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ARTICLE INFO ABSTRACT

Keywords: The presented work covers the response of Aluminium tape (Al tape) under high strain rate of deformation
Laser shock (order of 10° s~') using laser shock. High power laser (J) with a short pulse duration (ns) is used to create
Dynamic material characterization laser shock within the water confinement regime on two Al tape configurations in order to apply low and

Polymer glassy behavior
High strain rate
Johnson-Cook
Steinberg-Cochran-Guinan

high pressure (order of MPa and GPa). Al tape has been modeled using Johnson-Cook (J-C) material model
for the Al layer, and Steinberg—Cochran—-Guinan (SCG) material model (elastic with pressure dependence) for
the adhesive layer, both material models are coupled with Griineisen equation of state. The Al tape model
has been validated by comparing the simulated Back Face Velocity (BFV) of the target with the measured one
by the Velocity Interferometer System for Any Reflector (VISAR). In addition, the validated material model is
used to conduct the sensitivity studies about the transmitted pressure depending on the acoustical impedance
of the target and adhesive thickness. Moreover, location and magnitude of maximum tensile stress within the
target are calculated in function of the adhesive thickness of the Al tape. Finally, it has been proved that using
one laser beam configuration, maximum tensile zone could appears close to the front face by increasing the
adhesive thickness.

1. Introduction applications, a protective layer should be used either on metals (LSP)
or on polymers (LASAT or LPSP).
Laser based processes are widely investigated during the last The pressure which is induced by laser pulse has been studied and

decades in the aeronautics industry and consequently for the structural
parts. Laser Shock Peening (LSP) is one of the most used and inves-
tigated process on metallic structures to enhance their properties, to
extend their lifetime and modify their microstructure properties [1—
7]. Although during LSP process, a protective layer should be used
to protect the target from created thermal effects due to the usage
of laser [8,9]. The second mostly used process is the LAser Shock described by Rondepierre et al. [16] to simulate the 2D phenomena
Adhesion Test (LASAT) [10,11], where the shock wave generated by the appeared under laser shock, and validate theirs numerical studies by
laser is used to determine the bonding strength of joints in composite experimental laser shock experiments [17]. Hereby, ablation pressure
laminates [10,12]. In order to be able to localize the shock wave effects, created by laser shock has been well studied and characterized on
one should know the loading created by the laser and the material
behavior of the target under laser shock. Laser Paint Stripping Process
(LPSP) also can be mentioned [13], where the generated shock wave
by the laser is used to remove the paint from the aluminium substrate.
The authors managed to remove paint from aluminium substrate by

characterized on aluminium surface by Scius-Bertrand et al. [14]. The
authors used 1D ESTHER code [15] to provide ablation pressure created
by water confined laser and validated on different laser configurations
and facilities. Very recently, Ayad et al. used the provided scaling laws
from Scius-Bertrand et al. [14] counting the rarefaction phenomena

aluminium targets. Therefore, the ablative layer we want to use to
protect the sample from the thermal affect should have aluminium
on the top face. The other face of this layer should be an adhesive
to ensure the adhesion with the target. In her PhD (pages 134-139),

applying the laser from the aluminium side. For industrial purposes, Scius-Bertrand showed that the transmitted pressure to the target by
protective layer can be used for the paint sided laser applications an aluminium tape was sensitively different from the ablation pressure
to reduce the ablative effects of the laser. Therefore, for laser shock profile applied on the front face of the tape [18]. It is then required
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Fig. 1. Tensile or shear modulus as a function of applied temperature (7) or strain
rate (¢), influence of applied pressure on glass transition or frontier between glassy
state and rubbery state. 7, and 7, are the glass transition in terms of temperature and
characteristic time respectively.

to either extract the transmitted pressure and apply it on the target or
apply the ablation pressure on the entire stack (Al tape with the target).

