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Abstract: Through the years, laser shock peening became a treatment of choice in the aerospace
industry to prolong the life of certain critical pieces. Water flow is commonly used as a confinement
to improve the process capability but some applications cannot allow for water presence in the area
of interest. In a previous article, an alternative to the water confinement was presented, a flexible
polymer confinement was used and demonstrated the production of pressures equivalent to the
water configuration treatment. However, laser parameters have been restricted to a wavelength in
the visible range at 532 nm. In this paper, the study is extended to 1064 nm which is commonly used
in LSP applications and with two different pulse durations. A 1064 nm near infra-red laser is used
to do pressure characterization of shots with polymer confinement through Velocity Interferometer
System for Any Reflector (VISAR) measurements coupled with Finite Element Modelling on Abaqus
software. The results show that the pressures produced by the confinement is slightly lower with
the 1064 nm wavelength, similar to what is observed with the classic water confined regime when
switching from 532 nm to a near infra-red wavelength. Nevertheless, the high level of pressure
produced by laser shock under the polymer confinement configuration allows for the treatment of
common types of metal alloys used in the aerospace industry. Although the use of such a confinement
has yet to be applicable to peening setups, it has already uses in some single shot configurations such
as LasAT where it allows the avoidance of the water flow optimization.

Keywords: laser shock peening; polymers; polymer confinement; VISAR measurement; finite ele-
ment method

1. Introduction

The study of pulsed laser technology, leading to the development of laser shock
peening traces back to the 1960s with the work of Askar et al. [1]. The technique took off
after Anderholm found out that using a transparent overlay on the shocked surface could
greatly improve the capability of the process by producing higher pressures and applying
them two times longer [2]. The use of laser shock peening then became more and more
prevalent as time passed [3].

Today, laser shock peening is commonly used in the aerospace industry to prolong
the life of specific pieces, hence prolonging the life of plane fleets. Laser shock peening
presents many advantages when compared with classical peening, making it a solution of
interest. First, it is a non-contact method and the use of laser allows for a good control over
the overlapping of the shots as well as the pressure loading induced. Moreover, the pieces
treated exhibit a better fatigue life behavior compared to the ones treated with conventional
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peening [4]. Corrosion resistance as well as crack initiation and propagation resistance are
also gained through the treatment [5,6]. The residual stresses imparted in the pieces and
leading to the improved fatigue life behavior are induced deeper in the matter compared
to conventional peening, affecting depths up to 1.5 mm when classic peening goes up to
around 300 µm in the case of aluminium alloys [7].

In an industrial setting, treatments are realized in confined regime. Usually, this type
of configuration uses a thin water layer on top of the target to treat. During shock, the water
confinement layer blocks the plasma expansion in the air. This leads to the production
of higher pressures that are also applied two times longer than without any confinement.
In the case of certain specific pieces, water cannot fulfill the role of the confinement. An
alternative is needed to fill this type of applications. Other confinements have been briefly
studied in laboratory setting but consisted mainly in quartz crystals or solid transparent
materials for the demonstration of the shock impedance mismatch theory [8]. We proposed
in a previous article to use a flexible adhesive polymer confinement instead of water [9].
The material demonstrated a pressure production under laser irradiation equivalent to
the ones obtained using water. However, all the experiments of this study were realized
on a 532 nm green laser as opposed to the lasers commonly used for LSP treatment on
materials which typically are 1064 nm near infra-red lasers. In this paper, we present new
results obtained with a polymer confinement with a 1064 nm laser using the same pressure
measurement approach to allow for a comparison between the behavior of the polymer
under the two wavelengths.

Figure 1. Setup used to calculate pressure from the backface velocity measurements.

