shot, a single spall is ejected (Fig. 2) but these are less damaged in the case of high
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zirconium rate specimens (Fig. 2 (c) and (d) in comparison with (a) and (b)). Finally, SEM magnifications of fracture
surfaces are displayed in Fig. 3.Shots on Zr45Cu45Al10 and Zr50Cu40Al10 samples exhibit flat areas characteristic of
brittle fracture. On the opposite, pictures (Zr55Cu35Al10) and (Zr60Cu30Al10) highlight a substantial amount of cavities
as usually observed on fracture surfaces of ductile materials subjected to shockwave [15].

FIGURE 2. Transverse shadowgraphy of Zr45Cu45Al10, Zr50Cu40Al10, Zr55Cu35Al10, and Zr60Cu30Al10 samples at 3.5 µs after a 1.3
PW.cm−2 intensity laser-shot. Every shot was in identical laser conditions (energy, duration, spot diameter and sample thickness).

FIGURE 3. SEM magnification of spalled areas of Zr45Cu45Al10, Zr50Cu40Al10, Zr55Cu35Al10, and Zr60Cu30Al10 samples recovered
after 1.3 PW.cm−2 laser-shock. Corresponding Poisson’s ratios (related to zirconium content) are indicated.

DISCUSSION

From these results, it seems that zirconium content plays a significant role on: terminal spall velocities and morpholo-
gies but also on fracture surfaces. Indeed, spall velocity decreases as Zr-rate increases. This can be attributed either
to a more pronounced hydrodynamic damping or a higher dynamic tensile threshold. Time resolution of PDV did not
allow to determine either the velocity when shockwaves break out at the free-surface nor the pull-back signal. Hence,
it is currently not possible to discriminate the role of these two points on our results. Now, if one considers spall mor-
phologies of shots on 220 µm thick samples of each composition as depicted in Fig. 2, it appears that Zr-rate has also
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an effect on the spall brittleness. This is also confirmed by fracture surfaces morphologies in Fig. 3. All these observa-
tions suggest that more energy is dissipated in Zr-rich samples. This composition dependency can be correlated with
Poisson’s ratio which, as shown in Table 1, increases with zirconium content. According to Lewandowski et al [2] and
Greer et al [6], Zr60Cu30Al10 samples are supposed to exhibit the most ductile behavior and Zr45Cu45Al10 the least
(possibly brittle). This is clearly in agreement with our results where an increasing Zr-content implies: lower spall
velocity, less damaged i.e. more massive ejected spalls and finally more ductile fracture surfaces. To understand the
fundamental reasons for this scaling to occur, one would have to look for the Short-Range- and Medium-Range-Order
in the atomic bonding differences of these four compositions, but this is beyond the scope of this work. As for the
velocity jump observed around 270 µm, we are still unable to explain the phenomena responsible for it. Nonetheless,
it has been widely reported that metallic glasses exhibit various rheological domains under high-temperatures and
moderate strain rates (< 103s−1) so that a deformation map regrouping decades of research has been established by
Schuh et al [16]. It would be reasonable to consider these rheological effects to happen also under shock. Sadly, there
is currently no data on plastic flow levels at dynamic strain rate (> 103s−1), which paves the path for future works.

CONCLUSION

To summarize, compositional effects of a ternary ZrCuAl BMG on spalling process was investigated by laser-shock.
Velocity measurements, transverse observations of spall morphologies and fracture surfaces revealed a significant
dependency of Poisson’s ratio on the fracture behavior of this ternary system. Poisson’s ratio increases with zirconium
rate and Zr-rich compositions emphasize lower spall velocities, less fragmentation and a ductile fracture surface. As
a result, during spallation more energy is dissipated in Zr-rich compositions. However, a peculiar jump velocity was
observed for every composition for a thickness around 270 µm. This particularity might be attributed to rheological
effects usually observed in BMGs under quasi-static loadings.
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