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Karl-Christian Schwab a, Sören Keller a,*, Nikolai Kashaev a, Benjamin Klusemann a,b 

a Institute of Materials Mechanics, Helmholtz-Zentrum Hereon, Max-Planck-Str. 1, D-21502, Geesthacht, Germany 
b Institute of Product and Process Innovation, Leuphana University of Lüneburg, Universitätsallee 1, D-21335, Lüneburg, Germany   
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A B S T R A C T   

The aim of the present study is to tailor laser shock peening-induced residual stresses by applying defined 
prestress. For this purpose, elastic prestress is introduced during laser shock peening application and subse-
quently released. The influence of prestress on the resulting residual stresses is investigated experimentally by a 
four-point bending device that allows prestressing of the specimen during laser shock peening. Furthermore, a 
semi-analytical model of laser shock peening, extended by a contribution accounting for the prestress, is used to 
determine the prestress—residual stress relationship. A linear relation between prestress and compressive re-
sidual stress is found when the resulting compressive residual stresses are in the range of 20 % – 100 % of the 
yield strength. Generally, tensile prestress leads to a higher magnitude and penetration depth of resulting 
compressive residual stress after laser shock peening. As a proof of concept, prestress was used to alter a non- 
equibiaxial residual stress profile into an equibiaxial one, demonstrating the applicability of prestress as an 
effective tool for residual stress design.   

1. Introduction 

Residual stresses play an important role in the design of structural 
components, where unintended and unknown tensile residual stresses, 
generated for example during manufacturing processes, may cause 
premature failure of components. However, compressive residual 
stresses can also be intentionally generated in critical regions to improve 
fatigue performance as shown by Peyre et al. (1996), who investigated 
the effect of laser shock peening (LSP)-induced residual stresses on the 
cyclic properties of A356, Al-12Si and AA7075 aluminium alloys. The 
LSP process enables the introduction of relatively high and deep 
compressive residual stresses in combination with a relatively high 
surface quality. Mechanical shock waves are caused by plasma expan-
sion that is generated next to the material surface by a short-time 
(nanosecond regime) and high-energy laser pulse, leading to plastic 
deformation within the material and, consequently, the desired 
compressive residual stresses. Such compressive residual stresses may 
lead to a deceleration of the crack growth rate as illustrated by Garcia 
et al. (2016). Keller et al. (2019b) demonstrated that a decelerated fa-
tigue crack growth rate could mainly be explained by the occurrence of 
macroscopic residual stresses, which was proven by a novel 

‘experimental simulation’. Obviously, introduced compressive residual 
stresses are in balance with tensile residual stresses within the treated 
specimen. Busse et al. (2020) discussed fatigue crack acceleration due to 
these balancing tensile residual stress that might even cause a structural 
life reduction. Furthermore, the effect of LSP-induced residual stresses 
on the fatigue crack growth rate decreases with higher minimum loads 
as shown by Keller et al. (2019a). Thus, the efficiency of LSP-induced 
residual stresses in terms of structural life enhancement depends on 
the external load conditions. These aspects clearly illustrate that 
LSP-induced residual stresses and, consequently, the LSP process itself 
needs to be tailored to the specific use case. 

First of all, residual stresses can be tailored by controlling the process 
parameters of the laser system. Dorman et al. (2012) showed that the 
maximum compressive residual stress and the depth of the compressive 
maximum residual stress increased with higher laser power density. 
Also, a deeper penetration of the compressive residual stresses can be 
achieved by increasing the laser power density, as shown by Keller et al. 
(2018). Another process parameter that influences the residual stress 
field is the focus size. Warren et al. (2008) simulated the LSP process and 
found that a smaller focus size provided not only a more uniform stress 
distribution but also a smaller peak magnitude of compressive residual 
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stresses. The influence of the geometry of the laser focus was investi-
gated by means of a numerical model by Hu et al. (2009a). Depending on 
the laser focus geometry, the shock wave propagation, and therefore, the 
compressive residual stress magnitude in the centre of the laser focus 
vary. However, not only the parameters of the laser system itself but also 
the overlap ratio as well as the sequence of laser pulses have a great 
effect on the residual stress field. Toparli and Fitzpatrick (2019) showed 
for two different laser peening systems that an increase in overlapping 
induced higher and deeper compressive residual stresses for the 
aluminium alloy Al2024-T351. The conclusion on the overlapping rate 
was confirmed by Xu et al. (2019) for 316 L stainless steel. Additionally, 
Xu et al. (2019) observed that the scanning pattern influenced the 
equibiaxiality of the residual stress components. In this regard, Correa 
et al. (2015) proposed the use of random-type scanning patterns instead 
of a zigzag-type pattern to reduce the non-equibiaxiality. A second 
approach is to control process conditions and the environment of the 
process to influence the resulting residual stresses. The use of a trans-
parent, plasma-confining overlay to extend magnitude and duration of 
the plasma pressure, as shown by Fabbro et al. (1990), as well as the use 
of an ablative/sacrificial layer to protect the material surface from 
plasma generation, demonstrated by Peyre et al. (1998), are examples of 
different process conditions that have been adopted and have become a 
substantial part of the process.1 Relatively new approaches comprise the 
modification of the initial conditions of the target material to improve 
efficiency of LSP treatments. Such a modification is known as warm laser 
shock peening, where the temperature of the target material is increased 
when LSP is applied. For instance, Ye et al. (2011) observed that mi-
crostructures formed after warm laser shock peening led to a higher 
stability of dislocation structures and residual stress, which were bene-
ficial for fatigue performance. Another approach is the introduction of 
prestresses to the material during the application of LSP. In contrast to 
the increase in the material temperature, the application of prestresses is 
componentwise controllable and allows anisotropic residual stress 
modification. Hu et al. (2015) investigated the effect of prestress during 
laser peen forming2 on the global deformation of the specimen and the 
resulting residual stresses. It was observed that tensile prestress led to 
higher plastic deformation and higher compressive residual stresses. 
This effect presumably results from a superposition of the prestress and 
the laser-induced mechanical shock wave that influences the generated 
local plastic deformation. Zhang et al. (2018) observed higher 
compressive residual stresses for prestressed ultrasonic peen forming 
and found that the depth of compressive residual stresses was also 
slightly increased with increasing tensile prestress. The application of 
prestress to peening processes is utilized in the process of stress peen 
forming as well, where metallic components are shaped by shot peening. 
Miao et al. (2010) experimentally determined quantitative relations 
between the bending moment during shot peening process and the 
resulting arc height of the investigated specimens. Xiao et al. (2016) 
discussed, among other results, the effect of prestress on resulting re-
sidual stress over depth profiles during stress peen forming, where 
resulting residual stress components differ depending on the uniaxial 
prestress direction. 