2. Materials and Methods

The experimental path used to obtain the pressure produced is extensively described
in [9]. It is described in figure 1. A VISAR is used to measure the velocity profile of
the rear free surface of aluminium targets irradiated by laser on their front surface. The
maximum pressure of each shot is determined by reproducing the velocity profiles with
a FEM simulation on Abaqus software through the use of the Johnson-Cook model [10].
The value obtained for each laser shot is then correlated with the laser intensity of said
shots. This method is in the continuation of the one developed in works by Peyre [11].
Further work by Amarchinta demonstrated the accuracy of the Johnshon-Cook model over
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the elastic perfectly plastic and the Zerilli–Armstrong models [12]. Moreover the use of a
pressure profile more representative of the experimental one allows for a more accurate
modelling of the process.

2.1. Material

The polymer confinement chosen is an acrylate based polymer tape with a thickness
of 1 mm. More information on this material choice can be found in [9]. The targets selected
for the pressure determination were pure 0.5 mm thick aluminium foils (99.0%, AL000645,
Goodfellow) cut to a ≈ 15 × 15 mm size. Aluminium was chosen for its well known
properties. The thickness chosen allows a large enough delay between peaks of the velocity
profiles which represent the shockwave going back and forth in the material. The contact
between the confinement and the target was ensured by the adhesive properties of the
polymer. Multiple single spot experiments were performed for each laser intensity tested
to ensure the reproducibility of the results.

2.2. Laser

Laser pulses are generated with the THEIA Nd:YAG diode-pumped solid-state laser
from Thales (Elancourt, France) working at 1064 nm wavelength. The energy delivered
can go up to 1 J with a Gaussian pulse showing a Full Width at Half Maximum (FWHM)
duration tunable from 7 to 21 ns and a repetition rate of 200 Hz. The laser spot diameters
used for the experiments are 0.7 and 1.2 mm. A Diffractive Optical Element (DOE) was
used to homogenize the beam energy distribution [13,14]. The laser intensities used ranged
from 1.4 to 10.9 GW/cm². The pulse spatial profile was measured with a Camera Basler
acA2040-25gm/ gc, Monochrome, CMOS 1" with a pixel size of 5.5 × 5.5 µm. Figure 2
shows the experimental laser spot of 1.2 mm used.

Figure 2. Laser spot profile obtained from camera measurement for a 1.2 mm laser spot with a DOE.

2.3. Transmission Measurements

The transmission of the polymer confinement has been assessed by using a calorimeter
(QE50LP-H-MB-QED, Gentec) to measure the energy of a laser pulse with and without the
confinements on the laser path. The water transmission was evaluated for a 1 mm layer
from the database [15].
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2.4. VISAR

The backface velocity profiles of the shots realized on the aluminium targets were
measured with a VISAR [16,17]. It is a non-contact diagnostic based on a Michelson
interferometer measuring the Doppler shift in wavelength of a target put into motion by a
shockwave. In this case, the Doppler shift of the rear free surface of an aluminium target is
measured. The VISAR used is composed of two parts: an interferometer making the signal
interfere with itself and a probe continuous laser (532 nm, 5W, Coherent) focused on the
center of the incident laser pulse, sending the Doppler shift information from the target to
the interferometer.

2.5. FEM Simulation

Finite Element Modelling simulations of the backface velocity profiles obtained by
VISAR measurements were realised on Abaqus software. A 2D axisymmetric explicit
model was used. To take into account the high strain rates involved in the LSP process, a
Johnson-Cook material model was chosen [18].

2.5.1. Target Geometry and Boundary Conditions

The target used for the FEM simulation was modelled as a rectangle with a length of
10 mm and a thickness of 500 µm, considering the axisymmetric axis. The elements chosen
were CAX4R elements (Continuum, 4-nodes bilinear axisymmetric, quadrilateral, reduced
integration, hourglass control). The mesh was refined in the area of interest with an element
size of 1 µm × 1 µm while the rest of the area was meshed using a BIAS function in the
direction normal to the impact making the elements bigger as they were further away from
the shocked area. One node at the bottom surface away from the shocked area was fixed as
a boundary condition to represent the sample holder effect on the target.

