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Figure S1. Experimental setup for laser shock peening (LSP)
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Figure S2. Surface morphology of a bulk metallic glass (BMG) sample (a) before LSP (b) after LSP using a power density of 10.0 GW/cm2, and (c) a close-up showing the laser-induced shear bands on the lateral surface using a power density of 9.0 GW/cm2.
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Figure S3. Synchrotron X-ray diffraction pattern of the laser-treated Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 sample with a laser power of 9 GW/cm2.
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Figure S4. (a) Schematic diagram of the 1-D model setup, (b) Plasma-pressure history for laser shock peening of a BMG sample (Laser power density: 8.64 GW/cm2, laser wavelength: 1,064 nm, full width at half maximum (FWHM): 6 ns, coating: 100-µm Al tape, and substrate: Vit-105)
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Figure S5. Finite-element modeling calculation procedure of residual stressesS1,2
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Figure S6. Yield stress vs. strain rate for Vit-1 from dynamic-compression testsS3
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Figure S7. Inferred strain-rate effects on the stress-strain curve for BMG (Vit-1)
1.
The Procedure of Laser Shock Peening 

The setup of laser shock peening (LSP) is shown in Figure S1 and details provided in the Methods section of the paper. The movement of the workpiece along the x and y directions was controlled by two linear motion stages. An Nd-Yttrium aluminum garnet (YAG) laser was used to generate a laser beam. Using this setup, the laser-power density and the beam size can be easily adjusted by fine-tuning the laser-beam path, the orientation of the half-wave plate, and the distance between the focus lens and the surface of the work-piece. 
Figure S2 reveals changes of the surface morphology introduced by laser peening using optical microscopy and SEM. To maximize the laser-peening effect, we applied a relatively-higher laser power (10 GW/cm2). Compared to the smooth surface before the laser treatment, the peening introduced a certain extent of surface damage in the form of linear shear cracks/bands (see Figure S2), which is the direct result of the plastic deformation in the surface region. The presence of plastic deformation is due to the formation of localized shear bands. Concerning the observed change in plasticity, the formation of the localized shear bands is the fundamental contributing factor affecting plasticity. And the surface-roughening behavior might contribute to the change in some other mechanical properties, for example, the ultimate tensile strength. This surface-roughening phenomenon is similar to the observation of the surface of the BMG subjected to the high-speed impactS4. For the study described in the main text, we, therefore, reduced the laser power to 7 - 9 GW/cm2, such that the surface damage was much less severe, and shear bands can be found mainly in some regions below the edge of laser-peened surface, as shown in Figure S2c. 
In addition, we performed synchrotron X-ray diffraction on the laser-treated samples at the beam line, 11-ID-C, of the Advanced Photon Source at the Argonne National Laboratory. As shown in Figure S3, no crystallization can be found in the diffraction pattern of the laser-treated sample with a laser power of 9 GW/cm2. This trend indicates that the aluminum coating is thick enough to prevent the nanocrystaliztion process from surface heating.
2.
Residual-Stress Measurements

The measurements were taken at the slot locations shown in Figure 1a as a function of distance from the peened surface. The slots were oriented so as to measure the residual stresses along the longitudinal direction (the x direction) of the sample. 

The slots were milled in a single increment to give the stress averaged over the removed slot depth (~ 2 microns). For an infinitely long, narrow slot, the surface displacements away from the slot, Ux, are given by the following equation (see Ref. S5 for details). 
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where x is the distance from the slot, v is the Poisson’s ratio, 
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3.
Simple Analytical Model for Serration Behavior

A simple mean-field theory (MFT) based modelS6-8 was employed to quantitatively analyze the serrated plastic-flow behavior of the as-cast and laser-treated samples. The model assumes that weak spots exist in the material that can be triggered to slip, when the local stress exceeds a local failure stress under an external shear load. These weak spots are taken to be elastically coupled, which means that one slip will cause other slips and, consequently, lead to a slip avalanche. The material is sheared under a slowly-increasing stress or small strain-rate boundary conditions, which should be sufficiently slow to have a consecutive but discrete slip avalanche (not overlapped with each other). The elastic interaction between weak spots is sufficiently long-range to satisfy the assumption of infinite range interactions in MFT.

For a low imposed strain rate, Ω, the probability distribution function of the magnitude of stress drop, S, during the serration process can be predicted by MFT as:
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where κ and λ are exponents, with values of 1.5 and 2, respectively, in the MFT prediction for the steady state. D'(SΩλ) is a universal scaling function.


