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h i g h l i g h t s

� New methodology of material
characterization in high strain rate
regime.

� Successful distinction between
material planes and its properties.

� Perfect correlation between grain
size, residual stresses and J-C
parameters.

� Prediction of material behaviour
under dynamic loading.
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a b s t r a c t

This paper presents an innovative methodology of material characterization under high strain rate (order
of 107s�1) laser shock loading coupled with microstructural and mechanical material features. To that
scope, experimental and simulation analyses have been conducted for Al alloys (AA7075-T6 and
AA2017-T4) and dissimilar Friction Stir Welded (FSWed) AA7075-AA2017 joint, under shock pressure
of 4.5 GPa (laser power density of 3.5 GW=cm2). In order to perform proper in-depth material model sim-
ulation of these alloys and dissimilar pairs, Johnson–Cook (J-C) material model has been coupled with
Grüneisen equation of state using the non-linear explicit code LS-DYNA. For the first time, we provided
a way to differentiate between material behaviour in the cross-section and the in-plane rolling and weld-
ing direction. What is more, we have provided the link between microstructural features and mechanical
properties such as microhardness, residual stresses and the identified material parameters. By achieving
this goal, the bigger difference between studied planes was confirmed for strain hardening modulus,
strain hardening exponent and strain rate sensitivity parameters. Obtained results and proposed method-
ology indicate high potential to predict material properties and behaviour of dynamically stressed parts
and at the same time can be used for optimization of LSP process.

1. Introduction

The growth in air transport is altering the atmosphere composi-
tions by causing an increase in greenhouse gas (GHG) and increas-
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ing atmospheric pollution. EU ambition is towards Climate-Neutral
Aviation, which needs the contributions of several innovation tech-
nologies (fuel consumption efficiency, weight reduction and coat/-
paint stripping [1]. One of the interest in the domain is the
structure weight reduction [2,3], using light-weight parts made
of dissimilar materials [4–8], which influences directly the fuel
consumption and subsequently the pollutant emission. Advanced
manufacturing processes provide methods to reduce structure
weight but they should always follow the safety standards and
require less energy consumption for repairing and maintenance
[9,10].

High-strength aluminum (Al) alloys are important construc-
tional materials, mainly because of their lightweight, high specific
strength, good damage tolerance ability, good workability, good
electrical conductivity and corrosion resistance in non-aggressive
environments [11–13]. Hence, 2xxx and 7xxx high-strength Al
alloys are widely used for highly stressed structural applications
in aerospace and aircraft industries [14]. However, joining of dis-
similar 2xxx and 7xxx Al alloys is rather demanding due to the
numerous intermetallic phases’ (S phase (Al2CuMg), h phase
(Al2Cu), Mg2Si;Al7Cu2Fe; ðAl;CuÞ6ðFe;CuÞ, T phase (Al20Cu2Mn3),
Al3Fe;Al4Cu2Mg8Si7, AlCuFeMnSi and others) [15–18], different
melting temperatures and the formation of eutectic and fragile
intermetallic phases in the fusion zone [19]. Hence, ”heavy-
weight” riveting is predominately used since fusion welding of
such Al alloys led to insufficient welds with solidification (hot)
cracks, porosity, segregation, brittle secondary intermetallic forma-
tion and undesired residual stresses [5,20].

One of the innovative aeronautical material processes is the
”solid-state” Friction Stir Welding (FSW), invented by TWI in Cam-
bridge, England, for joining Al alloys [21]. Eclipse Aviation made
128 m of FSWed joints to replace 7000 rivets. What is more, the
elimination of holes and rivets provides a lighter aircraft, yet three
times stronger than a traditional riveted airframe as has been
approved by the Federal Aviation Administration (FFA). Moreover,
with FSW no protective gas or feed material is needed and the
energy input is significantly lower compared to the fusion welding
processes, which reduces harmful gas emission [22,23] and elimi-
nates several defects associated with melting and re-solidification.
Due to the lower temperature input, the welds minimally deform
with a small geometric deviation, whereas due to the effect of
dynamic recrystallization (DRX) crystal grains in the nugget zone
(NZ) are isotropic, homogeneous and considerably smaller than
in the base material of high-strength precipitation hardened Al
alloys [24].

