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Abstract 
 
 Dynamic fracture of borosilicate glass through focusing of high-amplitude nanosecond surface 
acoustic waves (SAWs) at the micron scale is investigated in an all-optical experiment. SAWs are 
generated by a picosecond laser excitation pulse focused into a ring-shaped spot on the sample surface. 
Interferometric images capture the SAW as it converges towards the center, focuses, and subsequently 
diverges. Above a laser energy threshold, a damage at the acoustic focal point is observed. Numerical 
calculations help us determine the time evolution of the stress distribution. We find that the glass 
withstands a local tensile stress of at least 6 GPa without fracture. 
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 The dynamic fracture of glassy materials is of great importance for a wide range of technologic 
applications, from cracked mobile device screens or car windshields hit by rocks on the road to the International 
Space Station's windows subjected to space debris impacts [1]. Glasses, despite being intrinsically among the 
strongest man-made materials, are vulnerable through their defects, which can reduce the static tensile strength 
by orders of magnitude [2]. While the theoretical tensile strength limit of silica glass is about 20 GPa [3], 
experimentally-measured static tensile strength can be as low as 0.1-0.2 GPa in bulk specimens [4]; it is in 
nanoscale specimens that sample few or no flaws that much higher tensile strengths exceeding 10 GPa can be 
measured [5]. When dealing with high strain rate situations (e.g. an impact of a micrometeorite on a spacecraft), 
static material properties offer only limited insight into materials resistance to crack initiation and propagation 
[6]. Dynamic fracture of silicate glasses on the microsecond time scale has been extensively studied in shock 
spallation experiments under plate [7–10] or laser-induced shock [11]. These measurements, in which spallation 
is caused by tensile stresses in release waves, reveal a much higher tensile strength under dynamic loading, 
typically in the few GPa range. For example, the reported spall strength of soda lime glass ranges from 2.2 to 
over 5 GPa [7,9,11].  The interpretation of tensile strength measurements in plate impact experiments is 
complicated by the fact that the material is initially subjected to compression; above ~4 GPa many studies report 
an apparent structural degradation under compression (“failure waves”) [8–10,12–14], which degrade the 
subsequently measured tensile strength on release. At any rate, it is evident that the dynamic strength of glass 
is not a material constant; rather, it depends on the duration of the tensile stress and on the entire loading history. 
Whereas laser shock experiments on metals such as aluminum and copper [15] indicate that under very short 
(sub-nanosecond) shock pulses, the spall strength approaches the theoretical limit for those materials, it remains 
an open and practically relevant question whether the theoretical limit can be approached for silicate glasses.    
 
 In this work, we describe a methodology for studying glass failure on the nanosecond time scale using 
focusing laser-generated surface acoustic waves (SAWs).  High amplitude SAWs have already been proven 
capable of causing fracture in brittle materials [16,17]. In those prior works [16,17] fracture was caused by the 
formation of “surface shock waves” accompanied by a sharp increase of the stress at the surface; the 
measurements could only provide a lower bound estimate of the peak stress value. In a recent study [18], we 
proposed an alternative approach, based on focusing SAWs. The short SAW propagation distance (100 µm) 
prevents shock front formation, and the high stress that occurs where the SAWs are focused is essentially 
achieved in the linear elastic regime. These measurements are very different from traditional shock spallation 
studies in that the tensile phase of the SAW pulse lasts only a few nanoseconds and is not preceded by a 
significant pre-compression. In experiments on gold-coated glass, we observed failure of the gold coating and, 
at higher laser energies, of the glass substrate. However, the early failure of the gold layer prevented 
measurements of the SAW pulse profile at high amplitudes and complicated the interpretation of the 
observations of the glass damage. In the current work, we report experiments in a modified arrangement, 
wherein a gold coating is still used to generate SAWs but their focusing occurs on a bare glass substrate. Above 
a certain SAW amplitude threshold, glass failure at the focal point and the formation of a crater due to the 
ejection of the fractured material are observed. Numerical calculations matching experimentally measured 
displacement profiles in the focused SAW allow us to characterize the dynamics of the stress distribution in the 
sample.  
 
 The experimental setup, shown schematically in Fig. 1, follows the design developed by Veysset et al. 
[18]. A laser excitation pulse, derived from a Ti:sapphire amplifier, with a 300-ps duration, 800-nm wavelength 
and adjustable energy (from 0.15 mJ to 1.50 mJ), was focused onto the surface of a 300 µm-thick borosilicate 
glass substrate (D263 Schott) to ablate a 160 nm-thick metallic ring. The metallic ring, henceforth referred to 
as the gold ring, consisted of 10-nm chromium, in contact with the glass, and 150-nm gold. The gold ring had 
an inner diameter of 160 µm and an outer diameter of 240 µm (see supplementary material for sample 
fabrication). The laser focus was shaped as a 200 µm-diameter, 5 µm-wide ring using a 0.5° conical prism 
(axicon) and a 3 cm focal-length lens, as described by Pezeril et al. [19] and Veysset et al. [20,21] Multiple 
rings were fabricated on the same substrate and the sample was translated to move the laser focus to a new ring 
for each laser shot, with the laser focus and ring overlapping as in Fig. 1b each time. Imaging of the sample 
surface was achieved using a variably-delayed, 150-fs duration probe pulse reflected from the surface of the 
sample. The probe pulse, derived from the same amplifier system, was frequency-doubled to 400-nm 
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wavelength. Interference fringes of equal thickness obtained using a Michelson interferometer configuration 
were recorded by a CCD camera.  
 
