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A B S T R A C T   

Laser peen forming (LPF) is a metal forming process that utilizes laser-induced mechanical shock waves to form 
desired shapes or modify bent structures. The present work focuses on the applicability of LPF to Ti-6Al-4V 
sheets, to identify an optimal LPF process parameter window and achieve desired bending without compro-
mising the surface quality within the peened region. The effect of LPF process parameters, i.e. laser power 
density, overlap, type of sacrificial overlay, and the number of peening sequences was investigated for specimens 
with different thicknesses. The laser power density and number of peening sequences were the most influential 
parameters that affect the bending of the specimens. Using sacrificial overlay has a significant effect on the 
bending and surface quality of the specimens. Surface quality after LPF was assessed by measuring the roughness 
in the peened region. In experiments without a sacrificial overlay, a black titanium oxide residue on the peened 
region was observed and additionally, small micro-cracks were found in the near surface region. Further char-
acterization of the peened region revealed that the average crack length increased with increase in laser power 
density. Two possible LPF process parameter combinations were identified to obtain bending in the peened 
region, where LPF with sacrificial overlay resulted in no surface damage. Furthermore, residual stresses were 
determined at various LPF process parameters by incremental hole-drilling method in the peened region.   

1. Introduction 

Ti-6Al-4V is one of the most predominantly used titanium alloys, 
which is about 60% of total titanium production as described by Peters 
et al. (2003). It is notable for properties such as strength-to-weight ratio, 
outstanding corrosion resistance, and high temperature stability. These 
properties make Ti-6Al-4V a key material for structural parts. Zhang and 
Jiang (2014) emphasized that applications of Ti-6Al-4V can be found in 
aircraft engines, turbine blades, etc. Owing to numerous structural ap-
plications, there is a tremendous interest in forming of Ti-6Al-4V. 
Typically, to obtain a functional part from titanium or its alloys, they 
must undergo several machining processes. However, Wang and Rah-
man (2014) summarized that machining Ti-6Al-4V is one of the major 
challenges in aerospace industry. Furthermore, Badr et al. (2015) 
described that Ti-6Al-4V has limited formability at room temperature, 
which allows the conclusion that classical forming processes at room 

temperature are difficult to perform. 
LPF is a contactless sheet metal forming process, which utilizes laser- 

induced mechanical shock waves. A pulsed laser with varying intensity 
(Intensity ≈ 109 W/cm2, Pulse width <50 ns) is focused on the spec-
imen, thereby, causing vaporization of material on the surface gener-
ating a plasma. The generated plasma expands and generates induced 
shock waves through the specimen. Peyre and Fabbro (1995) experi-
mentally observed that the use of a transparent dielectric material (e.g.: 
water) confines the plasma generated, resulting in amplification of 
shock waves. Peyre et al. (1996) observed that the plastic deformation in 
the material is caused inside the region where the shock wave pressure is 
greater than the Hugoniot elastic limit (HEL) of the material. Peyre et al. 
(2012) showed that a combination of numerical and experimental ap-
proaches can used to determine the HEL in case of aluminum 2050 al-
loys. Peyre et al. (2004) also observed bending obtained after the LPF is 
primarily dependent on the shock wave pressure in case of C75 carbon 

Abbreviations: LPF, Laser peen forming; HEL, Hugoniot elastic limit; FWHM, Full width at half maximum; ESPI, Electronic speckle pattern interferometry. 
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steel and the bending increased with an increase in shock wave pressure. 
Wang et al. (2007) showed that LPF can be utilized in bending flat 
sheets, precisely correcting bent geometries and/or repairing engineer-
ing components. Yocom et al. (2018) summarized recent advancements 
concerning LPF process design, forming mechanisms and simulation 
strategies. LPF can be applied as a post-processing treatment for metal 
components to improve fatigue life, correct curvatures of fans and 
compressor blades, and recent applications in modification of aircraft 
structures as described by Inagaki et al. (2014). Therefore, LPF has a 
huge industrial potential in enhancing ease of forming, reduced tooling, 
flexible application and energy efficiency. The mechanisms that leads to 
bending during LPF are explained below. 

The induced shock waves (Fig. 1(a)) generate a local plastic defor-
mation across the thickness in the region affected by the laser pulse 
(Fig. 1(b)). Depending on the laser power density, the distribution of 
plastic strain along the thickness varies and thus, the specimen can be 
deformed in a convex or a concave direction relative to the direction of 
the laser beam. 

At lower laser power densities, the local plastic deformations are 
relatively close to the surface of the peened region. The resulting plastic 
strains are restricted by the surrounding material, which leads to 
compressive stresses in the peened region along the thickness of the 
specimen. The depth of the induced compressive stresses depends on the 
induced plastic strains, which in turn are produced due to the induced 
mechanical shock waves. At an instant of relaxation after the laser shot, 
when the induced stress is greater than the HEL of the material, it results 
in a local plastic strain in lateral direction. The local plastic deformation 
is generated around the region affected by the laser shot and it is 
confined to the near-surface region assuming enough thickness of the 
specimen. The global bending as shown in Fig. 1(c) is an effect of dis-
tribution of all the local plastic deformations in the near-surface region 
caused due to the laser shots during the LPF process. Hu et al. (2010b) 

investigated the convex bending mechanism and found that as the 
thickness of the sheet increased, higher plastic strains are required to 
produce bending. This observed effect during LPF can be compared to 
deformation mechanism in shot peening as described by Kopp and 
Schulz (2003). 