Different tests have been carried out on dissimilar Al alloy to
evaluate the joining influence on material mechanical properties
[18,25–28]. Optimization of the joined material properties (welded
material) demands a detailed understanding and descriptive mod-
eling of the FSW process. Ahmed et al. [29] developed a mathemat-
ical model to predict the heat generation during the welding
process. The authors validate their model with experimental mea-
surement on AA1050 by taking into account different pin geome-
tries. Simoncini et al. [30] also developed different metamodels
using a series of statistical methods, which have been validated
with experimental tests. The authors used their validated algo-
rithms to optimize the FSW parameters in order to enhance the
mechanical performance of the joint. The influence of the welding
parameters such as the traverse speed (welding speed), rotational
speed and the number of passes on the mechanical properties of
the formed material has been analyzed by many authors [31,32].

What is more, FSW process parameters have been coupled with
the welded material properties in Grujicic et al. [33], where the
authors modify the original Johnson–Cook material model to take
into account the microstructural modification in the welded mate-

rial during the FSW. The authors provide a new material model
which can be used to optimize the welding process to obtain opti-
mum weld performance. Vimalraj et al. [30] proved that incorpo-
rating nanoparticles plays a crucial role in the microstructural
properties where authors investigated the influence of size, type
and amount of nanoparticles on the microstructural formation
and joint properties. In order to decrease manufacturing time
one can increase the welding speed or increase the pin tool diam-
eter, but the influence on the joint strength should be taken into
account. Dimopoulos et al. [32] investigated the influence of weld-
ing speed, tool pin diameter and rotation speed on joint strength.
The authors proved that maximum strength using a 4 mm pin
diameter could be obtained using 110 mm/min and 1500 rpm
welding speed and rotational speed accordingly. What is more,
the authors proved that higher strength can be obtained using a
larger pin diameter, but this does not hold true in the case of
1000 rpm where the mechanical strength of the joint is indepen-
dent of the pin diameter. Despite the optimization of the FSW pro-
cess, the fatigue life and strength of welded dissimilar Al joints
should be enhanced. Therefore, Laser Shock Peening (LSP) has been
applied [34–36].

Due to the narrow optimal engineering window associated with
numerous LSP parameters (power density, focal spot, overlapping,
pulse duration, treatment pattern and others), it is crucial to opti-
mize the LSP process. Hence, numerical simulations are necessary
before practical experimental applications. This will save cost and
time. Apart from the static tensile tests, which could identify the
joint strength, the material’s ability to deform elastically and plas-
tically without breaking at high-strain rate is crucial. The Plastic
deformation of polycrystalline materials at high-strain rate
depends on the material defect kinetic and its interaction with
the microstructures [37,38]. Peyre et al. [39] investigated the high
strain rate behavior of welded Al alloys. Authors proved that
FSWed Al alloys exhibit high strain-rate sensitivity, by comparing
their numerical and experimental measurements of the shock
wave attenuation and elastic precursor amplitude. However, their
material model has been validated only on the first shock period
and for one material configuration, i.e. cross-section (S-T) plane
of the investigated material. Up to now, no high accuracy valida-
tion of long-time laser shock propagation (multi-period of the
wave) through AA7075-T6 and AA2017-T4, nor FSWed dissimilar
AA7075-AA2017 joint has been reported. What is more, wave
propagation produced by a laser impact on the base Al alloys and
on the FSWed dissimilar joint in the in-plane (L-T) direction has
not yet been investigated.

Hence, in the current work, the high accurate methodology
from Ayad et al. [40] has been used for material model character-
ization of the dissimilar AA7075-AA2017 FSWed joint and base
materials, taking into account different microstructures in specific
rolling directions. Eventually, numerical and experimental data
were combined to identify material model behavior under high
strain rate. For the first time, microstructural features, mechanical
state of the studied materials/regions and planes of dissimilar
FSWed joint coupled with experimental long-time Back Face
Velocity (BFV) measurement have been investigated. Moreover,
the adjustment of the material model to reproduce the experimen-
tal BFV measurements has been provided and correlated with
materials’ microstructural and mechanical features.