 
 
 

 
Fig. 1. (a) Experimental setup. The excitation beam is shaped as a ring with an axicon/lens combination. 
Interferometric imaging is achieved using a Michelson interferometer. (b) 3D schematic of the sample 
configuration. The excitation pulse is focused on the gold ring, generating focusing and diverging surface 
acoustic waves. (c) Representative interferometric image showing surface displacement caused by focusing and 
diverging SAWs. This image was taken for a laser energy of 0.25 mJ with a delay of 21.3 ns between the 
excitation and the probe pulses. The red ring indicates the laser excitation area. Circular fringes appearing at the 
bottom of the image comes from a defect on one of the imaging optics. See supplementary material for images 
taken before laser excitation and post mortem. 
 
For each laser shot, stress waves were produced following ablation―therefore destruction―of the metallic film 
and a single image was recorded with a set time delay between the excitation and the probe pulses. Because of 
the ring shape of the excitation focus, focusing and diverging surface waves were generated and propagated on 
the surface of the bare glass (see Fig. 1b and c). Bulk waves were also generated but were not imaged in the 
present configuration. As the surface was displaced under SAW propagation, the phase of the reflected pulse 
shifted (the phase shift is denoted as Δφ) causing fringes to shift on the CCD image (see Fig. 1c). By measuring 
the fringe shift, we could determine the corresponding out of plane surface displacement uz(r) through the 
relationship 𝑢" = 𝜆∆𝜑 4𝜋, where 𝜆 = 400	𝑛𝑚 is the probe pulse wavelength. After each shot, the sample was 
positioned to a new ring and different time delay and laser energy could be set.  
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 We recorded images such as that shown in Fig. 1c for multiple time delays and laser energies and we 
extracted the surface displacements along a ring diameter. More details regarding the image analysis can be 
found in Veysset et al. [18]. Figure 2a presents surface displacement profiles showing the propagation of the 
focusing SAW for 7 delays at a laser energy of 0.25 mJ, corresponding to a laser fluence of 4.5 J/cm2. The SAW 
focused around 30 ns after being generated and subsequently diverged. Figure 2b shows the surface 
displacements obtained for a laser energy of 0.75 mJ. Around this laser energy, the image quality was degraded 
at longer times and the surface displacements closer to the focus or right after the focus could not be accurately 
extracted. Figure 2c shows the peak-to-peak amplitude of the SAW taken at a delay of 12.7 ns for varying laser 
energies and shows that the SAW amplitude started to saturate at laser energies above 1 mJ.  
 

 
Fig. 2. (a-b) Experimental and simulated surface displacements, uz, as a function of time delay for two laser 
energies: (a) 0.25 mJ and (b) 0.75 mJ. (c) (left axis) SAW peak-to-peak amplitude experimentally measured 
after a delay of 12.7 ns with varying laser energy. The data points represent the average between the left and 
right lobes of the SAW and taking into account different shots. The error bars represent the standard deviation 
on the peak-to-peak amplitude. (right axis) Visible occurrence, in % of observed cases, of glass fracture as a 
function of laser energy. (d) Simulated non-zero stresses σrr and σθθ at the sample surface (z = 0) corresponding 
to the last three simulated surface displacements shown in (b) and for the delay corresponding to the maximum 
tensile stress at the center (27.8 ns). 
 
 In our previous work, with the same experimental design but with the sample surface uniformly coated 
with a gold film, the large amplitude of the SAW at the focal point caused delamination and damage of the film 
at low laser energy (~0.1 mJ) and glass substrate fracture at high laser energy (~2 mJ) [18]. The film damage 
obscured the imaging of the SAW at higher laser energies making it impossible to evaluate the absolute surface 
displacements leading to glass fracture. Here, with no metal film inside the ring, we observe surface 
displacements even at high laser energies and, after sample examination under laser-scanning confocal 
microscope and atomic force microscope, can confirm visible glass fracture at laser energies above 0.75 mJ. 
The substrate visibly fractured at the center in about 10% of the cases for a laser energy of 1.00 mJ and in 100% 
of the cases for a laser energy of 1.50 mJ (see Fig. 2c, right axis). When visible damage was observed, a laser-
scanning confocal microscope revealed a crater of about 10-20 µm in diameter and about 4-5 µm in depth, as 
shown for example in Fig 3. In rare instances, the ejected piece of glass was found near the central pit (see Fig 
3b). It is interesting to note that the removed piece is a single piece of glass. For all studied energies, we observed 
no damage between the laser excitation area and the central crater.  
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Fig. 3. Laser-scanning confocal microscope images of typical glass damage for a laser energy of 1.00 mJ. (a) 
Large view showing excitation location, parts of remaining gold film, and central crack. The black arrow points 
to the central crack and the white arrow to the removed piece. (b) Zoomed-in image of the central damage and 
corresponding delaminated piece. (c) Elevation profile along the dashed line shown in (b). 
 