In order to analyze the influence of using a protective layer during
LSP process, one should know what is transmitted to the target during
the laser shock process. Bovid et al. calculated the transmitted pressure
from the applied overlays to the substrate during the LSP process [19].
The authors prove that the usage of opaque overlays provide up to 50%
increases in the pressure magnitude based on experimental results on
7085 aluminium alloy and Ti-6Al-4V. Nonetheless, the authors based
on the maximum peak of the velocity profile to validate his formulation
for opaque overlay pressure predictions. The authors simulated their
dynamic problem by imposing initial velocity to the Al tape, and by
using static mechanical properties as shear modulus for their polymers
(polyrubber and neoprene) without any strain rate sensitivity. Peyre
et al. discussed impedance mismatching, and proved that applied stress
on steel could be increased by 50% with the usage of Al coating [20].
Hong et al. proved that the black paint on the target can improve the
amplitude of induced shock wave, by comparing the maximum pressure
of the shock wave induced on the target with and without the black
paint overlay for different confining materials [21].

In order to obtain precise modeling, the energy dissipation through
this tape should be identified. Due to the high strain rate of de-
formation [17] induced by laser shock, elastomers could subject a
glass transition or a transition which leads to a glassy state [22].
This transition is strain rate dependent where it can be observed
at room temperature for high strain rate [23,24]. Very recently, Le
Bras et al. studied the dynamic glass transition of Polycarbonate and
Poydimethylsiloxane under laser shock. The authors show that dynamic
glass transition in the polymers that induce significant behavior mod-
ifications, they used numerical and experimental laser shock coupled
with Dielectric Relaxation Spectroscopy (DRS) measurements to iden-
tify the limit of the rubbery and glassy behavior of polymers under
high pressure and strain rate [25]. Despite the strain rate dependency
of the polymers, Mulliken and Boyce used three-dimensional rate-,
temperature-, and pressure-dependent model to model the transition of
yield behavior over wide range of temperatures (—140 °C to 180 °C)
and strain rates (1073 s~! to 4000 s1).

As shown in Fig. 1, the shift in the glass transition is not only due
to the high strain rate of the laser shock process, but also due to the
increase in the applied pressure. This influence of pressure has been
highlighted by Le Bras et al. to explain the mechanical response of
polymers used as solid confinement under LSP conditions [25]. As a
result, materials such as acrylic that are under static conditions in the
rubbery state end up in the glassy state under conditions of high strain
rate and pressure.

Since the ablative layer is required by multi-processes (LSP, LASAT
and LPSP) where the micro and macro waves propagation are manda-
tory, the different layers of the tape should be modeled. Up to now,
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neither experiment nor simulation have been done to model the glassy
behavior of acrylic in Al tape taking into account the pressure depen-
dent criterion under high strain rate.

In the current work, the accurate methodology from Ayad et al. [17]
has been used to characterize the adhesive layer under high strain
rate produced by laser shock. First, experimental set-up is described.
The experiments have been performed at the Héphaistos Laser facility
located in the PIMM laboratory (Procédés et Ingénierie en Mécanique
et Matériaux), Paris, France and reproduced in the Monarque laser
facility of Rescoll, Bordeaux, France (Section 2). Numerical model of
the Al tape under high strain rate is presented in Section 3, which
will be validated using the experimental results in Section 4. The
validated material model will be used to make different sensitivity
studies dedicated for LSP, LASAT and LPSP communities in Section 5.
The obtained results are discussed in Section 6. Finally, conclusion and
outlook are given in Section 7.

2. Experimental tools

The different experimental set-ups are used in two different laser
facilities which are explained below. The very same Velocity Interfer-
ometer System for Any Reflector (VISAR) diagnostic is used for both
experimental sets. After the explanation of each facility, the VISAR
diagnostic description is given in details as well.

2.1. Héphaistos

The majority of the experiments were conducted at Héphaistos
facility, PIMM lab, Paris, France. The laser used for the experiments is a
Gaia HP laser from THALES company, France. It is a flashlamp-pumped
Nd:YAG with a Gaussian temporal profile. The laser can produce 14
Joules of energy, from two beams/channels in total with 7 ns of pulse
duration (at Full Width Half Maximum, FWHM) and 2 Hz of repetition
rate at wavelength of 532 nm. The energy output from the laser can
be modified/controlled via software in the control room. The software
consists of 3 main functions: Channel control, burst parameters and
burst mode. However, the energy output given from the software is
not the exact value due to beam losses while beam transportation
and optics that is why energy measurement is done shot by shot and
calibrated before each set of experiment using a calorimeter (QE50LP-
H-MB-QED, Gentec, Québec, QC, Canada). The used focal spot is 4 mm
diameter as shown in Fig. 2a.