Hu et al. (2010a) classified the bending obtained after LPF into two 
modes (convex and concave) based on the penetration depth of the 
induced compressive stresses occurring in the peened region during LPF 
process. Sagisaka (2012) used a femto-second laser to induce shock 
waves in the material and demonstrated the capability of LPF as a sheet 
metal forming technique for pure aluminum. Similarly for pure 
aluminum, Hu et al. (2010b) found that the bending achieved can be 
precisely controlled by varying process parameters like laser power 
density, overlap1 and number of peening sequences, where it was found 
that the laser power density significantly affects the bending. In case of 
LPF of TC4 titanium alloy, Su et al. (2020) defined a deformation 
parameter based on laser power density and sheet thickness to predict 
the bending mode and observed that the bending increases with increase 
in the value of deformation parameter in the direction away from the 
laser beam. Wang et al. (2007) studied the influence of laser power on 
the deformation in an application of micro-forming and explained the 
deformation phenomenon as a combined effect of impact, compressive 
stress, and bending moment. Ding et al. (2014) reported that the 
thickness of sheet metal also influenced the direction of bending for 
constant laser power and observed that the transition of deformation 
from convex to concave with increasing the thickness of the specimen. 
Zhou et al. (2018) performed LPF experiments with aluminum alloy 
2024-T351 and observed that the bending increases with an increase in 

Fig. 1. Schematic of LPF process describing (a) laser induced shock waves, (b) mechanism of convex bending during laser peen forming, and (c) global bending in the 
sample as a result of LPF depicted and adopted according to Hu et al. (2010b). 

1 Overlap is defined as the area of intersection between two adjacent laser 
shots. 
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the number of peening sequences. However, the experimental results 
from the work of Hu et al. (2010a) showed that the bending saturates 
gradually even though the number of peening sequences were increased. 

In case of Ti-6Al-4V alloy, Hu et al. (2016) proposed a hybrid process 
to bend Ti-6Al-4V sheets using LPF with laser assisted local heating 
where the arc radius achieved in the hybrid process is higher when 
compared to traditional laser heating processes. Furthermore, the in-
fluence of laser assisted heating on the microstructure of the material 
was addressed. A similar proof of concept study by Luo et al. (2018) 
compared the bending of a Ti-6Al-4V specimen after LPF and laser 
heating assisted LPF and reported that the enhanced bending in case of 
the hybrid process is due to the interaction of temperature and thermal 
stresses. However, the influence of arc radius achieved purely by LPF 
and its dependency on various process parameters ensuring no damage 
to the peened region is yet to be studied. Hence, investigating experi-
mentally to understand the influence of LPF process parameters on the 
formability of Ti-6Al-4V will be a step to further applications of LPF for 
Ti-6Al-4V alloy. The feasibility of LPF to be applicable as a 
post-processing step in the manufacturing cycle would require reason-
able surface quality of the LPF processed region. 

The main objective of the present work is to investigate the effect of 
various LPF process parameters to induce bending in Ti-6Al-4V sheets 
that would not damage the peened region. This parameter study offers 
insights regarding the possibilities and limitations of LPF to achieve 
desired bending. The surface quality of the LPF processed specimens is 
evaluated in terms of roughness and visual features. The residual stresses 
induced in the peened region for various LPF process parameters were 
determined by incremental hole-drilling method. 

2. Experimental methods 

2.1. Laser peen forming (LPF) 

LPF was carried out by the experimental setup shown in Fig. 2(a). 
The target material was covered with a sacrificial overlay for some ex-
periments while in others no sacrificial overlay was used. Water is used 
as a transparent confinement layer in all cases. The laser source is at a 
fixed position and the peening process involves meandering of the 
sample in a zig-zag pattern (see Fig. 2(c)) during which the laser shots 
are applied in the desired region. An Nd:YAG laser beam having a square 
cross-section of 1 mm2 in focus, with uniform energy distribution over 
the cross-section was used to perform the LPF experiments in this study. 
The average intensity of the laser pulse i.e., laser power density can be 
varied from 4 GW/cm2 to 22 GW/cm2. The laser pulse has a temporal 
Gaussian profile with a full width at half maximum (FWHM) of 20 ns and 
a frequency of 10 Hz. An angle of attack (α) of 25∘ was used to ensure 
that there is no back reflection of the laser beam into the laser optic 
system as shown in the Fig. 2(b). The angle of attack creates a deviation 
(δ) from the laser focus, causing an increase in the beam cross section, 
which is taken into account while calculating the laser power density per 
shot. The Fig. 2(c) shows the cross-section of the laser shot where W is 
the size of the optic used and W′ can be evaluated as a function of the 
angle of attack according to the experimental setup as Wsecα. 

For a 25∘ angle of attack, the spot size increases by 10.34 %, causing a 
drop in the laser power density by 9.37 % when compared to 0∘ angle of 
attack. Initial tests were performed on a black painted metal sheet by 
moving it away from the laser focus to evaluate the variation of spot size 
which would account for the bending of the sheet during LPF. The metal 
sheet was moved from a distance of 1 mm to 3 mm away from the focal 
point of the laser beam and the spot size was measured. It was observed 

Fig. 2. Visual and schematic description of (a) experimental setup of LPF process, (b) angle of attack used in the LPF experiments, and (c) LPF sample geometry and 
peening pattern. 
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that there is no large influence on the spot size due to the above 
mentioned deviation range from the focus. Hence, there is no significant 
change in laser power density which will affect the LPF process in this 
experimental configuration. However, in case of large deviation of the 
target surface from the focus, the spot size variation and its influence on 
laser power density along with the bending during LPF should be 
considered. 

The size of the specimens used for the experiments is 80 × 20 mm2 

with thickness of 1 mm, 2 mm and 3 mm. The material used in this study 
was hot rolled commercial grade AMS 4911 Ti-6Al-4V sheets. The LPF 
specimens were rigidly clamped as shown in Fig. 2(a). An area of 20 ×
20 mm2 (Fig. 2(c)) was peened with various process parameters to un-
derstand the deformation behavior. Self-adhesive stainless steel and 
aluminum foils of 50 μm thickness served as sacrificial overlays in the 
experiments. The motion of the specimen with reference to the laser 
beam along the width of the specimen is defined as the scanning di-
rection (Y) and along the length as the stepping direction (X). The 
overlap is the intersecting area between two adjacent shots calculated as 
a percentage relative to the spot size. (%scan in the scanning direction 
and %step in the stepping direction). 