Thus, the application of prestress is a promising tool to tailor residual 
stresses componentwise, if the quantitative relationship between 
prestress and resulting residual stress can be identified. This work is 
intended to elaborate the potential of prestress application for LSP- 
induced residual stress design. For this purpose, a four-point bending 
device is employed to apply selected prestresses to the aluminium alloy 

AA2024-T351. To select the correct prestress value for tailoring the 
resulting compressive residual stress, a semi-analytical model is 
employed and extended to account for the prestress. An experimentally 
validated correlation between prestress and residual stress for tailoring 
residual stresses is developed. The knowledge of this established corre-
lation is applied to alter a non-equibiaxial residual stress profile into a 
defined equibiaxial residual stress state as proof of concept. 

2. Experimental procedures and material 

2.1. Laser shock peening process and effect of prestress 

LSP is a residual stress modification technique to introduce locally 
compressive residual stresses into a workpiece. As discovered by 
Askar’yan and Moroz (1963), the irradiation of a metallic material with 
a short (nanosecond) laser pulse leads to the vaporization of 
near-surface material. The vaporized material is converted into plasma. 
The plasma expands rapidly, which generates surface pressure acting on 
the target. Fabbro et al. (1990) studied the physics of the laser-generated 
plasma and developed an analytical model to calculate the surface 
pressure. The subsequent mechanism of residual stress generation is as 
follows: The surface pressure induces mechanical shock waves which 
propagate through the material. Those shock waves deform the material 
at high strain rates, leading to local plastic deformation, see Fig. 1(a). If 
the material reaches static equilibrium, it is elastically stretched due to 
the introduced local plastic strains. The elastic strains result in 
compressive residual stresses below the radiated surface. These 
compressive residual stresses are balanced by tensile residual stresses in 
the surrounding volume. Applying prestress during LSP leads to a su-
perposition of the prestress and laser-induced mechanical shock waves. 
This has a direct influence on the resulting plastic deformation. Tensile 
prestresses decrease the necessary stress of the mechanical shock waves 
to reach plastic yielding within the material, which should lead to a 
larger plasticized area as well as an increased plastic strain magnitude, 
see Fig. 1(b), that may result in an increased compressive residual stress 
magnitude and penetration depth. In contrast, in areas loaded with a 
compressive prestress, a higher shock wave stress is needed to cause 
plastic deformation, resulting in a smaller plasticized area as well as a 
decreased plastic strain magnitude, see Fig. 1(c). The main purpose of 
this study is to quantify the effect of the prestress during LSP on the 
resulting residual stresses in order to utilize prestress for residual stress 
design, which is demonstrated and discussed in the following. 

Conducted experiments are displayed in Fig. 2. The procedure con-
tains mainly three steps: First, prestress is applied by four-point bending; 
second, LSP is performed at the prestressed specimen; and third, 
prestress is released leaving material that contains LSP-induced residual 
stresses. LSP application without prestress is referred to as 0 % prestress 
in this work. Stresses are experimentally determined by incremental 
hole drilling. While stresses after Step 1 are only determined to validate 
the prestress, determined residual stresses after Step 3 represent the 
main focus of this work to investigate the effect of prestress during LSP. 

2.2. Laser shock peening experiment 

LSP was performed by using a Q-switched Nd:YAG laser operating at 
10 Hz with a wavelength of 1064 nm and a pulse duration of 20 ns (full 
width at half maximum, FWHM). A square laser focus was employed in 
the experiments. A focus size of 1 mm × 1 mm or 3 mm × 3 mm and a 
laser pulse energy of 1.5 J, 2 J or 3 J were used depending on the 
respective experiment. The laser pulses of each pulse sequence were 
placed in a pattern without overlap, also referred to as 0 % pulse over-
lapping, as shown in Fig. 3. The pattern consisted of seven rows and six 
columns, which were applied consecutively. Therefore, the LSP-treated 
area was approximately 18 mm × 21 mm. The processing direction of 
each column was kept constant during the experiments. The specimen 
was moved by an industrial robot to obtain the predefined laser pulse 

1 Not all process variants of LSP, such as femtosecond LSP, utilize a trans-
parent overlay and/or a protective coating. For instance, LSP without protective 
coating for fatigue life enhancement of friction stir welded aluminum alloy 
AA6061-T6 is successfully conducted by Sano et al. (2012).  