2. Experimental setup

2.1. Materials and FSW process

In the present investigation dissimilar butt joints were pro-
duced by a single-sided FSW process, using AA7075-T6 and
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AA2017-T4 rectangular plates of 500 mm (length)�70 mm
(width)�10 mm (thickness), with the following chemical composi-
tions (in wt.%); i.e. 5.9 Zn, 2.8 Mg, 1.6 Cu, 0.18 Cr, 0.12 Fe, 0.08 Si,
0.03 Mn, 0.10 (others), Al balance and 4.06 Cu, 0.74 Mg, 0.42 Mn,
0.42 Si, 0.32 Fe, 0.07 (others), Al balance, respectively. Prior to
FSW process, all plates were thoroughly degreased with acetone
and ethanol and hydraulically clamped on a bucking plate. Weld-
ing was performed along the longitudinal (L) rolling direction using
the following, pre-determined parameters, i.e. constant rotation
per feed of 20 rpcm, weld force of 38 kN, tool tilt angle was 1�,
contra-clockwise (CCW) rotation with a tool offset of 1 mm toward
the retreating (AA7075-T6) side. A cylindrical threaded tool with a
pin and shoulder diameter of 9 mm and 25 mm, has been used. In
this study, FSW parameters were chosen based on a preliminary
tests, visual appearance, bending and tensile results and
microstructural examination (results not presented herein).

The (S-T) and (L-T) lamellas were cut out from the FSWed plate
using a waterjet process along the longitudinal (L) and transverse
(T) rolling direction to obtain 20�20�10 mm3 blocks. Then we
have sectioned the blocks using wire electric discharge machining
(EDM) in the S-T direction and L-T direction to obtain v0:8 and
v1:2 mm thick lamellas (Fig. 1). For each set of lamellas (plane &
thickness), three samples were prepared for further experimental
analyses; (i) laser shock wave loading and propagation monitoring
using Velocity Interferometer System for Any Reflector (VISAR), (ii)
microstructural observations and (iii) XRD residual stress and
microhardness measurements. Prior to laser shock experiments
all the samples were thoroughly degreased with alcohol, acetone
and rinsed with deionized water. Mechanical and material model
properties of these materials has been collected from different lit-
erature works [41–44] as summarized in Tables 1,2.

2.2. Microstructural studies

Investigation of microstructural features of base materials
(BMs) and FSWed joint for S-T and L-T plane, respectively, were
conducted using optical/digital microscopy (DM) and scanning
electron microscopy (SEM). Prior to DM, the samples were succes-
sively grinded, polished and anodized in Barker’s reagent (97.5 mL
H2O, 2.5 mL (HBF4)) at U = 23 V for approximately 2 min to reveal
the grain structure. Following that, the microstructure images
were observed using a DM Keyence VHX-600 under polarized light
configuration and stitched together to obtain a 2D presentation of
the complete FSW region of investigated samples in the S-T and L-T

planes, respectively. SEM analyses were performed using a Carl
Zeiss FIB-SEM CrossBeam 550, equipped with a Hikari super EBSD
Camera and Octane Elite for EDS measurements, both from EDAX.
An acceleration voltage of 15 kV at 2 – 5 nA was used for SE images.
In order to obtain quantitative information crystallographic infor-
mation about the texture and grain size, the Electron Back-
Scatter Diffraction (EBSD) was employed [45]. For the EBSD mea-
surements, the samples were tilted for 70� and scanned with an
acceleration voltage of 15 kV and a probe current up to 10 nA
was used. A larger area on different parts of FSW was examined
and the most representative elements were chosen for presenta-
tion. All samples for SEM analyses techniques were mechanically
polished with 1 lm diamond suspension, followed by 10 min of
OPS (SiO2 nanoparticles) finishing.