The LPF feasibility study performed was primarily based on three 
parameter sets as described in Table 1. The process parameters consid-
ered in these parameter sets are laser power density, overlap, type of 
sacrificial overlay, and number of peening sequences, respectively. A 
peening sequence defines the motion of the specimen relative to the 
laser beam according to the peening pattern over the entire region to be 
peened. The peening pattern is shown in Fig. 2(c). The sacrificial overlay 
(if used) was changed after every peening sequence. The parameter sets 
were chosen to investigate relevant combinations of process parameters 
during LPF. In case of parameter set 1, laser power density and overlap 
were varied using aluminum and stainless steel overlays. The goal of 
parameter set 1 is to understand the effect of overlap and laser power 
density on the sacrificial overlay and to find appropriate range of laser 
power densities in which the sacrifice overlay remains intact on the 
specimen (ref. Section 3.1). In parameter set 2, the laser power density 
and number of peening sequences were varied, whereas the overlap is 
0% between the shots to understand the influence on bending and 
suitability of type of sacrificial overlay (ref. Section 3.2). The parameter 
set 3 considers a combined variation of laser power density, number of 
peening sequences and overlap with no sacrificial overlay (ref. Section 

3.3). 
The bending obtained over the peened region after LPF is quantified 

in terms of arc radius (see. A). The surface of the peened region was 
characterized by scanning electron microscopy (SEM, Jeol JSM 
-6490LV) and energy dispersive X-ray spectroscopy (EDX, EDAX Gene-
sis) to understand the influence of LPF (with and without sacrificial 
overlay) on the peened region (ref. Section 3.4). The surface roughness 
of specimens in parameter set 2 and 3 was measured with Keyence VKX 
1000 laser confocal microscope to understand the influence of LPF 
process parameters on surface quality of the peened region. 

2.2. Evaluation of residual stresses 

The residual stresses induced in the peened region were determined 
by incremental hole-drilling method using PRISM system from Stres-
stech, which is based on electronic speckle pattern interferometry 
(ESPI). The hole-drilling technique involves in incrementally drilling a 
small hole in the specimen. Removal of the stressed material in the hole 
causes a stress redistribution in material surrounding the hole. This leads 
to small surface deformations around the drilled hole and they can be 
measured by ESPI. ESPI measurement principle uses a coherent laser 
source illuminated on the surface of the sample. Due to the surface 
roughness of the specimen, the camera receives a beam with a phase 
shift generating a grainy image (also known as a speckle pattern). Since, 
the camera receives light from multiple locations, this leads to 
constructive or destructive interference producing bright and dark spots 
on the image. The speckle pattern is a direct measure of surface dis-
placements which changes with surface shifts, observed after every 
increment of drilled depth. The images obtained before and after drilling 
enable calculation of surface displacements. The residual stresses can be 
calculated from the values of surface displacements, Young’s modulus, 
and Poisson’s ratio of the material. Further details concerning the 
working principles of incremental hole-drilling method can be found in 
the work of Steinzig and Ponslet (2003). 

In the present work, hole-drilling measurements were performed on 
laser-peened Ti-6Al-4V specimens of 3 mm thickness. Hole-drilling 
measurements couldn’t be performed in specimens with smaller thick-
nesses due to the limitations of hole-drilling method as stated by Ponslet 
and Steinzig (2003). A hole of diameter 2 mm was drilled incrementally 
to a maximum depth of 1 mm using a drill with TiAlN solid carbide 
insert. The drilling increment was 0.025 mm up to a depth of 0.4 mm 
and increased to 0.05 mm until the maximum depth of the hole. Such 
increments were chosen because the residual stress gradient is higher 
close to the surface. At-least three holes (1, 2 and 3) as shown in Fig. 3 
were drilled in the peened region for each set of process parameters from 
which the residual stresses were determined. The residual stresses 
determined at these holes were averaged at each measured depth to 
obtain the depth resolved stress profile and the uncertainty or variation 
of the corresponding determinations were shown in Fig. 19. The hole (C) 
in Fig. 3 is drilled to obtain the residual stress profile in the un-peened 
region of the specimens. It was observed that the residual stress pro-
file of drilled hole (C) is same for all the specimens. The induced residual 
stresses in the peened region at each process parameter combination 
were evaluated and discussed in Section 3.5. 

Table 1 
Classification of LPF experimental strategies used in this study based on various 
process parameter sets.   

Process 
Parameters 

Constant/ 
Varied 

Range Unit 

Parameter 
Set 1 

Laser power 
density 

Varied 4.0 - 22.0 GW/ 
cm2  

Overlap (scan/ 
step) 

Varied 0/0 - 50/50 %  

Number of peening 
sequences 

Constant 1 –  

Type of overlay Varied Aluminum, 
Stainless steel 

– 

Parameter 
Set 2 

Laser power 
density 

Varied 4.0 - 22.0 GW/ 
cm2  

Overlap (scan/ 
step) 

Constant 0/0 %  

Number of peening 
sequences 

Varied 1 - 4 –  

Type of overlay Varied Aluminum, 
Stainless steel 

– 

Parameter 
Set 3 

Laser power 
density 

Varied 4.0 - 22.0 GW/ 
cm2  

Overlap (scan/ 
step) 

Varied 0/0 - 50/0 %  

Number of peening 
sequences 

Varied 1 - 4 –  

Type of overlay Constant None –  

Fig. 3. LPF specimen-indicating holes (C, 1, 2, and 3) drilled for measurement 
of depth resolved residual stresses. 
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3. Results and discussions 

3.1. Consequences of overlap and laser power density on the sacrificial 
overlay used in LPF 

The influence of laser power density, overlap, and type of sacrificial 
overlay on LPF was investigated in parameter set 1. In experiments with 
these parameters, both the sacrificial overlays (aluminum and stainless 
steel, respectively) were completely destroyed during the process even 
at 10/10 overlap. The imminent failure of sacrificial overlay leads to an 
imperfect peening process and results in surface damage to the peened 
region as shown in Fig. 4. This could be a consequence of multiple 
factors such as air entrapment between sacrificial overlay and surface of 
the sample, high laser power, or an overlap that results in multiple shots 
in close proximity. A laser shot generates shock waves propagating 
through the sacrificial overlay into the sample. During peening process 
with high overlap, the top surface of the sacrificial overlay is subjected 
to multiple shock waves with extremely high magnitudes (in the order of 
109 Pa) in short time durations which can lead to crack in the sacrificial 

overlay. As the peening process proceeds, a complete failure of the 
sacrificial overlay occurs as shown in Fig. 4(a) and Fig. 4(b) for 
aluminum and stainless steel foils at the lowest laser power density with 
50/50 overlap, respectively. Additionally, the near surface region on the 
sacrificial overlay is vaporized due to the energy from the laser which 
could also be a probable cause for the failure. Sundar et al. (2019) also 
observed similar effect of ablation on the sacrificial overlay caused by 
sucessive laser pulses leading to eventual failure. From parameter set 1, 
it was observed that for LPF with a sacrificial overlay, it is not recom-
mended to have an overlap during the peening process. 