2 Laser peen forming uses the explained laser peening process aiming for a 
global workpiece deformation instead of residual stress introduction. 
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Fig. 1. Principle of residual stress generation during LSP with and without prestress. (a) Due to the laser pulse, mechanical shock waves are introduced, which cause 
plastic strains leading to a residual stress field. The effect of the prestress is interpreted as superposition of the laser-induced shock wave stresses σsw and the prestress 
σpre influencing the plastic strains. (b) Residual stress generation with tensile prestress, which increases the plasticized region. (c) Residual stress generation with 
compressive prestress, which decreases the plasticized region. 

Fig. 2. Experimental procedure. Material is processed in three steps, where prestresses are applied in Step 1 by four-point bending, LSP is conducted in Step 2 and the 
prestress is released in Step 3. Stresses are determined by incremental hole drilling after Step 1 to validate the applied prestresses and after Step 3, which present LSP- 
affected residual stresses. 

Fig. 3. Geometry of used specimens, including LSP treated area. (a) Specimen for tensile prestress with a detailed display of the LSP scanning pattern. (b) Specimen 
for compressive prestress. 
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sequence with the fixed laser focus. The shape and dimensions of the 
investigated specimens are shown in Fig. 3. Water was used as a trans-
parent overlay for confining the generated plasma. The water layer 
prevents the plasma from expanding freely, which increases the plasma 
pressure magnitude and duration, see for example Fabbro et al. (1990). 
As a consequence, a considerable amount of energy of the expanding 
plasma is converted into the mechanical pressure acting on the speci-
men’s surface, thus introducing mechanical shock waves within the 
specimen. Prestress was applied by means of a four-point bending device 
which was described in Section 2.3. The prestress was kept constant 
during each experiment. After LSP treatment and before the determi-
nation of the residual stresses, the prestress was released. 

This study was conducted with the aluminium alloy AA2024 in T351 
heat treatment condition. The material thickness is 4.8 mm, including a 
0.15 mm thick clad layer of unalloyed aluminium on both sides of the 
specimen. Since the residual stresses in the clad layer were not relevant 
for this study, no ablative sacrificial layer was used, which would pre-
vent tensile stresses near the surface resulting from heat effects of the 
plasma, as discussed by Fabbro et al. (1998). The influence of the clad 
layer and the ablative layer on the resulting residual stresses after LSP 
application in AA2024-T3 was investigated in detail by Kallien et al. 
(2019). 

2.3. Prestress implementation 

Prestress was applied via four-point bending of the specimen by 
using a four-point bending device, as depicted in Fig. 4. The specimen is 
placed on two supporting pins and two loading pins placed at an equal 
distance from the centre. By exchanging the positions of the supporting 
and loading pins, the prestress at the upper side of the specimen can be 
changed from tension (a-b) to compression (c-d) and vice versa. The 
device allows generating a defined stress state that is constant parallel to 
the surface of the area to be peened between the inner pins. The applied 
bending stress is determined by measuring the displacement w of the 
specimen in the centre of the surface with a dial gauge and using the 
Euler-Bernoulli beam theory.3 Forces at the loading pins are incremen-
tally increased to ensure that the maximum displacement is located at 
the centre of the surface, leading to symmetric bending. The typical 
bending stress distribution4 along the thickness direction is considered 
for the analysis of the influence of prestress on the residual stress. Within 
the scope of this paper, the indicated amount of prestress refers to the 
applied (maximum) bending stress at the surface of the specimen, which 
is subsequently peened. The use of the device is validated by experi-
mental stress determinations using the incremental hole drilling 
method, see Section 2.5. 

2.4. Experimental residual stress determination 

The residual stress state was determined by using the system PRISM 
(Stresstech). This system determines the residual stresses by means of 
incremental hole drilling where surface displacements are obtained by 
electronic speckle pattern interferometry (ESPI), as described by Schajer 
and Steinzig (2005). The assumptions and restrictions of the incremental 

hole drilling method using ESPI are summarized by Ponslet and Steinzig 
(2003). For each measurement, the following steps are conducted:  

1. Drilling an increment of a hole, thereby removing material that 
contains residual stresses.  

2. Measuring the surface deformation around the hole after each 
increment using ESPI.  

3. Calculating the residual stresses based on the surface deformations 
via the integral method. 

The steps were performed for each increment of the drilled hole to 
obtain the residual stress profile over depth. A borer with a diameter of 2 
mm was used to drill a hole up to a maximum depth of 1 mm. Since it 
was expected that residual stress gradients near the surface were higher 
than below the surface, the drilling increments close to the surface were 
chosen to be smaller than below. The drilling increments were between 
0.01 mm and 0.1 mm. Four residual stress determinations were per-
formed on each specimen. Two specimens were used for each set of 
parameters, leading to at least eight measurements per parameter set. 

