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A  B  S  T  R  A  C  T   
 

We investigate the mechanical response of Zr50Cu40Al10 and Zr60Cu30Al10 metallic glasses under laser shock 

compression to reproduce hypervelocity impact conditions such as high longitudinal stresses and high strain 

rates in an unknown range of 106 — 107 s—1 . Hugoniot curves and strength parameters (spall strength and strain 

rate) are obtained from free surface velocity profiles and compared with previous studies on the mechanical 

behaviour of Zr-based metallic glasses under plate impact experiments. We established Hugoniot curves for both 

compositions up to 100 GPa, corresponding to a particle velocity of 1.8 km/s, and consistent with literature up to 

75 GPa. Concerning the strength parameters, we studied the evolution of the spall strength with the strain rate 

and obtained data unreached up to now from 1.7 × 106 s—1   to 2.7 × 107 s—1. This range of data correspond to 

strain rates of hypervelocity impacts of small debris (≈ 0.1 — 1 mm) on space infrastructure shields. Moreover, 

we highlight a strong dependency of the spall strength with the strain rate starting from 2 × 106 s—1. Indeed, the 
spall strength increases from 2.6 GPa, close to its quasi-static tensile strength value, up to 13.6 GPa. 

 
 

 

1. Introduction 

 
Metallic Glasses also known as Amorphous Metallic Alloys have been 

of important interest over the last decades due to their astonishing 

mechanical properties in quasi-static conditions, generally superior to 

their crystalline counterpart (higher yield strength, lower density, 

higher tenacity and higher fracture threshold). As for their dynamic 

response, several studies [1–5], from 2011 to 2015, revealed the po- 

tential of metallic glasses as shielding components to improve the cur- 

rent space infrastructure shields. Li et al. [6] reported a large number of 

metallic glass compositions: ∼ 103 discovered, ∼ 105 considered and ∼ 

106 potential bulk metallic glass compositions. Some are more spread 

than others not only due to their mechanical properties, but also because 

they are much easier to synthetize with a better glass forming ability. 

Regarding the suitability of Zr-based metallic glasses for mitigating 

hypervelocity impacts, many studies on the mechanical behaviour of 

Zr-based bulk metallic glasses under shock compression experiments 

have been published in the last twenty years [7–20] In most of these 

studies, authors collected Hugoniot data on their compositions of in- 

terest, calculated the Hugoniot Elastic Limit (σHEL) and studied the 

fracture mechanisms according to velocity profiles and post-mortem 

analysis at a strain rate up to 4.7     105 s—1. It is important to note 
that in all of these publications, experimental data refer to shocked 

states induced by plate impact experiments. However, in the perspective 

of space debris mitigation, generating high strain rates, data reported up 

to now are not sufficient. Indeed, one can estimate the strain rate in the 

target considering the material of space debris, its size and its velocity 

using the equation from [11]: 
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With ut the particle velocity in the target and δf the thickness of the 

flyer. To get the particle velocity in the target knowing the velocity of 

the debris, we used the polar shock method with the longitudinal stress 

versus particle velocity diagram reported by Martin et al. [7] on 

Zr57Nb5Cu15.4Ni12.6Al10 (up to 120 GPa) and Xi et al. [9] on 
Zr51Ti5Ni10Cu25Al9 (up to 110 GPa). Therefore, an aluminum debris at 

7 km/s with a thickness from 3 mm to 0.1 mm would generate, in the 

Zr-based metallic glass target, strain rates from 9 × 105 s—1 to 2.7 × 
107 s—1. Considering faster debris, more representative of actual space 

debris velocity, means that we would necessarily need to extrapolate the 

longitudinal stress versus particle velocity curve to apply the polar shock 

method. 

In the present paper, we study the mechanical response under laser 

shock compression of two ternary ZrCuAl bulk and ribbon metallic 

glasses with very close compositions: Zr50Cu40Al10 (rod and ribbon) and 

Zr60Cu30Al10 (only rod). The main goal of this work is to better under- 

stand the mechanical response of these compositions under extreme 

conditions: high strain rates (106 - 107 s—1) reachable thanks to laser 

shock experiments and corresponding to hypervelocity impacts of sub- 

millimeter debris, and high longitudinal stresses to investigate the po- 

tential of our compositions as shielding components of space 

infrastructures. 

2. Experimental setup 

2.1. Material properties 

 
As mentioned in the introduction, we focus here on ternary bulk 

metallic glasses (Zr50Cu40Al10 and Zr60Cu30Al10) and ribbon metallic 

glasses (Zr50Cu40Al10). 

Rod metallic glasses have been synthetized by the Institute of Ma- 

terial Research (IMR) in Tohoku’s University (Japan) [21], and in SIMaP 

laboratory (see Fig. 1-left) in Grenoble (France). Single master ingots of 

ternary Zr50Cu40Al10 and Zr60Cu30Al10 bulk metallic glasses were pre- 

pared by arc-melting miXtures of high purity zirconium, copper and 

aluminum under an argon atmosphere. The zirconium crystal rod used 

here contains an oXygen concentration less than 0.05 atomic percent to 

avoid crystallization during casting process. Master ingots were casted 

using the tilt-casting method for the IMR, to reduce the formation of cold 

shuts that act as crack-initiation sites (Yokoyama et al. [22]) and the 

succion casting method for the SIMaP, into millimetric diameter rods 

(from 5 mm to 10 mm). 

