
Evaluation of thermal effects induced during laser shock peening
1. Broad aspects of laser shock peening
Laser shock peening (LSP) is an innovative technique that is applied to enhance the fatigue strength of structural materials. It involves high-energy laser pulsing of the metal surface, which typically results in the generation of residual compressive stresses.
The schematic diagram of the LSP working principle is shown in Figure 1. Prior to LSP, the processed surface is usually covered with an opaque sacrificial overlay (for example, aluminum or steel foil). Moreover, running water is also typically used as a transparent confining medium. The propagation of a laser pulse across the interface between two media with distinctly different densities (i.e., the water layer and the sacrificial overlay) normally results in a plasma spot. The rapid expansion of the plasma gives rise to shock waves, which, in turn, exert a pressure effect [1, 2]. At a pressure level greater than the Hugoniot elastic limit, the processed material experiences a plastic strain. Due to the intrinsically inhomogeneous character of the distribution of such strain, it results in residual stress.    
[image: ]
Figure S1. Schematic illustration of LSP (after Amarchinta [2])
An important issue of the LSP is its extremely short processing time. Specifically, the typical duration of the laser pulsing is only ~10 ns, while the estimated lifetime of the plasma is ~ 100 ns. Hence, it is believed that the activation of diffusion-driven processes is unlikely. Thus, it is widely accepted that the processed material remains relatively cold during LSP [3-40]. Wu [41] was one of the first to suggest that LSP-induced stresses are mechanical rather than thermal in nature. Therefore, LSP is often considered a mechanical rather than a thermal process [1].

2. Plasma spot. Characteristic size

It is sometimes believed that the sacrificial layer during LSP serves two functions: (i) prevention of the processed material from the ablation effect and (ii) protection from the direct influence of the plasm spot. The latter issue is considered in the present section. To this end, a characteristic thickness of vaporized material  was estimated.  




During high-energy laser pulsing, the total energy absorbed by a processed material  may be evaluated as , where is heating energy,  is melting energy, and  is vaporization energy.







Neglecting material heating in the liquid and gas phases and assuming that the total absorbed energy is converted into heat, this equation can be rewritten as      , where  is heat capacity (taken to be 460 J/(kg×К)),  is material density (taken to be 7800 kg/m3),  is the volume of vaporized material (~,  here is the minimum characteristic size of a laser spot), is a temperature difference between ambient condition and the melting point (taken to be 1800 K),  is the specific heat of fusion (taken to be 2000 J/сm3 or 2.7×105 J/kg), and  is the specific heat of vaporization (taken to be 43000 J/сm3 or 6.3×106 J/kg). 
Hence, the characteristic thickness of the vaporized material is .


Given a total absorbed energy  of 10 J, the upper limit of the characteristic thickness of the vaporized material should be ~ 10-4 m. This value is comparable with the thickness of the coating layer. Therefore, the simple estimations given above are in good correspondence with the initial presumption that the plasma spot is confined within the sacrificial material.     
3. Plasma spot. Characteristic time and induced pressure






The evaporation process can be considered in terms of the propagation of an evaporation wave. The wave velocity  should increase with the temperature of the vaporized material, but then it is expected to saturate at the magnitude of , where is the radiation power density. After a characteristic time (where  is thermal diffusivity; taken to be 1×10-5 m2/s), the evaporation wave outraces the heat conduction wave, thus diminishing the role of the latter process in material heating. Hence, to provide material evaporation, the applied laser power density should exceed ~108 W/cm2. At the energy density of 109 W/cm2, which is characteristic of the LSP treatment, the evaporation process occurs without a phase transition, and the radiation energy is almost completely absorbed by the ionized gas. 
The amplitude of the pressure associated the plasma expansion can be estimated on the basis of a one-dimensional plasma model [42]. According to this model, this pressure remains even after laser pulsing, and the duration of the “stressed” condition can significantly (~10 times) exceed the duration of the pulsing time. 
It is important to emphasize that the interaction of the laser beam with the water layer (Fig. 1) may also give rise to plasma. It is opaque to the laser beam, and thus it may absorb a portion of the laser energy that exceeds a certain threshold. This situation has been considered in a number of works, which show that the threshold energy lies in the range of 8-10 GW/cm2 [e.g., 43]. Accordingly, the magnitude of the pulse-induced pressure was predicted to saturate at ~4 GPa and show only subtle changes with a further increase in laser power density [43]. The imposing of such pressure for a characteristic time of 100 ns should result in the generation of elastic-plastic waves rather than shock waves.  
4. Thermal effect of LSP



An oversimplified evaluation of the heat propagation from the laser-shock-peened surface to the bulk material can be obtained from a consideration of its characteristic rate, where  is time. Hence, the propagation depth of the heat transfer can be estimated as  . Taking the characteristic duration of the LSP pulse (20 ns in the present case), this gives a depth of ~10-7 m. Considering the characteristic time of the LSP-“stressed” state (i.e., ~100 ns), the propagation depth should be of ~10-6 m.     



A more thorough insight into this issue can be obtained by solving the one-dimensional heat conduction problem for a dimensionless temperature change of . In this approach, the normalized spatial scale is , and the normalized time scale is . The boundary-value problem for a homogeneous heat equation is specified as follows: Find the function , defined in the field , which satisfies the equation: 
 for 
with an initial condition: 
for .
and boundary conditions:
, for .
The solution of this problem is as follows

Consider the process of heating a material in contact with a plasma spot under the assumption that all the energy of laser radiation is absorbed by the ionized gas. At the contact time of 100 ns, the gas temperature at the energy density of ~109 W/cm2 should reach a magnitude of ~10 electron volts. Taking the temperature of the ionized gas to be ~2×104 K, the predicted evolution of temperature as a function of the propagation depth is shown in Figure 2. It is seen that the temperature rapidly drops below 0.5 Tm (where Tm is the melting point); i.e., to a level at which its influence on microstructural changes becomes minimal.
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Figure S2. Evolution of temperature with the distance from the plasma spot as a function of time (t). Note: The horizontal line corresponds to 0.5 Tm, where Tm is the melting point.


To obtain an additional insight into the temperature effect, the thickness of the material layer heated above 0.5 Tm was calculated as a function of time. The obtained results are shown in Figure 3. It can be seen that the thickness was only predicted to be a few microns. 
	[image: ]

	
Figure S3. Dependence of the location of the point corresponding to half of the homologous temperature as a function of time when contacting an object with a temperature of 2 x 104 К.


In this context, it is important to emphasize that the laser-shock-peened material is normally covered by a sacrificial (protective) layer. The typical thickness of this layer is ~100 microns, thus being ~100 times greater than the characteristic depth at which the thermal effect should be significant. Thus, it can be concluded that any thermal processes that are essential for microstructural modification of the pulsed material are limited by the thickness of the sacrificial (protective) layer.   
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