2.5. Residual stress within base material and prestress validation 

Experimentally determined initial residual stresses of the unpeened 
material, which are the result of the sheet manufacturing process, are 
displayed in Fig. 5. Near the surface, residual stresses show a relatively 
high standard deviation that decreases strongly with increasing depth. 
Within the range of the experimental scatter, the stress components in x- 
and y-direction are equal in the unpeened material. The residual stresses 
within the clad layer are characterized by tensile stresses at the surface 
that change to compressive ones approximately at the depth of 0.75 mm. 
Residual stresses in the underlying substrate material (AA2024-T351) 
are mostly tensile but insignificant for the performed investigation of 
LSP-induced residual stress in Section 4. 

In order to validate the applied prestress device, the experimentally 
determined initial residual stresses σxx,initial and σyy,initial of the unpeened 
material were superposed, meaning prestressed, by the theoretical 
bending stress σxx,pure bending. Since the prestress was applied via four- 
point bending, the specimen was prestressed unidirectionally in x-di-
rection. Thus, initial residual stresses in y-direction was not superposed 
by the prestress. The applied maximum prestress, present at the material 
surface, corresponded to 20 % of the material yield strength. The result 
of the superposition of stress components in x-direction, specifically the 
theoretical bending stress σxx,pure bending and the initial stress σxx,initial 

within the specimen, were compared to the experimentally determined 
stresses σxx,20% tension of a bended specimen, see Fig. 5(a). The effect on 
the stress component perpendicular to the prestress is shown in Fig. 5(b) 
for completeness. Consequently, the four-point bending device, used to 
apply tailored prestress in the following, is validated experimentally. 

3. Laser shock peening process simulation methodology 

3.1. Semi-analytical laser shock peening process model with consideration 
of prestress 

In order to obtain the residual stress profile for different prestress 
magnitudes without the need for extensive experiments or finite element 
calculations, the fast semi-analytical model by Hu et al. (2009b) is 
adopted and extended to capture the effect of prestress on the resulting 
residual stresses. The results of the model are used to obtain a functional 
correlation between the prestress and the resulting residual stresses for 
different laser power densities. For brevity, only the core idea and the 
main assumptions of the model are highlighted in the following. For the 
derivation and detailed description of the semi-analytical model, the 
interested reader is referred to the original work by Hu et al. (2009b). 

In the semi-analytical model, the response of the material to a me-

3 The displacement is calculated by the integration of the bending moment 
M(x), where x is the x-coordinate, E the Young’s modulus, Iy the second 
moment of area about the y-axis: w(x) = − 1/EIy

∫
(
∫

M(x)dx+ C1) dx+ C2. The 
integration constants C1 and C2 are determined according to the conditions w =

0 at the supporting pins. The solved equation is inverted and evaluated at the 
centre of the specimen surface to calculate the needed displacement w causing a 
defined bending stress.  

4 Euler–Bernoulli beam theory: σb(x) =
My(x) zF

Iy , where σb is the bending 
stress, My is the bending moment at the location of interest along the beam’s 
length and zF is the distance from the beam’s neutral axis to the point of interest 
along the height of the cross-section. 
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chanical shock wave is divided into a loading and a relaxation phase. 
The plasma pressure as well as the material response due to plasma 
pressure is calculated in the loading phase and the resulting residual 
stresses are determined in the relaxation phase. The corresponding flow 
chart of the model is displayed in Fig. 6. Residual stress values are 
calculated after simulating both phases for a certain depth zn, where a 
loop over depth increments is used to calculate the depth profile of the 
residual stresses. 

The loading phase contains four main steps which are executed at 
every time step ti, as long as ti is below the laser pulse duration τ. Firstly, 
the one-dimensional analytical plasma model developed by Fabbro et al. 
(1990) predicts the plasma pressure p(t) that acts on the material surface 
(Step I). The spatially non-uniform pressure distribution of a circular 
laser focus is accounted for by the Gaussian distribution suggested by 
Zhang et al. (2004) leading to p(r, t), where r is the radial position 
relative to the beam centre.5 

The elastic solution of stresses σ∗
ij(z), indicated by subscript *, and 

strains are calculated in Step II. The elastic stress in the laser spot centre 
at a respective depth zn, caused by the current plasma pressure, is 

assumed to be the sum of stresses caused by single forces acting on 
infinitesimal surface areas, representing the plasma pressure. Stresses 
caused by a single force acting on a half space assuming rotational 
symmetry are calculated by the closed form solution given by Timo-
shenko and Goodier (1951). An exponential decay is applied to the 
calculated elastic stresses σ∗

ij(z) at the end of the second step where the 
attenuation exponent η is introduced.6 This decay simulates the atten-
uation of a mechanical shock wave by plastic deformation and rarefac-
tion waves. 

A hybrid algorithm in Step III calculates the solution, accounting for 
subsurface plasticity and resulting residual stress after relaxation. The 
hybrid algorithm is originally applied for the determination of the re-
sidual stresses for an elastic-plastic two-dimensional rolling/sliding 
contact developed by McDowell (1997). The material is modelled as 
homogenous, isotropic and strain rate dependent, including isotropic 
and (linear) kinematic hardening. The first is modelled by the reduced 
Johnson-Cook material model (Johnson and Cook, 1983) 

Fig. 4. Device for applying the defined prestress to the specimens based on four-point bending. Positions of pins can be exchanged to generate either tensile (a-b) or 
compressive (c-d) stress on the surface, which is subsequently peened. 