Ribbons metallic glasses (Zr50Cu40Al10), from SIMaP laboratory, 

were synthetized with a completely different process (see Fig. 1-right), 

called the melt-spinning method explained in details elsewhere [23]. 

Here the miXture is meticulously dropped on a high-speed copper wheel 

(2000 rpm). The high velocity of the wheel projects the ribbons into a 

big cylindrical reservoir long enough to cool down the metallic glass. 

The quench rate is strongly dependent on the wheel velocity. This 

method leads to approXimately 5 mm wide and 40 µm thick ribbons. 

For both ribbons and rod samples, the structure was characterized by 

X-ray diffractometry using Cu Kα radiations on a Panalytical Empirean 

Diffractometer exhibiting no Bragg peak of any crystalline phase. The 

working conditions were: 40 kV and 40 mA for the X-ray tube, a scan- 

ning rate of 0.026◦ per step and recording in the 2θ range 20◦–80◦ Glass- 

transition temperature Tg, crystallization temperature Tx and melting 

temperature Tm have been measured by differential-scanning calorim- 

etry (DSC) at a heating rate of 20 K/min under nitrogen atmosphere 

(flow rate of 140 mL/min, to inhibit as much as possible oXidation of the 
sample) and using an amorphous silica pan. The initial density ρ0 of our 

metallic glass compositions have been measured by Archimedes method 

with purified water. The other mechanical properties such as longitu- 

dinal sound speed CL, transversal sound speed CT, bulk sound speed Cb, 

Young’s modulus, shear modulus and Poisson’s ratio have been obtained 

using ultrasonic echography technique. Data are reported in Table 1. 

Targets preparation for laser shock experiments consists in slicing up 

the original rods and polishing each piece up until the final thickness is 

reached ( 70 μm). The polishing part has to be meticulously realised to 

make both faces of each sample parallels. As for the ribbons, no prepa- 

ration is needed since it has originally a global thickness of approXi- 

mately 40 µm. 

2.2. Laser shock experiments 

2.2.1. Laser facilities and in-situ diagnostics 

Laser shock experiments have been performed on three different 

laser facilities: on the nano2000 and HERA facilities from the Labo- 

ratoire pour l’Utilisation des Lasers Intenses (LULI, UMR 7605, Institut 

Polytechnique de Paris, Palaiseau, France) and on the GCLT facility at 

CEA DAM DIF. Hereafter are listed the features of those laser facilities 

for shock configuration on metallic glass samples from 50 to 500 µm- 

thick. For each experimental campaigns, a high-power laser pulse at a 

wavelength of 1.053 µm is focused onto a target with a random phase 

 

 

Fig. 1. Metallic glasses synthetized into rod shape (left) and ribbon shape (right). 
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Table 1 

Mechanical properties and characteristic temperatures of Zr50Cu40Al10 and Zr60Cu30Al10metallic glasses studied in the present work synthetized by the Institute of 

Material Research (IMR) and SIMaP laboratory. With ρ0, CL, CT , Cb, E, G, ν, Tg , Tx and Tm respectively the density, the longitudinal and the transversal sound speed, the 

bulk sound speed, the Young modulus, the shear modulus, the Poisson ’s ratio, the glass transition temperature, the crystallization temperature and the melting 

temperature. 

Zr60 Cu30 Al
IMR

 Zr50 Cu40 Al
IMR

 Zr50 Cu40 Al
SIMaP—Rod

 Zr50 Cu40 AlSIMAP—Ribbon 

 
 

ρ0 [g..cm—3 ] 6.703 ± 0.003 6.854 ± 0.005 6.909 ± 0.011 7.140 ± 0.171 

CL [km..s—1 ] 4.76 ± 0.04 4.81 ± 0.04 4.82 ± 0.02 – 

CT [km⋅s—1 ] 2.126 ± 0.015 2.188 ± 0.015 2.205 ± 0.002 – 

Cb [km..s—1 ] 4.080 ± 0.055 4.091 ± 0.056 4.094 ± 0.002 – 

E [GPa] 81.9 ± 2 89.3 ± 2 91.9 ± 1 – 

G [GPa] 29.8 ± 2 32.7 ± 2 33.6 ± 1 – 

ν 0.375 ± 0.002 0.365 ± 0.002 0.368 ± 0.008 – 

Tg  [ ◦ C] 383 ± 5 422 ± 5 427 ± 5 421 ± 5 

Tx  [ ◦C] 470 ± 5 507 ± 5 505 ± 5 505 ± 5 

Tm  [ ◦C] – 786 ± 5 779 ± 5 793 ± 5 
 

 

plate and a lens to ensure a uniform spatial energy distribution. In order 

to avoid laser breakdown in air (which would strongly reduce the laser 

energy deposit on the front surface of the sample) the experimental 

setup is placed in a vacuum chamber (10—3 mbar). 

Laser shock experiments on several laser facilities not only give the 

opportunity to collect data on different pressure ranges, but also to 

check the consistency and the reproducibility of the results by 

comparing the data collected on two different laser facilities at a same 

that the reflectivity is sufficient to deduce a velocity profile (cf Fig. 3-b). 