In a subset of experiments related to parameter set 2, the primary LPF 
process parameters were laser power density, number of sequences, and 
type of overlay. LPF experiments were performed with laser power 
density varying from 4 GW/cm2 to 22 GW/cm2. There was no overlap 
between adjacent shots. Aluminum foil (50 μm thickness) as a sacrificial 
overlay was found to be unsuitable while peen-forming Ti-6Al-4V since 
it was damaged even at the lowest laser power density in this parameter 
set. Therefore, all other experiments were carried out with stainless steel 
foil as a sacrificial overlay. It was found that stainless steel foil could 
withstand laser power densities from 4 GW/cm2 up to 14 GW/cm2 

(Fig. 5(a) and Fig. 5(b)). Hence, by varying the laser power density, a 
safe working window for laser peening of Ti-6Al-4V sheets without 
surface damage was found to be from 4 GW/cm2 to 14 GW/cm2 without 
overlap using stainless steel foil as a sacrificial overlay. As the laser 
power density increased, it can be clearly seen from Fig. 5(c) to Fig. 5(e) 
the stainless steel overlay gradually fails. This could be attributed to the 
fact that at high laser powers, the intensity of shock waves induced reach 
extremely high magnitudes (≈ 10 GPa) as observed by Clauer et al. 
(1977), which could cause cracks during the peening process leading to 
a gradual failure. From the above results, it is concluded that having an 
overlap (as low as 10/10) would damage the sacrificial overlay even at 
lowest laser power densities in the current study. However, LPF can be 
successfully performed with stainless steel foil as a sacrificial overlay in 
certain range of laser power densities without any overlap (0/0). 

3.2. Influence of laser power density and peening sequences on bending 

Significant bending was achieved by varying the laser power density 

Fig. 4. Effect of overlap (50/50) on sacrificial overlay at laser power density of 
4 GW/cm2 for (a) aluminum foil and (b) stainless steel foil. 

Fig. 5. Effect of laser power density on sacrificial stainless steel overlay after LPF with no overlap (0/0) at (a) 4 GW/cm2, (b) 14 GW/cm2, (c) 16 GW/cm2, (d) 18 
GW/cm2, and (e) 22 GW/cm2. 
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from 8 GW/cm2 to 14 GW/cm2 without overlap using stainless steel as a 
sacrificial overlay. The number of peening sequences were varied from 1 
to 4 as shown in Fig. 6 for two specimen thicknesses. LPF with the above 
parameters resulted in bending of the peened region away from the laser 
(convex bending) as observed in the work of Zhou et al. (2018). This is 
due to the fact that increasing peening sequences induces deeper local 
plastic deformations causing more plastic strain in the lateral direction. 
The resulting net effect is observed as increase in bending over the 
peened region. 

The Fig. 7 shows the influence of LPF process parameters on arc radii 
and height of the peened region. For 1 mm thick samples, the arc radius 
obtained was 58.7 mm with four peening sequences and 106.5 mm with 
one peening sequence at a laser power density of 14 GW/cm2. A rela-
tively high value of arc radius in case of laser power density 8 GW/cm2 

with one peening sequence indicates that the bending achieved in the 
peened region was minimal compared with the arc radii of all the 
specimens in parameter set 2. In case of 2 mm thick samples, the min-
imum arc radius achieved was 55.5 mm when processed at a laser power 
density of 14 GW/cm2 with four peening sequences. 

A decrease in arc radii with laser power density was observed in all 
cases because, higher laser power densities result in increased local 
plastic strains in the peened region. Similar observations were also re-
ported by Pence et al. (2013) in an experimental study to understand the 
influence of process parameters on bending after LPF. It was found that 
the bending angle increases with increasing the laser power density for 
unalloyed aluminum 1060 sheets where the bending is quantified in 
terms of angle measured in degrees. Hu et al. (2018) showed that plastic 
strain distributions along the thickness of the specimen lead to a 
resulting bending moment that governs the deformation behavior for a 

0.5 mm thick aluminum alloy 2024-T351 sheet. The bending moments 
were calculated using an analytical equation considering the 
depth-resolved strain distributions. A convex and concave bending was 
observed for positive and negative bending moments, respectively. With 
increasing laser power there was an increase in the lateral plastic strains 
along the depth, and a convex to concave transition in bending was 
observed. However, in the present work due to high yield strength of 
Ti-6Al-4V compared to aluminum alloys, the depth of the induced 
plastic strains was obviously not so pronounced when compared to the 
thickness of the specimen leading to a positive bending moment even at 
very high laser power densities. Hence, a convex bending is observed in 
all the experiments in the parameter set 2. 

LPF with stainless steel foil as a sacrificial overlay was successfully 
performed to produce different arc radii in the peened region without 
any surface damage by varying the LPF process parameters described in 
parameter set 2. One of the major setback in parameter set 2 is the 
saturation in arc radii after certain number of peening sequences 
(consistent with the observation by Hu et al. (2010b)), which might limit 
the maximum achievable arc radii over the peened region. Furthermore, 
the process of experimentation with parameter set 2 takes significant 
effort and time in removal of the sacrificial overlay after every peening 
sequence. Therefore, it is necessary to investigate the effects of LPF 
process parameters without using a sacrificial overlay and the findings 
are presented below. 

3.3. Combined effects of laser power density, overlap and peening 
sequences 

All the major process parameters that effect the LPF process were 

Fig. 6. Effect of repeating peening sequences with stainless steel sacrificial overlay from 1 to 4 at 14 GW/cm2 without overlap on specimens with thickness of (a) 1 
mm and (b) 2 mm. 