Fig. 5. Experimentally determined stress pro-
files over depth in unpeened material without 
(σxx,initial, σyy,initial) and with tensile prestress, 
representing 20 % of the material yield strength 
(σxx,20% tension, σyy,20% tension). The theoretical 
bending stress σxx,pure bending is calculated by 
Euler-Bernoulli beam theory. σxx,superposition re-
sults from the superposition of initially present 
residual stress σxx,initial and applied prestress 
σxx,pure bending . (a) Stress component in x-direc-
tion, representing the prestress direction. (b) 
Stress component in y-direction.   

5 A discussion on the applicability of this model to a square laser focus is 
added at the end of this section. 

6 The attenuation factor η defines the exponential decay of the elastic stress 
σ∗

ij, where σ∗
ij, att is the elastic stress after the consideration of the shock wave 

attenuation, as follows: σ∗
ij, att = σ∗

ij e− ηz. 
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σY =

[

σY,0 + Bεn
p

][

1 + Clnε̇∗p
]

, (1)  

where thermal effects are neglected. εp is the equivalent plastic strain 
and ε̇∗p = ε̇p/ε̇0 is the normalized strain rate with ε̇0 as reference strain 
rate at which the yield strength σY,0, the strengthening coefficient B, the 
strain hardening exponent n, representing the quasi-static material 
constants, are determined. The influence of the strain rate is modelled by 
the dynamic strain-hardening coefficient C. Step IV updates the internal 
plasticity parameters according to incremental plasticity. 

The resulting residual stresses are calculated in the relaxation phase 
after the loading phase. For this purpose, the stresses are incrementally 
reduced until the stress components match the boundary conditions of 
the axisymmetric half-space problem. Note that plastic deformation is 
considered at every step of the incremental reduction of the stress 
components by the McDowell hybrid algorithm within the relaxation 
stage. 

In order to account for the uniaxial prestress application, the 
prestress is added to the attenuated elastic stress σ∗

att, ij that is calculated 
in the second step of the loading phase according to 

Fig. 6. Flow chart of the semi-analytical simulation developed by Hu et al. (2009b) to calculate residual stress depth profiles. The prestress is added to the calculation 
of the elastic solution. z denotes the depth coordinate, τ is the laser pulse duration and t is the time. 
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σ∗
ij, pre = σ∗

ij, att +

[
zof − zn

zof
σpre

]

, (2)  

which σpre is the prestress at the material surface, zn is the actual depth 
and zof is the distance from the neutral axis to the surface. The added 
prestress is automatically reduced incrementally in the relaxation phase. 

It should be noted that important simplifications of the semi- 
analytical model are the simulation of a single laser pulse instead of 
simulating the complete laser pulse pattern and the assumption of a 
circular laser spot. The depth profile of local residual stresses is calcu-
lated along the depth (z-coordinate) in the centre of the laser spot. 
Furthermore, the model assumes that the response of the target material 
can be approximated as a quasi-static process, representing a simplifi-
cation of the actual dynamic process, see discussion by Hu et al. (2009b). 
Finally, the semi-analytical model calculates residual stresses at every 
depth zn independently. Thus, overall stress equilibrium is not 
guaranteed. 

The semi-analytical model is originally developed for a circular laser 
focus. The application of the model to experimental results with square 
laser focus represents a crucial assumption; however, this work has 
neither the focus nor the demand for extending the semi-analytical 
model from Hu et al. (2009b) to a square focus, since the model is 
only used as a supporting tool to identify functional correlations from 
experimental data. The shock wave propagation is, by extension, one of 
the main differences between a circular and a square laser focus. In this 
regard, it needs to be considered that the semi-analytical model does not 
simulate a realistic shock wave propagation anyway, since the closed 
form solution given by Timoshenko and Goodier (1951) is applied. 
However, the following results show the adjustability and effectiveness 
of the semi-analytical model in relation to specific laser power densities 
with the assumptions made. They also validate its subsequent applica-
tion to additional laser power densities in the context of this study. 

3.2. Model adjustment and validation 

Model parameters that are not explicitly mentioned within this work 
are taken as reported by Hu et al. (2009b). The used material parameters 
of the Johnson-Cook material model for AA2024-T351 are summarized 
in Table 1. Since the model is applied to experiments with a square laser 
focus, the diameter of the circular laser spot of the semi-analytical model 
was chosen to match the area size of the square laser spot in the ex-
periments. Initial residual stresses are low compared to the LSP-treated 
material and are assumed to be negligible in the semi-analytical model. 
The clad layer is neglected, since Kallien et al. (2019) did not find sig-
nificant consequence of the clad layer on the residual stress profile in the 
substrate material. Therefore, the semi-analytical model calculates re-
sidual stresses within the substrate without initial residual stresses and 
clad layer. 