2.5.2. Constitutive Material’s Model

Shocks produced by nanosecond laser pulses demonstrate high strain rate (around
106 to 107 s−1) [19]. To accurately represent this type of interaction, the Johnson-Cook
constitutive model was chosen. This model defines the Von Mises yield criterion as follow:

σ = (σy + Kεn
p)

(
1 + Cln

( ε̇

ε̇0

))(
1 −

( T − T0

Tmelt − T0

)m
)

. (1)

With σy the yield stress, B the hardening modulus εp the equivalent plastic deformation, n
the hardening coefficient, C the strain rate sensitivity parameter, ε̇ the strain rate during the
process, ε̇0 the strain rate at t = 0, Tmelt the fusion temperature, T0 the room temperature, m
a thermal softening coefficient, E the Young’s modulus and ν the Poisson’s ratio. Since the
thermal part has no significant influence on the simulation of the process [20] it is neglected.
The Johnson-Cook parameters used for the FEM simulation are given in Table 1.

Table 1. Parameters used for the Johnson-Cook material model with an aluminum target (99.0%) [21].

Material σy (GPa) B (GPa) n C ε̇0 E (GPa) ν

Aluminum 0.129 0.2 0.45 0.03 0.01 69 0.33

2.5.3. Spatial and temporal pressure profiles

The temporal pressure profiles P = f (x, y, t) where generated using a VDOLAD
subroutine. The P(t) profile generated was adjusted to provide coherence between the
experimental and numerical results by slightly playing on the rising edge and release
time. The intensity profile of the laser spot was obtained through camera imaging of the
laser spot used. The maximum intensity in the laser spot profile can be correlated to the
maximum pressure areas of the spot [22,23].
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3. Results and Discussion
3.1. Transmission

Transmission results for water and polymer tape are given in Table 2. Measurements
on the 1 mm polymer tape result in a 95% transmission of the incident laser energy, similar
to what was obtained at 532 nm previously. Water, on the other hand was considered fully
transparent at 532 nm and had a transmission of 95% at 1064 nm for a 1 mm layer.

Table 2. Optical transmission of water and polymer tape at 532 and 1064 nm.

Confinement
Transmission

532 nm 1064 nm

Water 100% 95%
Polymer tape 90% 95%

3.2. Pressure Measurement

Figure 3 shows the plasma pressure determined from backface velocity measurement
depending on the incident laser intensity for pulse durations of 7 and 21 ns at 1064 nm
wavelength. Pressures at 532 nm with water and solid confinement from [9] as well as
pressures under water confined regime at 1053 nm with a 10 ns laser pulse from [24] are
also reported. The pressure increases linearly for the two wavelengths up to 6 GW/cm2.
It goes from 1.8 GPa at 0.8 GW/cm2 to 5.3 GPa at 6 GW/cm2. For near infra-red shots,
going higher than 6 GW/cm2 causes the pressure to saturate due to the triggering of the
breakdown phenomenon in the confinement as previously explained in [9] while with the
shots at 532 nm the breakdown starts at 7 GW/cm2 allowing the process to reach higher
pressures. At an intensity threshold, a breakdown plasma occurs at the surface of the
confinement. It absorbs the incident energy of the laser pulse and, as a result, limits the
amount of energy effectively brought to the surface of the confined target surface.

Overall, the shots in the near infra-red wavelengths produce lower pressures than the
one at 532 nm independently of the confining medium chosen. However, in the near infra-
red configuration, the water confined regime produces higher pressures than the flexible
polymer confinement, reaching 4.9 GPa at 5 GW/cm2 while the solid confinement reaches
4.2 GPa at 5.1 GW/cm2. A possible explanation would be that the polymer confinement is
more prone to the presence of impurities or porosities due to its structure and adhesive
nature, causing more loss in the incident laser energy.