Fig. 7. Effect of laser power density and peening sequences on arc radius and height measured in the peened region of LPF processed specimens without overlap 
using stainless steel sacrificial overlay having a thickness of (a) 1 mm and (b) 2 mm. 
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varied in experiments corresponding to parameter set 3, where no 
sacrificial overlay was used. Therefore, formation of an oxide layer on 
the Ti-6Al-4V specimen was observed in the peened region as shown in  
Fig. 8. However, LPF without a sacrificial overlay enables the flexibility 
to understand the combined effects of varying laser power density, 
overlap and number of peening sequences on the arc radii achieved in 
the peened region. In a subset of experiments from parameter set 3, LPF 
was performed without a sacrificial overlay, by varying the laser power 
density and number of peening sequences with 0% overlap. From these 
experiments, the significance of sacrificial overlay during LPF was 
observed quantitatively in terms of arc radii obtained in the peened 
region (ref. Section 3.3.1). The other subset of experiments in parameter 
set 3 investigates the effects of combined variation of laser power den-
sity, overlap and number of peening sequences on the arc radii 
(ref. Section 3.3.2). 

3.3.1. Impact of sacrificial overlay on bending after LPF 
There was a significant difference observed in bending for similar 

laser power densities and peening sequences when there was no sacri-
ficial overlay used during the LPF process compared with LPF with 
sacrificial overlay. The Fig. 9 shows the achieved arc radii in 1 mm thick 
LPF processed sample at 14 GW/cm2 with varying peening sequences. At 
this laser power density, with four peening sequences, an arc radius of 
58.7 mm was achieved after LPF with stainless steel overlay, whereas in 
case of LPF without a sacrificial overlay, the arc radii obtained was 
149.0 mm. In this case, the bending achieved without an overlay is 
about 60.6% less when compared with the bending achieved by LPF 
with stainless steel as a sacrificial overlay. This effect can be attributed 

to the fact that the surface ablation and re-melting effects on the metallic 
sample are dominating when no sacrificial overlay was used. Peyre and 
Fabbro (1995) stated that having a sacrificial overlay ensures that the 
energy from the laser is absorbed by the near-surface region of the 
sacrificial overlay generating plasma, and the plasma absorbs the 
remaining laser energy. Since plasma expansion is confined by the 
transparent confining medium, the intensity of the shock waves propa-
gating through the sample is increased. Hence, the observed bending 
after LPF with sacrificial overlay is higher when compared to LPF 
without sacrificial overlay. It can be inferred that LPF is more efficient 
when performed using a sacrificial overlay. 

3.3.2. Investigation of varying overlap on bending after LPF 
LPF experiments were performed with no overlap, 25% overlap, and 

50% overlap in the scanning direction (Fig. 10) on 1 mm thick Ti-6Al-4V 
sheets at 14 GW/cm2. These experiments were performed without a 
sacrificial overlay since both types of overlays failed due to the overlap 
(ref. Section 3.1). The number of peening sequences were varied from 1 
to 4. It was observed that an increase in overlap results in higher bending 
of the peened region when compared with bending obtained at lower 
overlap. Increasing the overlap implies an increase in the effective 
number of shots per unit area in the peened region, therefore, the 
induced local plastic strain increases, which results in increased global 
deformation after relaxation. This observation is in good agreement with 
Luo et al. (2015) who reported that increasing overlap ratio, results in 
higher values of induced residual stresses in the peened region, which 
can also be attributed to increased plastic strains. The arc radii achieved 
at 50% overlap after four peening sequences was about 55 mm, which is 

Fig. 8. Bending achieved in peened region after LPF without sacrificial overlay. The black surface indicates formation of an oxide layer in the peened region.  

Fig. 9. Effect of sacrificial overlay on arc radii and height in LPF processed 1 
mm thick Ti-6Al-4V specimens at a laser power density of 14 GW/cm2 for 
different number of peening sequences without overlap. 

Fig. 10. Effect of overlap (%scan/%step) on arc radii and height in LPF pro-
cessed sample at a laser power density of 14 GW/cm2 with increasing peening 
sequences in 1 mm thick Ti-6Al-4V specimens. 
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the least when compared with experiments in parameter set 2 (Table 1). 
However, a saturation effect in achieved bending was observed upon 
increasing the peening sequences. In addition to this, it can be observed 
that the arc radius achieved in specimen with 50% overlap, one peening 
sequence is almost equal to arc radius of specimen processed with 0% 
overlap, and two peening sequences as the number of shots applied 
effectively per unit area in the peened region is equal to two for 95% of 
the region peened, whereas 5% of the peened region near the edges 
experience one shot per unit area in the region peened. Similarly, arc 
radius of specimens processed with 25% overlap after two peening se-
quences and 50% overlap after one peening sequence is found to be 
equal. As a net effect, LPF with higher overlaps and lower number of 
peening sequences produces equivalent bending when compared to 
lower overlaps with more peening sequences. 

3.4. Influence of process parameters on the surface of peened region 

The surface characteristics of the peened region affected due to the 
applied laser processing are discussed in this section. In case of LPF 
processed samples with a sacrificial overlay, the peened region was not 

affected by chemical changes (Fig. 11(a)), although, micro-indentations 
were formed due to the laser shots and the peened region without a 
sacrificial overlay shows signs of surface re-melting and oxidation 
(Fig. 11(b)). 

The area of each micro-indent formed corresponds approximately to 
the cross-section of the used laser shot. These micro-indentations were 
characterized by digital microscopic technique. It was found that height 
of the indents was affected by LPF process parameters. However, a 
perfect square shape of the indent is not seen because laser shots in 
consecutive peening sequences on the peened region may not be 
perfectly aligned due to positioning errors during the experiment. An 
increase in laser power density from 8 to 14 GW/cm2 led to well defined 
micro-indents with an average height of 2.5 to 4 μm. The height of 
micro-indents in the peened region as shown in Fig. 11(c) increased by 
increasing the number of peening sequences. These trends are in good 
agreement with the findings from topographical studies on the peened 
region from Qiao et al. (2015) for a TiAl alloy and Zhang et al. (2013) for 
LY2 alloy. 