The plasma model of Fabbro et al. (1990) contains the energy frac-
tion α, representing the fraction of the internal energy that is thermal 
energy, where the remaining fraction is the energy causing the ioniza-
tion of the vaporized material. In order to fit the semi-analytical model 
to experimentally determined (equibiaxial) residual stresses after the 

LSP treatment with a laser pulse energy of 2 J and a 3 mm square laser 
focus without prestress, the energy fraction α = 0.105 and the attenu-
ation exponent η = 0.6 were chosen, leading to suitable agreement on 
the LSP experiment as shown in Fig. 7(a). The pulse energy of 2 J and a 
square laser focus with a side length of 3 mm lead to a laser power 
density of 1.11 GW/cm2 based on FWHM. Afterwards, the model is used 
to predict the residual stresses for two different laser pulse energies (1.5 
J and 3 J, leading to a laser power density of 0.83 GW/cm2 and 1.67 
GW/cm2, respectively.), which are found to correlate well with the 
experimentally determined residual stresses, see Fig. 7(b). It is 
concluded that the semi-analytical model, although set-up for a round 
laser focus and including a significant number of simplifications, is able 
to predict the residual stresses after LSP for a square laser focus quite 
accurately. 

4. Results and discussion 

4.1. Influence of prestress 

The influence of prestress during LSP on the resulting residual 
stresses is investigated for different prestress magnitudes with uniaxial 
prestress in x-direction by four-point bending as described in Section 2, 
see Fig. 8. It is observed that the resulting compressive residual stresses 
after LSP are increased for tensile prestress. The results show that re-
sidual stresses σxx, that is in prestress direction, are more affected by the 
prestress than the stresses σyy perpendicular to the prestress direction. 
Compressive prestress leads to a decrease in the resulting compressive 
residual stress components after LSP. This coincides with the observa-
tion reported by Hu et al. (2015), where a higher bending curvature 
during laser peen forming leads to higher values of compressive residual 
stresses at the top surface mainly in bending direction, but also 
perpendicular to the bending direction to a lesser extent. 

During LSP treatment, laser induced shockwaves lead to plastic 
deformation of the material. This local plastic deformation leads to 
misfits of plastically deformed and non-deformed material, resulting in 
compressive residual stresses in the plastically deformed material after 
the formation of stress equilibrium. In case the material is prestressed, 
the prestress and the laser-induced shockwave are superposed, see. 
Fig. 1(b). Tensile prestress leads to higher plastic deformation, and 
consequently, to higher compressive residual stresses after releasing the 
prestress, which is in agreement with the literature, see for example. Hu 
et al. (2015). Compressive prestress leads to decreased plastic defor-
mation, and therefore, to lower resulting compressive residual stresses. 

Not only is the magnitude of the residual stresses affected, the 
penetration depth is influenced by the prestress as well. Tensile prestress 
leads to a higher penetration depth since the induced shock wave ex-
ceeds the yield strength in greater depth owing to the superposition with 
the prestress. On the other hand, a compressive prestress decreases the 
penetration depth of compressive residual stresses. The depth of the 
maximum of the compressive residual stress is only slightly affected. 
Since the prestress shows a stress gradient over the sheet thickness ac-
cording to the characteristic bending stress, the prestress and its effect 
on the resulting residual stress is highest at the surface. Theoretically, 
this leads to a shift of the depth of the maximum compressive residual 
stress closer to the surface. However, this effect is not very pronounced 
in the studied near-surface region (up to 1 mm depth) of the material. 
These results are in agreement with the observation of Zhang et al. 
(2018) regarding penetration depth as well as position of the maximum 
compressive residual stress by means of experiments and simulations for 
prestressed ultrasonic peen forming. 

The results of the described semi-analytical model that is extended to 
take the prestress into account agree well with the experimental results 
for various prestress magnitudes, see Fig. 8. The maximum residual 
stresses and the residual stress gradients in depth direction for both in- 
surface plane stress components agree well. Additionally, the change of 
the penetration depth is calculated correctly. Therefore, the extended 

Table 1 
Material parameters for AA2024-T351 with ε̇0 = 3.33⋅10− 4 s− 1 according to 
Teng and Wierzbicki (2006).  

Parameter Symbol Value Unit 

Young’s modulus E  73 GPa 
Yield strength σY,0  352 MPa 
Poisson’s ratio v  0.33 – 
Strengthening coefficient B  440 MPa 
Strengthening exponent n  0.42 – 
Dynamic strain hardening coefficient C  0.0083 –  
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semi-analytical model is suitable for the prediction of the residual stress 
state of a prestressed LSP-treated specimen in this work. 

The influence of the magnitude of prestress on the resulting residual 
stresses for different laser power densities is illustrated based on the 
extended semi-analytical model for stress values at 0.105 mm depth in 
Fig. 9. Both the prestress and the resulting residual stress (at 0.105 mm 
depth) are normalized by the material yield strength σY,0. The applied 
prestress is chosen within the range of [- 95 %, 95 %] of the yield 
strength to avoid plastic deformation by the applied prestress. 

Fig. 9(a) indicates that for a range of different laser intensities, the 

residual stresses in relation to the prestress show characteristic regions 
with varying slopes. No residual stress is induced as long as the stress 
during the LSP process does not exceed the dynamic yield stress of the 
material. The mentioned amplification or reduction of the resulting 
compressive residual stresses, depending on the applied prestress, is 
approximately linear within the range [− 20 %, − 100 %] of resulting 
residual stress indicated by the characteristic values σupper limit

char and 
σlower limit

char (green, dashed lines) in Fig. 9(a). 
The increase in the compressive residual stresses due to increasing 

prestresses with σxx < σlower limit
char is solely caused by an increased yield 

Fig. 7. Experimentally determined residual stress profile σexp as well as calculated residual stress profile σsim after LSP with laser pulse energies of 2 J (a), 1.5 J and 3 J (b) 
and a square 3 mm × 3 mm laser focus. For the used laser pulse energies, the residual stresses are equibiaxial; thus only σxx is shown in (b). 