2.3. Residual stress determination and microhardness

In order to investigate the effect of the FSW process on the
mechanical state and to correlate it with the microstructure and
material model characteristics under high strain rate deformations,
residual stresses (RS) were determined in the center of the sample/
lamella, i.e. region of LSP shock wave impact (see Fig. 1). Measure-
ments were carried out by a Proto iXRD system according to the

sin2w method with a focused X-ray beam of 2 mm, using the Al
{311} X-ray diffraction (XRD) peak of Cr-Ka X-rays (2.291 Å)
located at 2h = 139�. The side inclination method with 9 b angles
and 5� oscillation was used for each measurement point and the
Gaussian profile fitting and X-ray elastic constant
1
2 S

311
2 ¼ 19:54� 10�6MPa�1 was applied for the residual stress cal-

culation. Residual stresses were determined along the primary
shock wave loading direction, i.e. L and S direction for the S-T
and L-T lamellas, respectively. Microhardness measurements were
conducted with a Vickers microhardness tester a Zwick/Roell ZHU
2.5 at 300 g load with a dwell time of 12 s, with an increment of
500 lm between each specific indentation. For the comparison
with the RS, the microhardness measurements were performed
in-line at the center of each specific lamella, i.e. different regions
(BMs and NZ) and planes (L-T and S-T). On average, 10 measure-
ments were performed for each specific region and plane for the
BMs and 20 measurements for the FSW NZ, respectively. Then
the average and the standard deviation were calculated in order
to obtain reproducibility of the results. In addition, to correlate
the mechanical properties with the microstructural features along
the weld zone, three separate microhardness measurements were

Fig. 1. Schematic presentation of (a) FSW process and (b) EDM preparation of CS (S-T) and IP (L-T) lamellas.
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made across the middle of joint in the L-T and S-T direction using
an increment of 0.5 mm.

2.4. Used laser systems and optical setup

Laser shock experiments were performed using a GAIA laser
system (made by Thales, France). This laser is based on a MOPA
(Master Oscillator Power Amplifier) configuration: a Nd:YAG crys-
tal, flashlamp-pumped, is operated with a pockels cell (active Q-
Switching) in order to generate a gaussian laser pulse (FWHM:
7.2 ns). Then, the seed laser pulse goes through 3 amplifiers (also
made of Nd:YAG crystals pumped by flashlamps) in order to reach
a high output energy of 12 J in the infrared. Moreover, a nonlinear
crystal (KDP) is used to convert the laser pulse into the green vis-
ible wavelength (532 nm), with output energy of 7 J. Since two sep-
arate beams of 7 J are created, the total laser energy can reach 14 J.
This laser system can be operated both or in single-pulse mode
with a repetition rate of 2 Hz. The spatial profile of the beam is
smoothened (top-hat profile) using a DOE (Diffractive Optical Ele-
ment) and a converging focal lens to obtain a spot size of 3 mm. A
Basler-ac camera has been used to measure the laser spot size pro-
file irradiating the metal target before each set of experiments.

2.5. Velocity measurement with VISAR system

Measurements of target behavior under laser shock have been
performed using a VISAR (Velocity Interferometer System for Any
Reflector) to obtain a time-resolved (ns range) measurement of
the Back Face Velocity (BFV). Similarly to a radar system, a VISAR
uses the wavelength-shift of its probe beam (a single longitudinal
mode Verdi laser made by Coherent) by Doppler-Fizeau effect,
because of the acceleration experienced at the rear-surface and
induced by the shock wave. This shift is acquired in a Michelson-
like interferometer to obtain accurate measurements. A schematic
presentation of the working principle of the VISAR is illustrated in
Fig. 2c.

3. Mechanical modeling

In this study, we have used the explicit solver LS-DYNA which
has the ability to reproduce the dynamical behavior of Al alloys
under high strain rate laser shock loading [40]. In the sequel, we
show the developed mesh (Section 3.1) and material model with
the associated equation of state (Sections 3.2 and 3.3) used in this
study.

3.1. Mesh and geometry

Following previous work [40], we have used a 2D axisymmetric
model to simulate the dynamical behavior of the studied Al alloys.
The 2D mesh with 1.85 lm�4 lm element size has been used to

generate the axisymmetric sample based on the revolution sym-
metry assumptions as shown in Figs. 2a and 2b.

3.2. Material Model

In this study Johnson–Cook (J-C) material model [46] has been
used, which provides a description of the plastic flow stress for
the von mises criterion taking into account strain hardening, strain
rate hardening and thermal softening as represented in Eq. 1.