 In order to estimate the stress levels that were reached through SAW focusing, we implemented a 2D 
axisymmetric finite element model (see supplementary material for more details on the model) and simulated 
the linear SAW propagation following a Gaussian distribution impulse at the laser focus position. The amplitude 
and the width of the initial pressure distribution were calibrated to match the experimentally-measured peak-to-
peak amplitudes of the SAW for laser energies of 0.25 and 0.75 mJ. The simulated surface displacements and 
stresses σrr, and σθθ at the surface are shown in Figs. 2a, b and d. The reasonable agreement between the 
experiments and the simulations confirms the linear propagation of the SAW. The good agreement after the 
focus is consistent with the absence of the visible damage.  
 
 As shown in Fig. 4a, at the focal point and at the surface of the sample (r = 0, z = 0), after the passage 
of the longitudinal surface skimming wave (SSWL), the material successively experienced a high level of 
tension, then a high level of compression, and finally a lower level of tension brought by the SAW. Fig. 4b and 
(c) show the principal stress profiles, σrr, and σzz, at the center of focus, as a function of depth (with 𝑧 = 0 being 
the surface of the substrate) for three delays 27.8, 31.7, and 35.1 ns, corresponding to the three stress extrema 
of the SAW. We assume that damage is initiated by the initial tensile phase of the SAW pulse at the sample 
surface, where the radial tensile stress is the highest. We note that during this initial tensile phase the surface 
velocity at the focal point is directed outwards, which can explain the ejection of the fractured material.   
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Fig. 4. (a) Non-zero principal stresses σrr (solid line) computed at the center of focus (r = 0) and at the surface 
(z = 0) and σzz (dotted line) at the center of focus (r = 0) and below surface (z = 7 µm, corresponding to the 
depth of maximum value) as a function of time. (b-c) Principal stresses, σrr, and σzz,  at r = 0 for three delays, 
corresponding to stress extrema, as a function of depth for a laser energy of 0.75 mJ.  
 
 Despite a simulated equibiaxial tension as high as 6.6 GPa at the center of focus at the surface (Fig. 4b, 
depth z = 0) at a laser energy of 0.75 mJ, we observed no sign of failure of the substrate at this laser energy. It 
is well known that in a variety of materials the high strain rate strength can exceed the static strength by orders 
of magnitude [15,22–24] and the present value is higher than what has been previously reported in the literature 
for the dynamic fracture of glass. The high stress value can be justified by a combination of factors pertaining 
to the experimental method. First, the glass experienced an ultra-high strain rate, up to 108 s-1, upon the passage 
of the nanosecond-duration SAW, which is shorter than the typical microsecond time scale of spallation 
experiments. Second, in the present experiments, the initial tensile phase is not preceded by a compression 
(except of the much weaker SSLW), whereas in spallation experiments the pre-compression by an intense shock 
wave influences the spall strength [25,26]. Third, with the very small volume of material being loaded in the 
present experiments, there is a reduced possibility of surface defects being present, permitting a tensile strength 
approaching the theoretical limit [5]. Finally, as with more conventional methods, we cannot rule out the 
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possibility that some degree of fracture has occurred at the nanoscale in any of our experiments, but leaves no 
visible trace with our methods of observation. 
 
 In summary, very high stresses were locally attained using focusing laser-generated SAWs, and stress 
histories were determined from a combination of interferometric measurements and axisymmetric simulations. 
We found that under nanosecond tensile loadings up to ~6 GPa with no pre-compression, no visible damage or 
fracture was observed on samples of glass. At higher excitation laser energies, we observed damage at the focal 
point in the form of a crater left by the fracture and ejection of a piece of material. The present method is 
applicable for a wide range of materials and opens prospects for ultra-high strain rate dynamic failure testing of 
novel materials with limited available volumes and for refining fracture models.  
 
 See supplementary material for sample fabrication, before-excitation and post-mortem images, laser-
induced damage, simulations details, effects of non-linearity, temporal and spatial evolutions of the stress at the 
center of focus, and asymmetry of laser considerations. 
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