Note that every shot using line visar were post-processed with Neutrino 

(software developed by Tommaso Vinci [26]). 

2.2.2. Method 

Once the velocity profile is obtained (Fig. 3-b), the shock velocity Us 

can be calculated through: 

sample thickness 

pressure range. Considering the laser shot configurations specified in 

Table 2, some longitudinal stress ranges are reachable on different laser 

Us = 
tshock 

(1) 

facilities (from 15 to 100 GPa for nano2000, 7 to 30 GPa for HERA and 6 

to 23 GPa for GCLT). 

To record the free surface velocity profile and collect Hugoniot data, 

two types of VISAR (Velocity Interferometer System for Any Reflector) 

have been used. First, a point VISAR [24] (Fig. 2-a) with a continuous 

532 nm laser beam (Verdi), used on HERA and GCLT facilities. To reduce 

the temperature rise imparted by the laser probe and therefore reduce 

the risk to reach the glass-transition temperature leading to potential 

crystallization or even melting, we added a thin layer of silver 

(≈ 100 nm) on the rear surface to improve the sample reflectivity and 

reduce the laser probe power (ϕfoc = 50 μm and PVerdi = 0.3 W). Sec- 

ondly, a line-imaging velocimeter [25] (Fig. 2-b), used on nano2000 

facility allows to record the free surface velocity on a line of approXi- 

mately 0.9 mm long in our case. The line-imaging velocimeter system is 

With tshock the time at which the shock front reaches the rear surface. 

The time reference (t 0) corresponds to the laser impact on the target. 

Therefore, tshock includes the laser-matter interaction and the time it 

takes to the compression waves to turn into a shock wave and to travel 

through the sample. The steeper the loading temporal profile is, the 

quicker the pressure increase is, and consequently, the shorter the time 

to the compression waves to turn into a shock wave is. The loading 

temporal profile was steep enough during our experiments to use this 

equation without generating significant discrepancies. Then, to derive 

the particle velocity from the free surface velocity profile we assume that 

the Hugoniot and isentropic curves are superimposed in the longitudinal 

stress versus particle velocity diagram. Considering this assumption, 

usually mentioned as the free surface approXimation for a weak shock, 

the free surface velocity is on average twice the particle velocity [27]: 

basically a dual interferometer system: one with a pulsed laser beam of 

1064 nm (ω) and a sensitivity S1 (in km..s—1..fringe—1) and the second 

Ufs 

p ≈   
2

 (2) 

with a pulsed laser beam of 532 nm (2ω) and a sensitivity S2 (with S1 

S2 to resolve fringes ambiguities). Since the line-imaging velocimeter 

uses pulsed laser beams, there is no important heating due to the probe 

laser during the experiment. Adding a thin layer of silver in this situation 

is therefore not needed. Readers must refer to Fig. 3-a) to see how a 

Considering now the Rankine-Hugoniot relationships, we calculate 

the longitudinal stress and the density after the shock compression: 

σL — σL0 = ρ0

 
Us — Up0

) 
Up — Up0

) 
(3) 

streak image from line-imaging velocimeter looks like. The fringe shift, 

indicated with white arrows, represents the shock front breakout. From 
ρ ρ 

Us — Up0 

Us — Up 
(4) 

this image, one can clearly notify the flatness of the shock front and that 

the energy distribution is uniform. The brightness of the fringes means 

 
Table 2 

Laser facilities features for shock experimentations conducted with E, τ, ϕfoc, σL 

and ε˙ respectively the laser energy, the pulse duration, the diameter of the focal 

With ρ0 the initial density, Up0 = 0 the initial particle velocity and 

σL0 0 (sample initially at rest). Rankine-Hugoniot relationships 
become: 

σL = ρ0UpUs (5) 

     Us  
spot, the longitudinal stress and the strain rate (σL and ε˙ extracted from 

measurements). 
 

ρ1 = ρ0 Us — Up

 (6) 

Laser 

facility 

E (J) τ  (ns) ϕfoc 

(mm) 

Intensity 

(TW/cm2
) 

σL 

(GPa) 

ε  ̇(10
7
s

-
 

1) 
Then, from the velocity profile in Fig. 4 characteristic of spallation, 

with the oscillations resulting from the reflections of the compression 

nano2000 100 - 

800 

10 and 

15 

0.9 and 

1.7 

1.1 – 10 15 – 

100 

0.64 – 

2.7 

and release waves inside the spall, the spall strength σR and the strain 

rate ε˙ can be calculated. For the strain rate, we applied the well-used 
HERA 20 - 

200 

15 1.07 0.1 – 1.4 7 – 30 0.17 – 

0.83 
equation: 

GCLT 10 - 10 and 1 0.1 – 0.65 6 – 23 – 
ε˙ 

1    ΔUfs (7) 
50 15 2Cb   Δt 

 

= — 

U 
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Fig. 2. EXperimental setup with (a) point VISAR used on HERA and GCLT facilities (the layer of silver was only on GCLT facility) and (b) a line-imaging velocimeter 

used on nano2000 facility. 