Fig. 8. Residual stress profiles after LSP (laser power density: 1.1 GW/cm2) without prestress and with different prestress magnitudes determined by experiments σexp 

and the semi-analytical model σsim. (a) Residual stress component in x-direction (parallel to the prestress). (b) Residual stress component in y-direction (perpendicular 
to prestress). 

Fig. 9. Residual stress vs. prestress curve of the stress component in prestress direction (a) and perpendicular to the prestress direction (b) for varying laser power 
densities determined by the semi-analytical model. The curves are normalized by the material yield strength σY,0. A linear correlation between prestress and resulting 
residual stress is assumed in the residual stress range [− 20 %, − 100 %], indicated by the characteristic values σupperlimit

char and σlowerlimit
char (green, dashed lines). 
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stress after material strain hardening. Thus, the slope of the residual 
stress vs. prestress curve decreases at approximately 100 % compressive 
residual stress. The use of prestress is, therefore, less efficient outside the 
approximately linear region between σupper limit

char and σlower limit
char .7 

Since the samples are uniaxially prestressed in x-direction, the 
induced residual stresses in x-direction are mainly influenced; however, 
effects on the stresses in y-direction are also observed, see Fig. 9(b). 
Based on the results for the laser power density of 1.1 GW/cm2, the 
amplification or reduction of the residual stress component in the y-di-
rection corresponds to approximately 1/3 of the change of the residual 
stress in the x-direction.8 

It can be deduced from the obtained results in Fig. 9 that prestress 
can be used to decrease the required laser power density in order to 
introduce a certain residual stress value. For instance, LSP with the laser 
power density of 1.5 GW/cm2 without prestress induces approximately 
the same magnitude of compressive residual stress as the laser power 
density of 1.1 GW/cm2 with 50 % prestress, see Fig. 8(a). Thus, the 
application of prestresses leads to a more material-friendly LSP appli-
cation by providing a higher surface quality due to the possibility of 
using lower laser energies and shock wave magnitudes to induce a 
desired residual stress magnitude. In addition, application of prestress 
enables residual stress introduction by laser systems with relatively low 
laser power densities in materials with relatively high yield strength. For 
instance, a laser power density of 0.5 GW/cm2 does not induce residual 
stresses in the current context, where the application of 60 % prestress 
leads to the generation of compressive residual stresses of approximately 
20 % of the yield strength. Thus, the application of prestresses is espe-
cially valuable for LSP application with relatively low amounts of pulse 
energy. 

By means of the experiments as well as the semi-analytical model, it 
is clarified that prestress has a strong influence on the resulting residual 
stresses, and that a characteristic behaviour can be identified for the 
relation between applied prestress and resulting residual stresses. 
Therefore, prestress can be systematically used to modify the resulting 
residual stress profile in a tailored way. This residual stress modification 
is especially promising for the identified region where the relation be-
tween applied prestress and resulting residual stress is linear. However, 
after the resulting residual stresses reach the yield strength, the effi-
ciency of the application of prestress decreases significantly. 

5. Tailoring of residual stresses 

The findings of the previous section are applied to demonstrate the 
practical use of prestress during the application of LSP for residual stress 
design. By the use of prestress during LSP, the introduced residual stress 
as well as its (non)-equibiaxiality, that is the difference between the 
residual stress components in x- and y-direction, can be tailored. The 
identification of the necessary prestress amplitude to generate the 
desired residual stress profile is conducted in two steps:  

1. Perform LSP process with the relevant laser and process parameters 
but without prestress.  

2. Obtain the linear functional correlation of the influence of prestress 
on the current residual stress profile. Therefore, a second experiment 
with compressive or tensile prestress requires to be conducted. The 
resulting maximum compressive residual stresses have to be within 
the range of 20 % — 100 % of the yield strength, allowing the 
assumption of a linear correlation between prestress and residual 
stress, as shown in Section 4. 

In the following, a method to reduce the non-equibiaxiality experi-
mentally by applying prestress is demonstrated as proof of concept of 
this outlined methodology. It should be noted that the aim to generate 
an equibiaxial residual stress profile serves here only for demonstration 
purposes. Real applications may require an enhanced component in a 
specific direction depending on the individual use case; the method 
illustrated here can be directly transferred to such a situation. 

5.1. Proof of concept: Tailoring of residual stress profile equibiaxiality 

Due to the different amplification of the resulting residual stress 
components depending on the prestress direction, the residual stress 
profile non-equibiaxiality changes with varying prestresses. As part of 
this study, a method to determine the equibiaxiality over the entire 
depth of the residual stress profile is defined: It is assumed that the re-
sidual stress profile is linear between the increments of the hole drilling 
method. Two variables are defined: 

(i) Δσ(z) is the difference between the stress components in x- and y- 
direction at a specific depth z 

Δσ(z) = σxx(z) − σyy(z); (3) 

(ii) SA is used to describe the residual stress non-equibiaxiality via 

SA =
∑m− 1

j=n

[
[
zj+1 − zj

]
⋅
Δσ

(
zj+1

)
+ Δσ

(
zj
)

2

]

, (4)  

where zi denotes the respective depth of the increment used during the 
experimental residual stress determination via hole drilling. SA corre-
sponds to the difference between the residual stress component integrals 
in x- and y-direction from zn = 0.15 mm to zm = 1 mm depth. Due to the 
relatively high standard deviation of the experimentally determined 
residual stresses near the surface of the specimen, the near-surface re-
gion, that is depth ranges between 0.01 mm and 0.15 mm, is not taken 
into account in the calculation of the residual stress profile non- 
equibiaxiality SA. 