2.2. Monarque

Some of the experiments were done at Monarque facility at
RESCOLL, Pessac, France. The platform is composed of two Rhéa lasers
from THALES company. They are based on the same technology as
the Gaia lasers (flashlamp-pumped Nd:YAG with a Gaussian temporal
profile), with the same wavelength (532 nm) and a total energy up
to 10 Joules but a slightly shorter pulse duration (5 ns FWHM). The
5 Hz repetition rate combined with the automated displacement of the
sample using a Kuka KR 50 R2100 robot enable the treatment of large
surfaces (about 1 m?2) . The laser beams are first recombined and then
separated using a polarizer, leading to the possibility of focusing all the
energy in one face of the sample (mono-pulse configuration) or to focus
half on each side of the sample (symmetric configuration). The energy
delivered by the lasers is calibrated using the same calorimeter as at
Héphaistos facility and the spatial distribution of the energy is ensured
to be homogeneous using DOE as shown in Fig. 2b.
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Fig. 2. CCD image of a 4 mm focal spot from two different laser platform Héphaistos and Monarque in (a) and (b) accordingly.
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Fig. 3. Probe Part and Interferometer Part of the VISAR set up.

2.3. VISAR diagnostic

Due to the high strain rate produced by laser shock (order of
10% s71); experimental measurements are performed using a VISAR
system. By applying the controlled laser on the front surface of the
specimen, material response is extracted from the obtained back surface
velocity. This velocity is measured via VISAR diagnostic which has
a working principle of Michelson Interferometer [26,27]. The probe
laser (532 nm) is reflected from the back face of the specimen which
is already accelerated because of the applied shock wave. Then the
created Doppler Shift is monitored [16]. With the help of the VISAR
measurements, wave propagation within the targets can be monitored
as function of velocity-time.

The VISAR set up consists of 2 main parts that are divided as
Probe Part and Interferometer Part. In order to process the velocity
measurements, the Doppler Shift of a mono mode probe laser (VERDI)
is reflected at the rear surface as shown in Fig. 3.

Fig. 3 also shows the schematic representation for the interferom-
eter part of the VISAR setup for the whole set of experiments. As one

can see, the first arm is placed between the phase plate and the mirror
M1 (reference branch at time t). In addition, the second arm is in
between the glan polarizer and the mirror M2 (delayed branch at t-7).
This branch also contains a crystal to apply the delay z to the signal.
After that, the beam splitter receives two signals interfering at t and t-z.
Then, the mirror M4 guides the interference pattern into the sensors.
The optical assembly formed by the polarizer P and the wave plate 1/8
enables the creation of two interference phase-shifted signals with a
7/2. The information of these systems are respectively detected by the
Photo multiplier 1 (PM1) and Photo multiplier 2 (PM2) via the beam
splitter. The data obtained by the oscilloscope is transmitted to the
computer. From the software, corresponding velocity profiles can be
extracted.

3. Modeling
Laser shock is known by high strain rate of deformation (order

of 10° s71), resulting from the high pressure (GPa) applied in (ns)
pulse duration. Due to the high strain rate of deformation, physical
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phenomenons are difficult to measure and to analyze experimentally
during the wave propagation. Therefore, numerical simulation is per-
formed using LS-DYNA explicit solver to analyze and furthermore to
optimize the laser process. The developed mesh and the used ma-
terial model for Al and acrylic are shown in Section 3.1, coupled
with Griineisen equation of state. The shock created by the plasma is
presented by an applied temporal and spatial profile as described below
in Section 3.3.

3.1. Mesh and geometry

To simulate the shock wave propagation within the target, 2D
axisymmetric model is used, with 5 pm x 2 pm mesh size in the target,
and 5 pm x 1 pm in the Al tape due to its small thickness as shown in
Fig. 4. In this study, two configurations of the Al tape under laser shock
has been used. The first one is the folded Al tape as shown in Fig. 4a,
and the second is the Al tape attached to thicker Pure Al sample (290
pm and 1 mm) as shown in Fig. 4b. The ratio of width to thickness has
been taken large enough to prevent radial effects and reflection from
the borders as the experimental case.