 
 

Fig. 3. Streak image from line imaging velocimeter (a) (white arrows correspond to front shock breakout at the rear surface) and the associated velocity profile of the 

free surface (b) post-processed with Neutrino. 

With Cb the sound bulk velocity, ΔUfs = Umax — Umin where Umax is the 

free surface velocity after the shock breakout and Umin the first minimum 

on the velocity profile corresponding to pullback velocity. At last, Δt is 

the time difference between Umin and Umax : Δt    t Umax     t Umin . With 

this equation, we calculate the average strain rate between Umin and Umax 

σspall = 
1

ρ0 CL ΔUfs (9) 

related to the increased tensile stress in the target. 

As for the spall strength, three main equations have been used in 

previous studies: 

• The Novikov equation [28]: 
1 

 
 

with CL the longitudinal sound speed (used in [10,11,13,15,16]) 

• And the Stepanov equation [28]: 

σspall = ρ Cb ΔUfs 

      CL 
 

 

 
 

(10) 

σspall = ρ0CbΔUfs (8) 

 
taking into account the elasto-plastic behaviour of the material (used in 

using the acoustic approXimation (used in [29–34]) 

 
A variant of the Novikov equation when dealing with elastic shock 

waves: 

[18–20,35]). For our metallic glass compositions, the spall strength 

calculated with the Stepanov equation is approXimately 8 % higher than 

the one calculated with Novikov equation. This relative shift is constant 

for a given metallic glass composition. It only depends on the material 

properties ρ0, CL and CT. 

2 

• 
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Fig. 4. Typical free surface velocity profile with oscillations indicative of spallation. Laser shot performed on a 64 µm thick Zr60 Cu30 Al10 sample with a laser pulse 

energy of 552 J and an impulsion time of 15 ns focus on a 0.9 mm diameter spot leading to an intensity of 5.9 TW/cm2 . 

 

In this work, we decided to use the Stepanov equation which takes 

into account the mechanical behaviour of the sample. In the following 

part, we compare our results with those from literature obtained on Zr- 

based bulk metallic glasses and on other classical metals such as 

aluminum and copper. To ensure consistency when comparing all 

studies, spall strength and strain rate values from literature have been 

corrected according to Stepanov method using available velocity pro- 

files and respective mechanical properties. 

3. Results and discussion 

3.1. Hugoniot states 

 
Readers will find on Fig. 5 nine free surface velocity profiles of 

Zr50Cu40Al10 metallic glass samples, with thicknesses between 64 μm 

and 77 μm, under laser shock compression performed on GCLT (shots 1 

and 2), HERA (shots 3—5) and nano2000 (shots 6–9) to cover a wide 

range of particle velocities (from 190 to 1720 m/s) and, therefore, 

longitudinal stresses (from 7 to 74 GPa). Corresponding Hugoniot data 

such as the particle velocity Up, the shock wave velocity Us, the longi- 

tudinal stress σL and the density ρ are reported in Table 3. All nine shots 

 
 

 

Fig. 5. Free surface velocity profiles of Zr50Cu40Al10 metallic glass samples (from IMR) under laser shock compression performed on GCLT, HERA and 

nano2000 facilities. 
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Table 3 

Hugoniot data calculated from the free surface velocity profiles of Fig. 5. Up, Us, 

σL and ρ are respectively the particle velocity, the shock wave velocity, the 

longitudinal stress and the density calculated with Eqs. (1–6).  

with the number of data one can obtain thanks to the higher shot 

rate of laser facilities (63 new data points in this paper). 

Different regions are also noticeable on the shock velocity versus 

particle velocity diagram. Indeed, Mashimo et al. [8] mentioned 3 

Shot Sample Up [km/s] Us [km/s] σL [GPa] ρ [g/cm3 ] regions: Up ≤ 0.17 km/s, 0.17 ≤ Up ≤ 0.38 km/s and Up ≥ 0.38 km/ 

  thickness [μm]  

1 69.5 ± 2 0.186 ± 0.019 5.28 ± 0.28 6.7 ± 0.8 7.1 ± 0.6 

2 75 ± 2 0.300 ± 0.030 5.14 ± 0.25 10.6 ± 1.2 7.3 ± 0.6 

3 77 ± 2 0.412 ± 0.041 5.31 ± 0.26 15.0 ± 1.7 7.4 ± 0.6 

4 69 ± 2 0.571 ± 0.057 5.42 ± 0.30 21.2 ± 2.4 7.7 ± 0.7 

5 74.5 ± 2 0.787 ± 0.079 5.46 ± 0.28 29.4 ± 3.3 8.0 ± 0.7 

6 75 ± 2 0.862 ± 0.060 5.93 ± 0.29 35.0 ± 2.8 8.0 ± 0.7 

7 64 ± 1 1.420 ± 0.140 5.52 ± 0.33 53.6 ± 6.2 9.2 ± 1.2 

8 69 ± 2 1.555 ± 0.100 5.81 ± 0.25 61.9 ± 4.9 9.4 ± 0.9 

    9 70 ± 2 1.720 ± 0.080 6.24 ± 0.32 73.6 ± 5.2 9.5 ± 1.0  

 
have been performed on Zr50Cu40Al10 metallic glass samples synthetized 

by the IMR. Readers will find its material properties in Table 1. 