The polymer confinement demonstrates lower pressures at 1064 nm than at 532 nm.
The pressure is around 30% lower at 2.6 GW/cm2 and the gap is slowly reduced with
increasing laser intensities (−18% at 6.2 GW/cm2 and −14% at 7.1 GW/cm2. The water
confined regime demonstrated the same trend with pressures in the near infra-red being
around 30% lower at 1.1 GW/cm2 and then reducing the gap at −15% at 2.4 GW/cm2

and finally −5% at 5.2 GW/cm2. The decreasing of the pressure gap between the two
wavelength is faster in the water confined regime than with the flexible confinement
experiments. The difference can be explained by the damaging of the confinement which
causes the absorption of more incident laser energy during the shots as well as triggers the
breakdown phenomenon sooner. These data were compared with the pressures obtained
while using the code given in Scius-Bertrand et al. work [24] and gave similar results.

Table 3 gathers power density thresholds at which the pressure starts to saturate
(IPsat ) and the corresponding maximum pressures associated (Pmax) as a function of the
wavelength and pulse duration. The different pulse durations tested also showed the shift
to a lower IPsat threshold and by extension lower Psat when longer pulse durations were
used. At 1064 nm, the maximum pressure reaches 7 GPa at 10.9 GW/cm2 for a 7 ns pulse
against 5.1 GPa at 7.8 GW/cm2 for a 21 ns pulse. This trend is in agreement with current
breakdown description [25] and previous pressure measurements in water [26]: laser
energy absorption is conducted by inverse Bremsstrahlung phenomenon which implies a
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wavelength dependency: shorter wavelength are more absorbed thus explaining the lower
pressures observed at 1064 nm.

These results demonstrate the capability of a polymer confinement to be used in
multiple settings as well as its versatility. Due to its stable transmission and its good
adhesive properties it can easily be adapted to different setups or lasers, giving a glimpse
of potential possibilities for laser shock peening of all types of metals from low to high
elastic limit ones. The comparison with results obtained in water confined regime shows
an equivalent pressure production in both wavelengths presented. These results comfort
the place of a flexible polymer confinement along side water for specific applications in
the aeronautical industry but also for other applications such as for LasAT experiments in
which case it allows for the avoidance of the water flow calibration. The similarity of the
results shows that the phenomena taking place during the laser interaction with water and
flexible polymer confinement are likely akin in terms of laser-matter interaction.

Table 3. Maximum pressure produced and breakdown thresholds of the polymer confinement for
532 and 1064 nm lasers for the different laser pulse duration used.

Wavelength Confinement Pulse duration Threshold (IPsat ) Maximum Pressure (Pmax)
(nm) (ns) (GW/cm²) (GPa)

532 Polymer 9 7 7.4
1064 Polymer 7 7 7
1064 Polymer 21 6 5.1
1053 Water 10 6 5.3
532 Water 9 7 7

Figure 3. Pressure measurements obtained from VISAR measurements with the polymer confinement
at 1064 nm for a 7 and 21 ns laser pulse. Results are compared with pressures obtained in [9] at
532 nm with a pulse duration of 9 ns and with results at 1053 nm with a pulse duration of 10 ns
from [24].
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4. Conclusions

Pressure measurements on laser shocks were realised by coupling VISAR experiments
with FEM simulations on Abaqus. The modelling of the backface velocity profiles obtained
allowed the extraction of the front face pressure produced by the laser shock. The laser
intensities used ranged from 1.3 to 10.9 GW/cm2 with two pulse durations, respectively
7 and 21 ns. These results complete the one already obtained during a previous study on
flexible polymer confinement under a 532 nm illumination. The 1064 nm wavelength cho-
sen in this work is closer to the one of the commonly used lasers for material reinforcement
through laser shock peening. The pressure obtained, although it is a little lower than with
a 532 nm laser pulse, is high enough to allow the treatment of all types of metal alloys used
in the aerospace industry and achieve good mechanical properties, thus paving the way to
potential new options of peening.

As of now, the biggest hurdle of the process is to tackle the damaging of the polymer
tape in between shots. Consequently, the next steps of the work will focus on a way to use
the polymer confinement with repeated shots for area treatment as well as understanding
the different phenomena at work during shock to further the comprehension of the polymer
damaging under laser shock. An alternative solution being worked on is to automate the
placing and replacement of the confinement to avoid any damaging problem between shots.
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