3.2. Material model

The modeling of dynamical laser shock process requires the strain
rate sensitivity which is taken in account by using Johnson-Cook
material model (Section 3.2.1) and coupled with Griineisen equation
of state (Section 3.2.3) for modeling the Pure Al. However the ma-
terial model of the acrylic has been chosen to be elastic with pres-
sure dependence, which can be modeled by using Steinberg material
model (Section 3.2.2) also coupled with Griineisen equation of state
(Section 3.2.3).

3.2.1. Johnson—Cook material model

Following our previous works [17], Pure Al has been simulated
using Johnson—-Cook material model (MAT_015), which defines the
plastic flow stress by taking into account the strain hardening modulus
and exponent B and n accordingly, strain rate sensitivity C as noted
in Eq. (1). Where the elastic limit will be calculated as function of the
initial yield strength A, taking into account the strain rate sensitivity

(&,/€0)-

6eq=<A+B£Z><1+Cln<:—p>>(1—(;_7;9> ) €
0 m =~ 10
where &

» is the equivalent plastic strain, m is the thermal softening

coefficient.£, and ¢, are the plastic and the reference strain rate. T;

and 7, are the room and melting temperature respectively.

3.2.2. Steinberg material model

Since the polymer behavior is "highly engineered pressure sensitive
acrylic adhesive" as noted on the supplier website (www.3m.com),
Steinberg—Cochran-Guinan (SCG) material model has been used to
simulate the acrylic layer of the Al tape. The material type (MAT_011)
takes into account the temperature and the pressure sensitivities for the
elastic properties and the yield criterion [28]. In this study, the elastic
part of the material model with the pressure dependence has been used,
where the shear modulus G will be calculated as in Eq. (2).

G =Gyll + 5PV, 2

where G, is the initial shear modulus which will increase with the in-
creasing pressure P according to the pressure sensitivity parameter f;
(GPa™1). This parameter is the ratio between shear modulus derivative
with respect to pressure over the initial shear modulus (f; = GLO% .
V is the relative volume during the deformation under shock wave

propagation.

3.2.3. Equation of state
Due to the high pressure applied on thin foils, it is necessary to
couple the material model with an equation of state which is capable
of relating the sudden pressure, internal energy and density changes
during the shock wave propagation [29]. For this propose, Griineisen
equation of state as defined in LS-DYNA (EOS_GRUNEISEN) with cubic
shock-velocity as a function of particle velocity v,(v,) has been used.
The pressure of material during compression and tension are defined
in Egs. (3a) and (3b) accordingly.
poCo’ Bl +(1 = 2)p - 267
p= 2 + (o + ap)E,

- ﬂz ﬂ?
U= =DB=S57 ~Ssgay

(3a)
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Fig. 5. Pure Al layer of the Al tape in (a) under laser shock, with the used pressure (b) to obtain the simulated BFV profile and compared with the experimental one (c). Folded

Al tape in (d), with its response under laser shock in (e).

p=poCo’b + (1o + ap)E, (3b)

where C is the initial shock velocity v for zero particle velocity v,
and S|, S, and S; are the unitless coefficients of the slope of the
v,(v,) curve. E denotes the internal energy,  is the unitless Griineisen
gamma and a« its first order volume correction, f = % - 1.

3.3. Pressure loading modeling

As we mentioned before, the reason of using aluminium tape is
the controlled and the well investigated pressure model produced by
the created plasma on aluminium surface. In this section the spa-
tial and temporal profile of the generated pressure are presented. As
demonstrated in previous works, the combined approach presented by
Scius-Bertrand [14] and Rondepierre [16] has been applied. And for
the spatial laser intensity, the filtered profile of the measured one is
applied, as discussed in previous work [17].

4. Results

In this section, two different configurations of Al tape has been
modeled. The first one is the folded Al tape (Fig. 4a) under laser shock
using the elastic part of SCG material model in Section 4.1. In order to
be able to increase the power density on the aluminium tape, the second
configuration of aluminium tape on thicker Pure Al target (290 pm and
1 mm) has been used as shown in Fig. 4b. For this configuration, the
need of the pressure dependency will be elaborated.