Hugoniot curves, representing the longitudinal stress and the shock 

wave velocity versus the particle velocity are established and discussed 

in Fig. 6. We are now able to compare not only Zr50Cu40Al10 and 

Zr60Cu30Al10 metallic glasses but also the fabrication process on a 

unique composition (here Zr50Cu40Al10). Listed hereafter are the main 

observations one can do on Fig. 6: 

Laser shock experiments on such metallic glasses led to longitudinal 

stresses up to 100 GPa with data well distributed all along the lon- 

gitudinal stress versus particle velocity diagram (Fig. 6-a). 

• One can distinguish 4 regions on the shock velocity versus particle 

velocity diagram (Fig. 6-b): Up ≤ 0.17 km/s, 0.17 ≤ Up ≤ 0.5 km/s, 

0.5 ≤ Up ≤ 1.55 km/s and Up ≥ 1.55 km/s. As discussed later, these 

regions can be associated to an elasto-plastic behaviour (R1 and R2), 

a structural change (R3)or eventually a change of state (R4). 

As for the particle velocity uncertainties, depending on the diag- 

nostic used, it is either proportional or estimated on a case-by-case 

basis. The first case concerns the point VISAR measurements. 

Considering the uncertainties on the fringe shift, on the interfringe 

determination and the velocity sensitivity of the VISAR, we end up 

with a 10 % uncertainty on the particle velocity. It concerns the quasi 

totality of data between 6 and 30 GPa. The second case, concerning 

the line imaging velocimeter, starts with the same sources of un- 

certainties but with a much lower velocity sensitivity. We add to 

those uncertainties, the ones coming from the post-processing soft- 

ware Neutrino on the phase of the signal, which can really differ from 

one experiment to another, depending on the rear surface reflectivity 

for example. This finally leads to uncertainties on the particle ve- 

locity from 4.6 % up to 15 %. 

Therefore, on the first order, the compound ratio in the ZrCuAl 

system and the fabrication process of these metallic glasses do not 

significantly affect the mechanical response under laser shock 

experiments. 

From now on, we gather all results on Zr50Cu40Al10 regardless the 

fabrication process for the sake of clarity. However, we still consider 

Zr50Cu40Al10 and Zr60Cu30Al10 compositions separately. 

To go further in the analysis of the experimental data shown in Fig. 6, 

we now compare with previous works on Zr-based bulk metallic glasses: 

Martin et al. [7] on Zr57Nb5Cu15.4Ni12.6Al10, Mashimo et al. [8] on 
Zr55Al10Ni5Cu30, Xi et al. [9] on Zr51Ti5Ni10Cu25Al9, Smirnov et al. [10] 

on ZrCuAlNi  and Li et al. [11] on Zr70Cu13Ni9.8Al3.6Nb3.4Y0.2. All data 
from literature have been obtained with plate impact experiments. 

Hereafter are the main observations on Fig. 7: 

Laser shock experiments led to much more dispersion than literature 

data with plate impact experiments. It is yet well-counterbalanced 

s with a maximum particle velocity at 1.25 km/s. As for Martin et al. 

[7], 4 regions are mentionned: Up ≤ 0.24 km/s, 0.27 ≤ Up ≤ 0.72 

km/s, 0.72 ≤ Up ≤ 1.71 km/s and Up ≥ 1.71 km/s. In both papers, 
data from  the first  two  regions  (R1 and  R2) result from  velocity 

profiles with a two-waves structure indicative of an elastic-plastic 

response. Due to the low thicknesses of our samples ( 70 μm), we 

did not observe any two-waves structure velocity profile. That is why 

the distinction between the elastic and the plastic regions cannot be 

done so easily like in [7] and [8]. Concerning the third region R3, 

even if the particle velocity domain slightly differs from our data to 

[7] and [8], each study as well as our results display a plateau of the 

shock wave velocity with the particle velocity. The main difference 

between our results and data from literature is the evolution of the 

shock wave velocity in the fourth region R4, starting at a particle 

velocity of 1.5 km/s, which is much steeper than in Martin et al. [7] 
and Li et al. [9] papers. This difference is also noticeable on Fig. 7-a) 

with a higher longitudinal stress than in literature for an equivalent 

particle velocity. 

Given the previous comments and the uncertainties, on the first 

order, the system of the Zr-based metallic glasses does not seem to 

affect the mechanical behaviour under shock compression. Data 

from this work are really close to those in the literature on the lon- 

gitudinal stress versus particle velocity diagram up to 70 GPa and an 

equivalent particle velocity of 1.7 km/s which corresponds to the 

beginning of R4. Laser shock experiment is therefore a well-adapted 

technique to establish the equation of state of our metallic glasses. 

From now on, we may discuss the origin of such a difference in the 

fourth region R4. A primary interpretation is to link this change of 

behaviour to the metallic glass composition. Indeed, a different 

composition system leads naturally to a different structure which could 

possibly change the mechanical response starting from a critical longi- 

tudinal stress. The higher the longitudinal stress, the more intense the 

divergence in mechanical response is, due to the localized plasticity (or 

even homogenized plasticity at this pressure level) which strongly de- 

pends on the structure. However, given that Martin et al. [7] and Xi et al. 