The corresponding complementary cumulative distribution function (CCDF) can, thus, be derived as:
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where C'(SΩλ) is another universal scaling function, related to D'(SΩλ).
4.
Confined Plasma Model

For nanosecond pulses with irradiances of several GW/cm2, the plasma induced by the laser ablation of metal targets can be described by hydrodynamic equations for the whole physical domain, where the condensed phase contributes a mass to the plasma region mainly through hydrodynamic expansion. The one-dimensional (1-D) hydrodynamics model developed earlier by Wu and ShinS9 can be used to calculate the plasma pressure generated during LSP in a water-confinement regime. In their model, the plasma expansion was treated as the 1-D phenomenon, because the two-dimensional (2-D) effects are important only when the laser beam diameter is very small. Wu and ShinS10 further demonstrated that the 1-D assumption is valid, when the laser-beam diameter is equal to or larger than 300 µm. Since the laser-beam diameter used in this work is around 1.25 mm, it is sufficient to use this 1-D model in the present work to describe the confined plasma behavior under water. 
A schematic diagram of the model for the interaction of laser radiation with a target surface in the confining medium (water) is shown in Figure S4a. Initially, the metal surface is located at z = 0, the workpiece is at z < 0, and the water is in the z > 0 region. The sample is irradiated normally to the surface from the z direction. For this system, the 1-D hydrodynamic equations, governing the conservation of mass, momentum, and energy, can be expressed asS9
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where 
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 are the densities of the metal and air (or water), respectively. 
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 is the total density defined as 
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. u is the velocity, P the pressure, E the volumetric internal energy, T the temperature, k the thermal conductivity, I the net flux in laser radiation in the z direction, and q the radiative heat flux in the z direction. To obtain the radiative heat flux, the radiative transfer equation needs to be solved in the diffusion approximationS9:
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in which c is the speed of light, EDω and EDbω are the spectral energy densities of the plasma radiation and blackbody radiation, respectively. kω is the absorption coefficient, and the index, ‘ω’, denotes the frequency-dependent quantity.
To solve the hydrodynamic equations, appropriate equations of state (EOS) must be employed. For the metal targets, the quotidian equation of state (QEOS)S11 is applied, which is an EOS model for the hydrodynamic simulation of high-pressure phenomena. For water, the EOS developed by ReeS12 is applied, which covers the density range between 2 g/m3 and 400 Mg/m3 and the temperature range between room temperature and 25 keV (2.9 × 108 K) by combining theoretical codes and experimental data. Several complex phenomena are considered, such as the ionization process and the chemical equilibrium among dissociation products of waterS12. 
Figure S4b shows the plasma pressure predicted by this model for the laser beam of a 6-ns full width at half maximum (FWHM) with a 100-µm aluminum tape on the Zr-based BMG substrate. The laser-power density used in this example is 8.64 GW/cm2. The pulse duration for the pressure wave is approximately twice the laser pulse duration due to the confinement effect of the water layer, which has been observed by several researchersS9,10,13,14.
5. 
Residual-Stress Calculation Procedures of Finite-Element Modeling (FEM)
The load is modeled as a distributed pressure in ABAQUSS1,2, and its distribution is controlled by a user subroutine, VDLOADS15. The bottom surface of the sample (the xy plane, Figures 1a and S1) is considered to be rigid.
The structural coupling between the coating-layer shock-wave pressures and the substrate structural displacements at their common surfaces (the interfaces) is accomplished with the tie constraint option in ABAQUSS2,13. With this constraint in the loading direction, the continuity of displacements of nodes in the interface region between the coating layer (the slave surface) and the substrate (the master surface) is ensured.

The parameters used in the calculation are listed as follows. The Young’s modulus is 82 GPa, Poisson’s ratio is 0.36, shear modulus is 35 GPa, the density is 6,810 kg/m3, and yield stress is 1.7 GPaS16-20.
6.
Assessment of Strain-Rate Effects
In order to assess the effect of strain rate on yielding and hence the laser peened residual stress state, a strain-rate-sensitive model was also applied. A dynamic compression test of the Zr-based bulk metallic glasses (BMG) Vit-1 was reported using the split Hopkinson pressure barS3. From Figure S6, it can be seen that the dynamic yield stress is close to the quasi-static value of 1.9 GPa reported in Refs. S3,S21-23 for strain rates below 1,000/s. For strain rates greater than 3,000/s, however, the compressive yield stress decreases monotonically with strain rate (strain-rate softening)S21. Therefore, the strain-rate softening effect on dynamic yield strength can be obtained from Figure S6.


The stress-strain curve shown in Figure 3a is considered to be in a quasi-static or static-loading condition. The stress-strain curves appropriate to different strain rates were inferred by proportionally translating the plastic part of the curve to match the different strain-rate-dependent yield stresses in Figure S6 to give the best guess curves in Figure S7. It should be noted that the above analysis assumes that the Young’s modulus is independent of strain rate. It is possible that the stress-strain curve takes a different form at high strain rates. However, in view of the lack of the available data, the curves plotted in Figure S7 are probably the best estimate available at this time. If the strain rate is higher than 4,900/s, the dynamic behavior of the BMG at 4,900/s is assumed, which will clearly underestimate the strain-rate softening effect at very high strain rates.
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