4.1. Folded Al tape under laser shock

The first configuration of the Al tape (Fig. 4a) has been studied. For
this sample, the acrylic layer of the Al tape has been modeled using the
elastic part of SCG material model coupled with Griineisen equation
of state. The keys components of this simulation are the mechanical
properties and equation of state constants. For this latter, C, is modified
until the front of the shock wave arrives to the sample back face as the
experimental one, S| and y, are taken from literature works on dynamic

Table 1

Mechanical and equation of state properties of the acrylic layer in the Al tape [30-32].
Material p (kg/m®) G (MPa) C, S, Yo
Acrylic 1180 G Gy 1.493 1.13

simulation of epoxy polymer [30,31]. Density of the acrylic has been
taken from online Ref. [32], while the shear modulus has been modified
until the numerical model reproduce the experimental results. All these
parameters are noted in Table 1.

For this configuration, 0.27 GW/cm? laser intensity has been ap-
plied due to our measurement system’s capability and fragility of the
target. In order to be sure of the pressure generated by the plasma
under this power density, same shock with same conditions on the
Al layer of the tape after removing the acrylic with alcohol (Fig. 5a)
has been applied. The 7 velocity signals (Exp-1...Exp-7) are plotted
with the simulated one of the Pure Al which reproduce very well the
experimental results (Fig. 5c¢), the used pressure profile is plotted in
(Fig. 5b) with 220 MPa maximum pressure.

The obtained pressure profile in (Fig. 5b) is used to model the
laser shock propagation into the folded Al tape (Fig. 5d). As shown
in Fig. 5e, using G = 425 MPa, and C, = 1200 m/s the numerical
model reproduces the experimental behavior of folded Al taped under
high strain rate and 200 MPa pressure loading. The high value of shear
modulus (equivalent to 1.2 GPa of elastic modulus) is in the range of
Poly(methyl methacrylate) (PMMA) [33,34], due to the high strain rate
regime of acrylic layer under shock, which has been found numerically
around 5.9 x 10° s!. In order to analyze the origin of these peaks
from the obtained velocity profiles, space-time diagram has been made
of the axial stress propagation during the shock wave propagation as
shown in Fig. 5Se.

The blue color presents the compression waves generated by the
plasma, which reflects into tensile waves (red color) while passing from
Pure Al layer to acrylic layer (lower acoustic impedance), or meet the
back face. The double taped Al tape has been modeled using the elastic
part of SCG model under 0.27 GW/cm?. Nonetheless, this sample could
not handle higher power densities. Therefore, the Al tape has been
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(b) Pure Al 1 mm with Al tape, P=440 MPa
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Fig. 6. Validation of the Simulated BFV for the taped Pure Al for two substrate thicknesses 290 pm and 1 mm in (a, ¢) and (b, d) accordingly. Where the experimental results
are the red and green curves (Exp-1 & Exp-2), the numerical response of purely elastic material model is the gold curve (Sim-SCG-E) and the black one is the elastic with pressure

dependence numerical results (Sim-SCG-E,P).

taped to a thick sample (290 pm and 1 mm), where higher power
density could be applied to show the effect of pressure over the material
response.

4.2. Simulation of folded Al tape under laser shock

In this section, the Al tape has been applied on thicker Al sample
(290 pm and 1 mm) in order to increase the applied pressure on the
aluminium tape. For this sample, elastic with pressure dependence in
SCG material model is used. Pressure sensitivity parameter of the shear
modulus (b) has been optimized until the numerical behavior reproduce
the experimental behavior at low and high pressure. In Fig. 6, the
numerical response of the sample 2 with two Al thickness (290 pm
and 1 mm) with and without pressure dependency has been compared
with the experimental measured BFV profile.

Fig. 6 shows a good correlation between the simulated BFV profile
and the experimental results while taking into account the pressure
sensitivity parameter (f; = 8 GPa~!), while the one simulated with
(B = 0) needs a bigger shear modulus to fit the timing of the peaks and
of the release (2.7 times higher than the used one G), but the shock
wave will break out earlier than the experimental one. In addition,
the simulated maximum velocity of the taped Al samples (290 pm
and 1 mm) for pressure range from 660 MPa until 3.45 GPa has been
compared with the experimental results as shown in Fig. 7.