[9] obtained extremely close results on two different system up to 110 

GPa, this dependence of the mechanical behaviour with the composition 

system would seem to be specific to our ternary metallic glasses ZrCuAl. 

Therefore, this change in the mechanical response starting around 75 

GPa could find its origin elsewhere. Another possible assumption we 

develop here is based on a change of state. Firstly, the reflectivity of the 

rear surface was lost for some of the most intense shots on the streak 

images few nanoseconds after the shock wave arrival. We consequently 

suspect melting or at least partial melting during the release process. 

Secondly, this suspicion of melting is reinforced by Wen et al. [36] and 

Demaske et al. [37] research on Zr50Cu50 metallic glass under shock 

loading with molecular dynamic simulations. Indeed in these papers, 

Wen et al. [36] and Demaske et al. [37] plot the evolution of the flow 

stress which is exponentially decreasing with increasing longitudinal 

stress from σL = 10 GPa. This decrease is such that the flow stress τflow 
reaches 0 GPa for a longitudinal stress of 73 GPa and 65 GPa respec- 
tively. The flow stress decreasing towards 0 GPa means that the sample 

completely lose its ability to resist shear and, therefore, is not solid 

anymore. 

Finally, we still do not have enough elements to justify with certainty 

this difference between our results and literature in R4. However, if the 

assumption of a change of state turns out to be true, we could reconsider 

the application of the free surface approXimation (Up = Ufs ) since the 
isentropic curve would be no more symmetrical to the Hugoniot curve in 

• 

• 

• 

• 

• 

• 
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Fig. 6. EXperimental Hugoniot curves of metallic glasses studied in this present work. Longitudinal stress versus particle velocity (a) and shock wave velocity versus 

particle velocity (b). 

 
such a case. We may then underestimate the particle velocity and the 

longitudinal stress as a result. 

 
3.2. Spall strength evolution with strain rate 

 
Five free surface velocity profiles exhibiting spallation process with 

spall strengths between 6.8 GPa and 13.6 GPa, and strain rates between 

7.5     106 s—1 and 2.6     107 s—1 are grouped together on Fig. 8. Spall 
strengths and strain rates, calculated from this velocity profiles are re- 

ported in Table 4. Here again, readers must refer to Table 1 to consider 

 
the proper material properties depending on the metallic glass sample 

considered. 

Firstly, we investigate the influence of the longitudinal stress on the 

spall strength. Li et al. [38] research’s on carbon mild steel demonstrated 

that the spall strength is strongly dependent on the peak stress and on 

the strain rate in ranges from 2 GPa to 10 GPa and from 0.4 × 105 s—1 to 

8    105 s—1 respectively. Nevertheless, the spall strength seems to reach 

a plateau for peak stresses above 7 GPa. As for Zr-based metallic glasses, 

Li et al. [11] research’s on Zr70Cu13Ni9.8Al3.6Nb3.4Y0.2 showed that the 
spall strength appears to be relatively constant around 2.3 GPa with the 



Y. Raffray et al. International Journal of Impact Engineering 181 (2023) 104755 

8 

 

 

 

 

Fig. 7. Confrontation of experimental Hugoniot curves obtained in this work with literature on Zr-based metallic glasses. Longitudinal stress versus particle velocity 

(a) and shock wave velocity versus particle velocity (b). 
 

longitudinal stress varying from 4 GPa to 27 GPa. From the Table 5, 

gathering our data from laser shock experimental campaigns on 

Zr50Cu40Al10 and Zr60Cu30Al10 metallic glasses (free surface velocities, 

longitudinal stresses, spall strengths and strain rates), one can extract 

five data pairs with an equivalent strain rate but different longitudinal 

stresses values. We then plot on Fig. 9 the spall strength as a function of 

longitudinal stress for each data pair corresponding to these five values 

of strain rate from 3.9 × 106 s—1 to 2.6 × 107 s—1. It turns out that the 

spall strength increases with the strain rate but is nevertheless inde- 

pendent of the longitudinal stress. From now on, we are interested in the 

evolution of the spall strength as a function of the strain rate. 

On Fig. 10 are shown our results against literature data reported on 

Zr-based bulk metallic glasses subjected to plate impact experiments. 

The marker’s shape refers to the main author while the color refers to the 

metallic glass composition. Related uncertainties in Table 5 appear large 

due to the uncertainties on the particle velocity which can reach the 
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Table 4 

Fig. 8. Free surface velocity profiles exhibiting spalling process of Zr60Cu30Al10 and Zr50Cu40Al10 metallic glasses. 

 
have any results for ribbon metallic glasses since we do not know the 

Spall strengths and strain rates calculated from the velocity profiles of Fig. 8. 