Kallien et al. (2019) investigated experimentally the influence of the 
advancing direction during LSP on the (non)-equibiaxility of the induced 
residual stresses. With peening parallel to the rolling direction, a strong 
non-equibiaxiality of the residual stress profile at high laser power 
densities is present, that is S(A)

A = − 36.7 MPa mm,9 see Fig. 10(b). A 
square laser focus with a side length of 1 mm, a laser pulse energy of 1.5 
J, and a pulse duration of 20 ns (FWHM) was employed by using 
AA2024-T3 clad10 . The maximum compressive residual stress reached 
after the LSP treatment with the aforementioned parameters is 
approximately 300 MPa or 85 % of the yield strength, respectively; thus, 
the correlation between residual stress and applied prestress can be 
assumed to be linear, see Fig. 9. The correlation between prestress and 
non-equibiaxiality, therefore, is assumed to be linear as well. In order to 
modify the residual stress non-equibiaxiality in a desired way, the linear 
correlation between prestress and non-equibiaxiality requires to be 
quantified. The determination of the desired prestress magnitude to 
generate an equibiaxial residual stress profile is performed according to 

7 Depending on the magnitude of the material strain hardening, the residual 
stress increases to a greater or lesser extent after reaching the yield strength 
with increasing prestress.  

8 In the present case, this relationship can be derived on the basis of Hook’s 
law for the state of plane stress Δσxx v+ E Δεyy = Δσyy, where Δσ and Δε are 
the differences of the resulting residual stress and strain components (Δσii,

Δεii), respectively, with and without prestress, i.e. Δξ = ξwith prestress −

ξwithout prestress with ξ ∈ {σii, εii} . Assuming the simplified condition of Δεyy = 0, 
the change of Δσyy is only dependent on Δσxx. Therefore, an increase of the 
stress component σxx through the use of an uniaxial prestress in x-direction 
during the LSP process leads only to an increase of the stress component σyy by 
33% of the increase in x-direction, i.e. Δσxx, for v = 0.33. 

9 For the calculation of the residual stress profile non-equibiaxiality, the 
experiment of Kallien et al. (2019) was repeated.  
10 Clad refers to a thin clad layer of 0.15 mm thickness on both sides of the 

aluminum alloy. 
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the following three steps:  

1. The first step is to perform LSP without prestress. For this purpose, 
the experiment of Kallien et al. (2019) with the aforementioned 
process parameters with a high residual stress profile 
non-equibiaxiality was repeated, as shown in Fig. 10(a), and the 
value of the residual stress profile non-equibiaxiality was calculated, 
that is S(A)

A = − 36.7 MPa mm.  
2. In order to obtain the functional correlation for the residual stress 

profile non-equibiaxiality, a second experiment with 50 % 
compressive prestress was conducted and the residual stress profile 
non-equibiaxiality was calculated, that is S(B)

A = 55.9 MPa mm.  
3. The linear function between the prestress and the non-equibiaxiality 

is determined based on the conducted experiments, see Fig. 10(b). 
Following this linear correlation, a compressive prestress of approx. 
20 % of the yield strength leads to a residual stress profile non- 
equibiaxiality of approx. 0 MPa mm. 

This determined compressive prestress of 20 % of the material yield 
strength is experimentally applied to validate the presented approach to 
adjust the residual stress non-equibiaxiality, thus providing the meth-
odology of applying prestress to design residual stress fields, see Fig. 10 
(a). 

6. Conclusions 

In this study, the effect of uniaxial prestress during LSP on the 
resulting residual stress profile was investigated by means of experi-
ments and a semi-analytical model. It was shown that prestress could be 
utilized to tailor LSP-induced residual stresses precisely, for example, to 
avoid a possible non-equibiaxiality. Based on the obtained results the 
following conclusions are drawn: 

1. Tensile prestress leads to an increase in the magnitude and pene-
tration depth of the resulting compressive residual stress components 
after LSP. In particular, the residual stress component parallel to the 
prestress is influenced, where the vertical component is only affected 
by a lower ratio, determined approximately by the Poisson’s ratio. In 
contrast, compressive prestress leads to a decrease in the resulting 
compressive residual stress magnitude and penetration depth.  

2. A linear correlation between the prestress and residual stress is 
identified if the residual stress is in the range of [− 20 %, − 100 %] of 
the yield strength, allowing a tailored residual stress design.  

3. Prestress can be used to decrease the required laser power density to 
introduce the desired residual stresses into the material. Thus, the 
application of prestress leads to a more material-friendly LSP appli-
cation, promoting a higher surface quality. Furthermore, prestress 

enables easier residual stress introduction by relatively low amounts 
of laser energy.  

4. As a proof of concept, prestress is used to alter a non-equibiaxial 
residual stress profile into an equibiaxial one. A methodology is 
presented to determine the required prestress in order to alter the 
residual stress profile. Two experiments are required within the 
linear regime in the residual stress vs. prestress curve to tailor the 
residual stress by prestress. 
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