The shape of micro-indentations on the surface arises due to the 
shock waves coming from the edges of the laser shot (square shaped 

Fig. 11. Effect of LPF process parameters on the surface quality of peened region of specimen processed at 14 GW/cm2 after four peening sequences (a) with 
sacrificial overlay, (b) without a sacrificial overlay. (c) Measured surface micro-indents of peened regions processed at 8 and 14 GW/cm2 with sacrificial overlay for 
different peening sequences. 
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cross-section as seen in Fig. 11(a). Peyre et al. (1993) stated that these 
shock waves from the edges lead to a reverse strain rate that reduces 
plastic deformation at the center of the laser shot (also observed in 
Fig. 11(c). Furthermore, findings of Hu et al. (2009) indicate that the 
micro-indents were caused due to a decrease in the maximum pressure 

resulting from the radial nature of the shock waves generated at the 
edges of the laser shot. 

As mentioned before, the surface of peened region is significantly 
affected in LPF experiments without sacrificial overlay (Fig. 12). It was 
observed that the peened region is covered with an oxide layer on the 

Fig. 12. Oxidation on the surface of peened region of LPF specimens and the corresponding surface features after one peening sequence without sacrificial overlay at 
laser power densities of (a) 8 GW/cm2 and (b) 14 GW/cm2. 

Fig. 13. Measurement of roughness in the peened region at different laser intensities with increasing peening sequences using a sacrificial overlay for specimens of 
thickness (a) 1 mm and (b) 2 mm. 
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surface. This effect is due to the vaporization of the metal surface when 
interacting with the high-energy laser pulse during the peening process. 
Gill et al. (2015) also reported melting and re-solidification on the 
surface along with deformation when performing laser shock peening of 
Inconel 718 without a sacrificial overlay. The intensity of surface 
oxidation was higher as the laser power density increased (Fig. 12(b)) 
and a similar trend was observed upon increasing overlap and number of 
peening sequences. The surface irregularities in the peened region were 
found to be about 20 μm, which is four times higher when compared 
with LPF using sacrificial overlay as well as compromising the surface 
integrity of the peened region. 

The surface roughness of the peened region in LPF specimens from 
parameter set 2 and 3 were measured according to ISO 4288:1998 
standard. Fig. 13 shows the roughness value, Ra (μm) of LPF specimens 
in the peened region with different laser intensities using a sacrificial 
overlay. It was observed that the roughness on the peened surface in-
creases with an increase in the laser power density and peening 
sequences. 

The roughness of the base material was 0.84 μm for 1 mm thick 
specimens and 0.59 μm for 2 mm thick specimens. The roughness in the 
peened region increased when compared with the base material. The 
increase in roughness can be due to the indents caused from the induced 
shock waves during the peening process. No clear dependency of num-
ber of peening sequences on the roughness of the peened region was 
observed. For example, at 10 GW/cm2 in 1 mm thick specimens, the 
roughness doubled after two peening sequences, whereas lower values 
of roughness were measured after three and four peening sequences. 
This increase or decrease in roughness might be related to the experi-
mental error while peening the specimen multiple times, e.g. two 
consecutive sequences might not be exactly aligned on top of each other. 

In case of LPF without a sacrificial overlay, the roughness in the 
peened region was measured by varying the overlap and number of 
peening sequences at a laser power density of 14 GW/cm2 (Fig. 14). It 
was observed that increasing the overlap leads to a tremendous increase 
of roughness in the peened region. The increase in roughness can be 
attributed to the intense surface ablation and re-melting due to multiple 
laser shots at high overlap. Salimianrizi et al. (2016) performed laser 
shock peening on Al6061-T6 without sacrificial overlay using a circular 
laser spot and found that the roughness increases when overlap is varied 
from 0 to 30%, whereas at 50% overlap the roughness is close to the 
un-peened material and highest as overlap is increased to 70%. Dai et al. 
(2016) also observed similar dependencies of overlap and roughness 

measured in the peened region in LY2 aluminum alloy. 
It can be concluded that for LPF with a sacrificial overlay, there is no 

strong dependency of the laser power density and number of peening 
sequences on the roughness of the peened region. However, in case of 
LPF without a sacrificial overlay, laser power density, overlap and 
number of peening sequences will have a significant influence on the 
roughness within the peened region. The achieved roughness values in 
the peened region during LPF with a sacrificial overlay reach a 
maximum value of 2 μm, which is comparable with the roughness 
achieved after superplastic forming of Ti-6Al-4V alloy (Sieniawski and 
Motyka, 2007). Therefore, LPF with a sacrificial overlay can be used to 
assist in forming applications where quality of the surface is of major 
concern. 

The surface of the un-peened region and peened region of an LPF 
processed specimen was analyzed with SEM and EDX. The chemical 
compositions at various marked locations were obtained as shown in  
Fig. 15. The peened region was found to have undulating surface 
topography as compared to the un-peened region (Fig. 15(b)). A 
confirmation of oxide layer was obtained by comparing the EDX spectra 
in marked area 1 of un-peened region (Fig. 15(a)) and peened region 
(Fig. 15(b)). The Fig. 15(c) and Fig. 15(d) shows the spectra obtained 
from the un-peened and peened regions. The spectra clearly shows the 
Lα1, Lα2 lines around 0.45 keV and strong Kα1 line at 4.51 keV sug-
gesting a strong presence of titanium. Peaks of significant intensities at 
1.48 keV and 4.95 keV indicate presence of aluminum (Kα1) and vana-
dium (Kα1). Peaks of elements like Si and Fe could be a result of surface 
contamination from the manufacturing processes. The spectra obtained 
from the peened region is very similar to that of un-peened region. 
However, there is a significant increase in the intensity of the oxygen 
peak at 0.52 keV suggesting strong oxidation of the surface in the peened 
region (Fig. 15(d)) which was a consequence of direct plasma ablation at 
the target surface during LPF without a sacrificial overlay. 

The LPF processed area was cut along the scanning direction (YZ- 
plane, see Fig. 2(c)) and covered with aluminum foil to ensure that the 
oxide layer was preserved during the metallographic preparation. An 
image of the cross-section corresponding to the peened region marked 
with the regions of interest is shown in Fig. 16(a). The EDX spectrum of 
region 1 in Fig. 16(c) typically has peaks which resembles the elements 
in the un-peened region of the specimen. Region 2 is located near the 
surface of the specimen subjected to LPF. The EDX spectrum provides a 
conclusive result indicating that the oxidation due to LPF without 
sacrificial overlay is confined to the near surface region. The wt.% of 
oxygen (Kα1) in region 2 was about 31.79% indicating strong oxygen 
presence, whereas it was 7.22% in base material which could be a 
consequence of surface oxidation during metallographic preparations. 
The peak at 1.4 keV in region 4 belongs to the Kα1 of aluminum arising 
from the aluminum foil used during sample preparation. From this 
analysis, it can be concluded that the thin layer between the base ma-
terial and aluminum foil is the oxide layer formed during the peening 
process. The thickness of the oxide layer was about 1.5 μm (Fig. 16(b)). 