Readers must refer to Table 1 to consider the proper material properties 

depending on the metallic glass sample. 

bulk sound speed. Here again, we list the main observations one can do 

on Fig. 10: 

Shot Sample σR [GPa] ε˙ [106 s—1 ] 

Laser   driven   shock   compression   induces   higher   strain   rates 
compared to plate impact experiments. Reported strain rate values 

1 Zr50 Cu40 Al
IMR

 

2 Zr50 Cu40 Al
SIMaP—Rod

 

3 Zr60 Cu30 AlIMR
 

4 Zr60 Cu30 AlIMR
 

5 Zr50 Cu40 AlIMR
 

 
 Table 5 

9.2 ± 2.8 7.5 ± 2.3 

7.9 ± 4.1 11.3 ± 5.9 

10.7 ± 6.3 23.4 ± 13.8 

6.8 ± 5.7 12.2 ± 10.3 

13.6 ± 5.8 25.8 ± 11.1 

from plate impact experiments are between 6.2 × 104 s—1 and 4.7 × 

105 s—1 while in this work, we have collected data from 1.7 × 106 s—1 

up to 2.7 × 107 s—1. 
• The spall strength is increasing with the strain rate starting from 2 × 

106 s—1 which was not revealed on bulk metallic glasses in the 

literature since plate impact experiments are limited to approXi- 

mately 106 s—1. Indeed, literature data are located around 3 ± 1 GPa 

List of spall strengths and strain rates values on Zr60 Cu30 Al10 and Zr50 Cu40 Al10 

bulk metallic glasses with the associated free surface velocities and longitudinal 

stresses.  

Composition Usl [km /s] σL [GPa] ε˙ [106 s—1 ] σR [GPa] 
 

 

while in this work, we report spall strength values up to 13.6 GPa, 

wich is actually almost 7 times higher than the tensile strength of 2 

GPa in quasi-static experiments performed by Yokoyama et al. [21] 

on Zr50Cu40Al10. 
• As used by Cuq-Lelandais et al. in [32] and [39], a power law fit has 

Zr60 Cu30 Al10 3.31 ± 0.17 74.5 ± 5.1 12.2 ± 10.3 6.8 ± 5.7 

1.85 ± 0.13 34.0 ± 2.9 9.4 ± 4.3 9.2 ± 4.3 

2.63 ± 0.16 50.9 ± 3.3 22.8 ± 11.2 9.2 ± 4.5 

2.17 ± 0.16 43.7 ± 4.3 18.6 ± 10.6 9.4 ± 5.3 

been chosen to express the spall strength evolution with the strain 

rate. To better fit the quasi-static tensile strength of 2 GPa [21], we 

finally consider the relation: 

3.30 ± 0.18 90.9 ± 6.6 23.2 ± 13.7 10.7 ± 6.3 

2.36 ± 0.25 46.8 ± 5.2 26.8 ± 11.6 13.0 ± 5.63 

Zr50 Cu40 Al10 0.37 ± 0.04 6.8 ± 0.7 2.0 ± 0.7 2.6 ± 0.9 

0.46 ± 0.05 8.3 ± 0.8 1.7 ± 0.7 2.8 ± 1.1 

0.45 ± 0.05 8.2 ± 0.8 2.0 ± 0.7 3.0 ± 1.1 

σR [GPa] = 9.37 × 10—4 ε̇0.548 + σQS 

 
QS 

(11) 

0.65 ± 0.07 13.1 ± 1.5 3.9 ± 1.2 5.1 ± 1.5 

1.27 ± 0.13 34.2 ± 5.4 3.9 ± 2.2 5.8 ± 3.3 

0.82 ± 0.08 15.0 ± 1.7 3.6 ± 0.7 6.3 ± 1.2 

1.53 ± 0.12 33.9 ± 3.2 6.4 ± 2.8 7.0 ± 3.1 

1.01 ± 0.10 21.9 ± 2.7 6.4 ± 2.3 7.1 ± 2.4 

3.0 ± 0.14 62.2 ± 4.1 8.3 ± 4.2 7.8 ± 3.9 

2.96 ± 0.15 73.1 ± 4.8 11.3 ± 5.9 7.8 ± 4.1 

1.14 ± 0.11 21.2 ± 2.4 7.9 ± 1.9 8.6 ± 1.9 

1.21 ± 0.12 17.6 ± 2.9 8.3 ± 2.6 9.2 ± 2.8 

1.2 ± 0.11 35.0 ± 2.8 7.5 ± 2.3 9.2 ± 2.8 

1.57 ± 0.16 29.4 ± 3.3 7.9 ± 2.1 10.6 ± 2.7 

3.1 ± 0.21 61.9 ± 4.9 20.2 ± 8.1 13.5 ± 5.4 

  3.43 ± 0.25 78.1 ± 7.6 25.8 ± 11.1 13.6 ± 5.8  

 
same order of magnitude than the difference velocity ΔUfs between the 

free surface velocity after the shock wave breakout and the first mini- 

mum before the pullback. Spall strengths and strain rates presented here 

have been calculated for bulk metallic glass samples only. We do not 

With σR = 2 GPa. This equation has been obtained with the 
experimental data from this work only (Zr50Cu40Al10 and Zr60Cu30Al10) - 

we then assume here that the tensile strength of Zr60Cu30Al10 is close to 

2 GPa given the uncertainties. Nevertheless, one can notice that the 

dashed line fits well the experimental data including the data from 

literature. 