In overall, the simulated maximum velocity (black triangle in Fig. 7)
shows close values to the experimental results (Exp-1 & Exp-2) includ-
ing 10% error bar. Moreover, a threshold of the interface bonding
between the tape and the substrate has been used. The debonding
threshold value of the stress at the tape interface with the substrate has
been calibrated according to the numerous experiments that has been

done, which has been found to be o, 5104 = 165 MPa. This thresh-
old has been modeled by adding Erosion criterion to one pm acrylic
element at the interface with the substrate. The debonding of the tape
has been observed by the period change of the shock wave after the
first period, and has been proved by comparing the bonded assembly
results (Sim-SCG-E,P) and the debonded one (Sim-SCG-E,P,Deb) with
the experimental results in Fig. 8.

The numerical model of the Al tape with the debonding criteria
(Sim-SCG-E,P,Deb) shows a perfect correlation with the experimental
results for two different pressures 440 MPa and 1.76 GPa. The bonded
simulation (Sim-SCG-E,P) propagates with bigger period as shown in
Fig. 8a, while for the 1 mm Al substrate some peaks appeared (yellow
curve) which does not exist in the experimental results. This can be seen
more clearly under higher pressure on the taped 1 mm Pure Al. This
debonding has been validated using the microscope after laser shock in
PIMM laboratory.

5. Process optimization

The mismatching of acoustical impedance could change the ratio
of transmitted pressure from the Al tape. Moreover, the delay of the
shock wave propagation caused by the acrylic layer could change the
maximum tensile zone produced in the substrate. In Section 5.1, Pure Al
and Inconel-718 has been used to study the influence of Al tape on the
transmitted pressure on the target, which is important for optimization
of LSP for different acrylic thickness. Regarding the LASAT application,
the acrylic thickness can be crucial since its thickness could change the
localization of the maximum tensile zone which will be discussed in
Section 5.2.
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(Exp-1 & Exp-2), the numerical response without the debonding criterion is the gold curve (Sim-SCG-E,P) while it is taken into consideration in the black one (Sim-SCG-E,P,Deb).

5.1. Transmitted pressure

The impedance mismatching could change the transmission factor
of the pressure from the Al tape to the target (Pure Al and Inconel-
718 alloy), J-C material model parameters of the Inconel 718 has been
taken from Farahani et al. [35]. For Pure Al target, since the target
is the same material as the first layer of the Al tape the transmitted
pressure cannot be more than the applied one, where for the Inconel
718 alloy the transmitted pressure is bigger by 20% comparing to the
applied one on the top of the Al tape as shown in Fig. 9a. In addition,
for both metals the effect of acrylic thickness has been analyzed on the
transmitted pressure in Fig. 9b, where the pressure is attenuated with
big acrylic thickness.

5.2. Maximum tensile zone

With the used laser configuration for this study (mono-pulse), the
maximum tensile zone within the target is usually close to the back
free face. While the usage of Al tape changes the localization of the
maximum tensile zone due to the delay in the acrylic layer and the
reflection with the other layers. Therefore, the transmitted pressure has
been calculated using the taped Pure Al of 1 mm thickness model using
different acrylic thickness, and then applied on 1 mm Pure Al sample.
Space-time diagrams has been generated to show the propagation of
the stress waves through the target thickness, as shown in Fig. 10.

Fig. 10 depicts the stress propagation through target thickness for
different acrylic thickness (26 pm, 50 pm, 80 pm, 110 pm, 140 pm
and 200 pm accordingly in a, b, ¢, d, e, and f), where blue and red
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colors represent the compression and tensile waves respectively. The
maximum tensile stress level (GPa) has been colored by a black color
in the 1 mm Pure Al target. As shown in this space-time diagrams, the
tensile zone is approaching to the target front face and becoming more
localized.

6. Discussion

The proper modeling of the polymer under high strain rate is
of a crucial importance for the accurate characterization of the Al
tape influence in laser shock process. Using Steinberg—Cochran—-Guinan
(SCG) coupled with Griineisen equation of state for the acrylic layer, the
numerical model reproduced the experimental results at two different
laser shock platforms (Héphaistos and Monarque).