Micro-cracks were formed in the peened region in case of LPF 
without sacrificial overlay as shown in Fig. 17. The SEM image of near 
surface region of an un-peened specimen shows no sign of cracks of any 
form. However, micro-cracks were observed even at the lowest laser 
power density of 4 GW/cm2 after one peening sequence with 0% over-
lap. The length of these micro-cracks typically range from 1 to 2 μm, 
which implies that they appear at the near surface region in the oxide 
layer formed after the peening process. The reason for appearance of 
micro-cracks could be due to the extremely high rate of surface re- 
melting and vaporization during each laser shot. 

It was observed that as the laser power density was increased, the 
crack lengths and crack density increased significantly as shown in  
Fig. 18. However, in all cases, these micro-cracks remain in the near- 
surface region of the oxide layer and did not penetrate deep into the 
thickness of the LPF specimens. 

The LPF experiments with and without a sacrificial overlay clearly 

Fig. 14. Influence of overlap (%scan/%step) and peening sequences on the 
roughness of the 1 mm thick specimens in the peened region at laser power 
density of 14 GW/cm2 without a sacrificial overlay. 
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show the different types of surface features obtained in the peened re-
gion. It is important to understand the influence of the surface features 
on the fatigue life of the material by experimental investigation, which is 
beyond the scope of this study. It can be expected that LPF specimens 
processed with sacrificial overlay exhibit higher fatigue life than speci-
mens peened without a sacrificial overlay. This could be because of the 
fact that surface damage in the peened region is minimized significantly 
by use of a sacrificial overlay and the induced compressive residual 
stresses inhibit a fatigue failure (Keller et al., 2019). LPF without a 
sacrificial overlay leads to micro-cracks on the surface, which could 
make the specimen more susceptible to early failure. Yong et al. (2020) 
studied the effect of laser shock peening with and without a sacrificial 
overlay on the fatigue life of 32CrNi steels and found that peened 
specimens with an overlay resulted in longer fatigue life, whereas 
specimens peened without an overlay failed earlier than the un-peened 
specimens. 

3.5. Effect of process parameters on residual stresses in the peened region 

During LPF, compressive residual stresses are generated in the 

peened region as a response to the induced plastic strain generated by 
the propagating shock waves in the material. Compressive residual 
stresses introduced are known to have a positive influence on the fatigue 
performance of the structures by modifying existing stress state of the 
material as observed by Kashaev et al. (2020). Keller et al. (2018) re-
ported the effects of laser power density and the size of the laser focus on 
the residual stresses in aluminum alloy AA2198 after peening and 
observed that the residual stresses increased at higher laser power 
densities and a lower focus size. Gujba and Medraj (2014) summarized 
the influence of various process parameters on induced compressive 
residual stresses and found that laser peening can be used to enhance 
fatigue life of materials. Sun et al. (2021) showed that the introduced 
compressive residual stresses tend to act against the applied tensile 
stress, by keeping the surface crack faces close and inhibit further 
damage. Zhou et al. (2014) experimentally observed the effects of re-
sidual stresses induced by laser shock peening on fatigue crack growth in 
Ti-6Al-4V specimens and found that the fatigue crack growth rate 
reduced with increase in the compressive residual stresses perpendicular 
to the crack growth direction. 

In this regard, it is important to understand the influence of LPF 

Fig. 15. Comparison of chemical composition on the surface of un-peened and peened region of LPF processed specimen without a sacrificial overlay at laser power 
density of 14 GW/cm2 (a) Un-peened region, (b) Peened region, (c) EDX spectra of region 1 in un-peened area, and (d) EDX spectra of the region 1 in LPF area. Note: 
The EDX measurement in other marked areas had similar spectra with no noticeable differences, hence only one spectrum is shown for representation. 
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process parameters on the residual stresses in the peened region as well. 
The residual stress profiles along the cross-section, corresponding to the 
peened region of LPF processed samples of 3 mm thickness with and 
without a sacrificial overlay, were obtained by hole-drilling method 
(ref. Section 2.2). The process parameters that significantly influence the 
induced residual stress profiles during LPF are laser power density and 
number of peening sequences. 

In the present work, a convex bending mode was observed in all the 

LPF processed specimens. It implies that in all cases, the layer of 
compressive residual stresses formed lies close to the near surface region 
of the specimen. The residual stress profiles of LPF processed specimens 
at different laser intensities from 8 GW/cm2 to 14 GW/cm2 without a 
sacrificial overlay after one peening sequence are shown in Fig. 19(a) 
and Fig. 19(b). The depth of the maximum value of induced compressive 
residual stress increased with increasing the laser power density. The 
maximum values of compressive residual stresses were determined to be 

Fig. 16. Characterization of the oxide layer formed during LPF without sacrificial overlay at 14 GW/cm2 with 50% overlap after four peening sequences. (a) Regions 
of interest for EDX, (b) measured thickness of the oxide layer, and (c) EDX spectra of regions of interest. Note: The EDX measurement in region 2 and 3 had similar 
spectra without noticeable differences, hence only one spectrum is shown for representation. 

Fig. 17. Formation of micro-cracks near surface region after LPF without sacrificial overlay at 4 GW/cm2 with one peening sequence and 0% overlap.  
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Fig. 18. Effect of laser power density on the crack length for (a) 8 GW/cm2, and (b) 14 GW/cm2, after two peening sequences with 50% overlap.  