Such an evolution of the spall strength with the strain rate has 

already been observed on other materials such as aluminum ([29–33,35, 

40]) and copper ([29,30,34,35]). On Fig. 11, all data on Zr-based 

metallic glasses from this work (blue circles) and from literature (blue 

triangles) are group together and compared with data on aluminum 

(grey markers) and copper (orange markers). Here again, markers’ 

shape refers to the main author. To remain consistent, we use a similar 

relationship than (Eq. (9)) to obtain the dash lines with aluminum and 

copper data. This time, since we do not know exactly the type of 

aluminum and copper used in these studies, we let the constant as a free 

parameter. We then get the following relations: 

• 
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Fig. 9. Spall strength as a function of longitudinal stress for different values of strain rates. 

 
 

Fig. 10. Spall strength evolution with the strain rate. Comparison of results from this work compared with literature on Zr-based metallic glasses. Data from 

literature have been corrected using the method detailed in 2.2. 

 

 
σR [GPa] = 3 × 10—3  ε̇0.386 + 0.74 

σR [GPa] = 3 × 10—4  ε̇0.56 + 1.27 

For aluminum and copper respectively. 

One can notice that at a fiXed strain rate value, our ternary compo- 

sitions present an higher spall strength than aluminum and copper. 

According to these observations, one may suggest that bulk metallic 

glasses may require more energy to reach its damage threshold upon 

impact. Consequently, the mitigation capacity of bulk metallic glasses 

may be superior to aluminum as regards submilimeter space debris. This 

results are at some point consistent with [2,4,5],. 

 
We finally focus on the results of this present work on Zr50Cu40Al10 

and Zr60Cu30Al10 metallic glass compositions plotted on Fig. 12 with, 

this time, a linear x-axis for further analysis. This time we consider each 

composition apart. Here again, we fit the experimental data of each 

composition with a similar relationship than (9), considering the con- 

stant as the quasi-static tensile strength, which leads to the relations: 

σR = 2.06 × 10—4  ε̇0.645 + 2 

σR = 2.01 × 10—5  ε̇0.765 + 2 

For for Zr50Cu40Al10 and  for Zr60Cu30Al10 
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Fig. 11. Spall strength evolution with the strain rate. Comparison of all results on Zr-based metallic glasses (literature and this present work) with aluminum 

and copper. 

 
 

Fig. 12.  Spall strength evolution with the strain rate of Zr50Cu40Al10 and Zr60Cu30Al10 metallic glasses with a linear x-axis. 

 

Firstly, one may notice that for a given strain rate, Zr60Cu30Al10 

composition exhibit a lower spall strength than Zr50Cu40Al10 composi- 

tion. Differences in the spalling process of ZrCuAl bulk metallic glasses 

(including both compositions studied in this paper) has already been 

reported by Jodar et al. [41]. Secondly, the spall strength seems to 

converge towards a maximum limit value around 15 GPa for 

Zr50Cu40Al10. This maximum limit value could also be called the ulti- 

mate theoretical strength and seems to be reached for strain rates higher 

than 2     107 s—1. As already discussed by Kanel et al. [42] and Moshe 

et al., [30] on previous works, the more the strain rate increases, the 

closer to the ultimate theoretical strength it gets. Indeed, by increasing 

the strain rate, the higher tensile region is getting thinner inside the 

sample. If we consider a finite number of potential initiation sites for 

fracture scattered in the sample thickness in a homogenous way, a 

thinner tensile region reduces the risk to engender an early fracture of a 

sample since the number of potential initiation sites is lower. Comple- 

mentary laser driven-shock experiments with a shorter pulse duration 

are necessary to get more data at strain rates higher than 2.5 × 107 s—1
 

to confirm this behaviour. A load duration of approXimately 5 ns on 

thinner samples to avoid the hydrodynamic damping should allow us to 

get such data. 
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4. Conclusion 

 
This work brings new results on Zr-based metallic glasses obtained 

with laser shock experiments and complete the database started with 

plate impact experiments on the Hugoniot curves and on the evolution 

of the spall strength with the strain rate. 

• We established for the first time the Hugoniot curve of Zr50Cu40Al10 

and Zr60Cu30Al10 metallic glasses. The large amount of data show the 

robustness of the results with the comparisons between compositions 

and between the synthetization processes. Even though laser shock 

experiments lead to more dispersion, it is strongly consistent with 

literature up to 75 GPa. Divergence of the Hugoniot curves starting at 

75 GPa still needs to be investigated with high pressure experiments 

(above 100 GPa) to validate a possible change of state observed on 

streak images and in molecular dynamic simulations. 

As for the evolution of the spall strength with the strain rate, we 

bring data in a new range of strain rate values, much higher than in 

previous works with plate impact experiments. These new data 

exhibit an increase of the spall strength with the strain rate of our 

ternary ZrCuAl metallic glasses. So far, this tendency was not so 

obvious and considered as quasi-constant comparing to the tensile 

strength in quasi-static domain. We have seen that such an evolution 

of the spall strength with the strain rate has already been reported in 

literature on common materials such as aluminum and copper. We 

have also demonstrated the importance of bringing new data in this 

strain rate range values for hypervelocity impact applications. 

Finally, we highlight once again differences in the spalling process of 

Zr50Cu40Al10 and Zr60Cu30Al10, and observed a tendency of the spall 

strength to converge towards the intrinsic strength of these metallic 

glass compositions around 15 GPa. 
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