Two different material configurations have been used as shown in
Figs. 4a and 4b. The folded Al tape appeared to handle only 0.27
GW/cm? power density. While the second one which has been made
of taped Al tape on 1 mm and 290 pm Pure Al samples handled

higher pressure. The elastic part of the SCG material model (Sim-SCG-E)
proves sufficient to reproduce the experimental results of the folded Al
tape as shown in Fig. 5e, and also for the second configuration under
low pressure as shown in Figs. 6a and 6b. While with the increasing of
the applied pressure to 1.76 GPa, the elastic part of the SCG material
model produce delayed wave comparing to the experimental results,
as shows the gold curve in Figs. 6¢c and 6d. Therefore, the pressure
dependence part of the material model (§; parameter in Eq. (2)) has
been optimized until the front, peak and the release waves meets the
experimental ones (red and green curves), where a value of f; =
8 GPa~! is sufficient as shows the black curve (Sim-SCG-E,P) in Figs. 6¢
and 6d. Moreover, validation over all the experimental results has been
done and the numerical model proves to reproduce the experimental
peaks for both configurations (Fig. 4). The validation of the first peak
velocity values with the experimental one is summarized in Fig. 7.
The validation of the material model consists also to validate the
reflected waves (back and forth) not only the first peak of the BFV
which has been done in Fig. 8. Therefore, debonding threshold has been
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added to the Al tape connection with the substrate by adding erosion
criterion to one pm of acrylic on the interface between the AL tape and
the Pure Al substrate. Due to this debonding criterion, numerical model
reproduce not only the first peak of the experimental ones but all other
peaks times and magnitudes as shown in Fig. 8.

The validated material model has been used to make some sensitiv-
ity study about the transmitted pressure on the target and the obtained
maximum tensile zone within it (Section 5). The transmitted pressure
is increasing with the increasing the acoustical impedance of the target
comparing to Pure Al which consists the top layer of the Al tape.
Where 20% gain in the transmitted pressure can be obtained when the
substrate is Inconel-718 comparing to the pressure arrived on the Pure
Al substrate as shown in Fig. 9a. This transmitted pressure is sensitive
also to the acrylic thickness in the Al tape, where for big thickness some
attenuation occurred as has been demonstrated in Fig. 9b. The drop in
the transmitted pressure is caused by the propagation of the pressure
loading release and its reflection in the layer which is higher in the case
of Inconel-718 because of its higher acoustical impedance.

In addition, maximum tensile zone has been identified in the 1 mm
Pure Al taped target subjected to laser shock. The increase of the acrylic
thickness in the Al tape part is leading to decrease in the maximum
tensile stress but giving more localized stress and close to the front face,
as the one of 200 pm in Fig. 10f. Nonetheless, at the same location
using 26 pm of acrylic 1.34 GPa as tensile stress has been obtained,
but the maximum tensile stress value is of 1.48 GPa, which has been
located close to the back face. So the acrylic thickness could be adjusted
to optimize the localization of the maximum tensile zone, and the drop
in the stress values due to the attenuation could be compensated by
the increase of the energy. To compensate this drop, 2.5 GW/cm? laser
intensity is enough to obtain the same tensile stress of 1.34 GPa at 250
pm in the 1 mm Pure Al target but with advantage of localized stress
zone.

7. Conclusion and outlook

In this study, the validated numerical model of the Al tape has
been provided which can be used to optimize laser shock process (LSP,
LASAT, LPSP). By coupling experimental and numerical approaches,
the capability of laser shock to characterizes the glassy behavior of
polymers under high strain rate of deformation (order of 10 s~!)
has been proved. By changing the substrate and due to impedance
mismatch, transmitted pressure could be bigger than the applied one.
The maximum tensile zone has been found close to the front face using
always one laser beam on thick acrylic layer in the Al tape. The con-
ditions of debonded tape should be taken into consideration, specially
in case of overlapping for LSPP process. The validated methodology
could be used to model polymers under high strain rate of deformation,
and the validated models can also serve as the potential candidate in
optimizing laser shock process.
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