Fig. 19. Depth-resolved residual stress profiles of LPF processed specimens at varying laser intensities after one peening sequence with and without a sacrificial 
overlay (a, c) along the stepping direction σxx, (b, d) along the scanning direction σyy.The effect of varying number of peen sequences on residual stresses during LPF 
with sacrificial overlay at 14 GW/cm2 is shown in (e) along the stepping direction and (f) along the scanning direction, respectively. 
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least in LPF processed samples without sacrificial overlay, at a laser 
power density of 8 GW/cm2. Similar dependency of laser power density 
on the maximum value of induced compressive residual stress was 
observed even in case of LPF with a sacrificial overlay (Fig. 19(c) and 
Fig. 19(d)). However, the magnitude of compressive stresses resolved 
along the depth are more pronounced in case of LPF with sacrificial 
overlay when compared with LPF without sacrificial overlay. Gill et al. 
(2015) and Rubio-González et al. (2006) showed a similar effect of a 
sacrificial overlay on aluminum alloy 6061-T6, TiAl alloy and Inconel 
718. The reduction in the induced compressive residual stresses during 
laser shock peening without an overlay might be due to the prevailing 
thermal effects, which reduce the intensity of the propagating shock 
waves during the process. 

A saturation effect of the maximum value of induced compressive 
residual stress was observed when the peening sequences are repeated 
(Fig. 19(e) and Fig. 19(f)). However, repeating the peening sequences 
led to an increase in the penetration depth of the induced compressive 
residual stresses. As the depth of the induced stresses increases, it was 
observed that the measured arc radii of the LPF specimens decreased (i. 
e. increase in curvature of the peened region) due to a higher magnitude 
of local plastic strains that create a greater global bending moment in the 
lateral direction. 

4. Conclusions 

The present work identified a process parameter window to achieve a 
desired level of bending in a flat specimen with a damage free surface of 
the peened region after LPF for 1 mm and 2 mm thick Ti-6Al-4V sheets. A 
maximum arc radius of 58.7 mm and 55.5 mm was achieved in case of 1 
mm and 2 mm thick specimens, respectively. The bending in case of 3 
mm thick sheets after LPF was not significant. LPF process parameters 
such as laser power density, overlap, type of sacrificial overlay, and the 
number of peening sequences were varied to understand the effects of 
peen forming on quantifying achieved bending and the surface quality of 
the peened region. With the studied process parameters, the in-
vestigations performed in this work revealed that, there are two major 
LPF process windows depending on the use of a sacrificial overlay. 

LPF with sacrificial overlay was successfully performed by varying 
laser power density and number of peening sequences without an 
overlap for Ti-6Al-4V sheets. The bending achieved by LPF increased 
with an increase in laser power density and the number of peening se-
quences. The peened region after LPF had micro-indentations of varying 
height (2 - 5 μm), depending on the process parameters. It is worth 
noticing that there is no significant chemical damage observed on the 
surface of the peened region after the peening process using a sacrificial 
overlay. The obtained roughness of the peened region is about 2 μm 
which is comparable to the roughness achieved after super-plastic 
forming of Ti-6Al-4V. Application of LPF with a sacrificial overlay is 
advantageous compared to LPF without a sacrificial overlay because no 
further surface processing would be required. Drawbacks could be the 
significant amount of effort involved in application of the foil on the 
surface of the specimen and saturation of the achieved arc radii after a 
certain number of peening sequences. 

LPF performed without a sacrificial overlay resulted in surface 
oxidation and formation of micro-cracks on the peened region of the 
specimen. The bending achieved during the peening process is about 50 - 
70% less when compared to LPF with sacrificial overlay for the same set 
of process parameters. However, significant bending can be achieved by 

increasing the overlap and number of peening sequences when 
compared to LPF with sacrificial overlay, but at the cost of compro-
mising surface quality in the peened region. The surface of the peened 
region has a notable increase in roughness when compared to the base 
material. EDX analyses of various regions along the cross-section of the 
specimen in the peened region revealed the formation of an oxide layer 
of 1.5 μm thickness. Due to the formation of the oxide layer, LPF without 
a sacrificial overlay might require further post-processing to obtain the 
required surface quality. Additionally, the surface of the peened area 
with oxide layer might have a negative influence on the fatigue per-
formance due to the formation of micro-cracks. The length of the micro- 
cracks formed increases with an increase in the laser power density. 
However, these micro-cracks were confined to the near surface regions 
of the specimen. 

The influence of LPF process parameters on induced compressive 
residual stresses was analyzed. It was observed that increasing laser 
power density increases the maximum value of compressive residual 
stresses and penetration depth of the compressive residual stresses in the 
peened region. The induced residual stresses in the peened region were 
found to be higher in case of LPF with sacrificial overlay compared to 
LPF without overlay. A saturation effect of residual stresses was 
observed upon increasing the number of peening sequences. The 
determined values of residual stresses are in good agreement with 
literature. 
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Appendix A. Measurement of arc radius 

The bending observed in the specimens after LPF was measured using Keyence VHX-7000 digital microscope as shown in Fig. A1 and quantified in 
terms of arc radius and height in the peened region. The peened region was scanned digitally ensuring that the edges of the peened region were aligned 
with a section-plane parallel to XY plane. The bending profiles along the X-axis were obtained at 20 equally spaced intervals of 1 mm width spanned 
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over the peened region along the Y-direction. The resulting bending profile is the average (indicated with a black line in Fig. A1) of the 20 mea-
surements of height over the peened region. The height defined in this study was calculated as the difference between the maximum and minimum 
values of the measured bending profile in the peened region. 

The bending profiles over the peened region were obtained in all the experiments in the parameter set 2. A curve fit was performed on the measured 
bending profile to quantify the bending in the peened region after LPF. It was found that a semi-circular fit was best suited in all the cases and the 
bending in peened region was quantified in terms of radius obtained from the semi-circular fit. The following equation is used to fit the measured 
profile: 

r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x0)
2
+ (y − y0)

2
√

(1) 

where y is the measured arc height along the peened region, x is the length of the peened region, x0, y0 are constants that define the center of semi- 
circle, and r is the arc radius over the peened area. 

The Fig. A2 exemplary shows the semi-circular fit obtained for a measured height profile of LPF processed sample from parameter set 2 for a laser 
power density of 14 GW/cm2. The error in fitting the calculated arc radius is ± 0.98 mm and the R-square value of the fit is 0.993. Hence, the bending 
in the peened region can be quantified in terms of the radius obtained from the fit. The obtained arc radius in this example is 75.76 ± 0.97 mm. 
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