�req ¼ Aþ B�enp
� �

1þ C ln
_�ep
_e0

 !!
1� T � T0

Tm � T0

� �m� �
; ð1Þ

where �ep is the equivalent plastic strain, _�ep; _e0 are the plastic and the
reference strain rate accordingly. A is the initial yield strength of the
material at quasi-static strain rate, B and n are the strain hardening
modulus and exponent accordingly, C is the strain rate sensitivity
parameter, m is the thermal softening coefficient. T0 and Tm are
the room and melting temperature respectively.

3.3. Equation of state

In laser shock simulation it is necessary to provide a thermody-
namic relation to relate the sudden pressure, internal energy and
density changes during the shock wave [47]. This was provided
by the use of the equation of state described in this Section. Follow-
ing the previous work of Ayad et al. [40], Johnson–Cook material
model coupled with Grüneisen equation of state reproduce very
well Al behavior under laser shock loading. We use Grüneisen
equation of state as defined in LS-DYNA (EOS_GRUNEISEN) with
cubic shock-velocity as a function of particle velocity vsðvpÞ. This
defines different pressures for compressed and extended materials
as the following Eqs. (2a) and (2b) accordingly.

p ¼ q0C
2
0b½1þ ð1� c0

2 Þb� a
2b

2�
½1� ðS1 � 1Þb� S2 b2

bþ1 � S3 b3

ðbþ1Þ2�
2 þ ðc0 þ abÞE ð2aÞ

p ¼ q0C
2
0bþ ðc0 þ abÞE: ð2bÞ

Here C0 is the intercept of v sðvpÞ curve; S1; S2 and S3 are the unitless
coefficients of the slope of the vsðvpÞ curve; c0 is the unitless
Grüneisen gamma, a is the unitless first order volume correction
to c0 and b ¼ q

q0
� 1; E denotes the internal energy.

3.4. Pressure loading modeling

In this study, 3 mm focal spot has been used, whereas the
FWHM of the spatial profile has been verified experimentally using
a Charge-Coupled Device (CCD) camera. We used the smoothed
spatial profile for the spatial distribution of the pressure produced
by the laser plasma (Fig. 3a) which has been obtained and vali-

Table 1
Mechanical properties for AA7075-T6 and AA2017-T4 [43].

Material qðkg=m3Þ GðGPaÞ CpðJ=g�CÞ Tmð�CÞ T0ð�CÞ
AA7075-T6 2700 26.9 0.96 477–635 25
AA2017-T4 2790 27 0.88 513–640 25

Table 2
Johnshon-Cook parameters of AA7075-T6 [41] and AA2017-T4 [44] and Grüneisen parameters for AA7075-T6 [42] and for AA2017-T4 [44].

Material AðMPaÞ BðMPaÞ C n C0ðm=sÞ S1 c0

AA7075-T6 473 210 0.033 0.3813 5386 1.339 1.97
AA2017-T4 270 426 0.015 0.34 5379 1.29 2
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dated with experimental measurements as has been used in previ-
ous work [40]. For the temporal pressure loading, the combined
approach presented by Scius-Bertrand [48] and Rondepierre [49]
as has been discussed in Ayad et al. [40] has been used (Fig. 3b).

4. Results

4.1. Microstrustuctural observations

Microstructures of BMs AA7075-T6 and AA2017-T4 in the S-T
direction are shown in Figs. 4a and 4b, as EBSD inverse pole figure
(IPF) maps along with the grain size distribution, respectively.
Depicted results anticipated elongated grains in the S-T direction
due to the rolling process, especially in the case of AA7075-T6.
Quantitative grain size analysis confirms average grain size of
�35 ± 17lm (Fig. 4a), which is about 77% smaller compared to
the AA2017-T4, consisting of more isotropic grains with the aver-
age size of �62 ± 26lm (Fig. 4b).

In contrast, microstructure of the BMs in the L-T direction par-
allel to the rolling direction in Figs. 4c and 4d depict smaller effect
of elongation with larger grains for AA2017-T4, where grains are
randomly oriented and in the range of � 81 ± 36lm (Fig. 4d).
Nonetheless, IPF of AA7075-T6 shows pronounced orientation in
L direction, with the average grain size of �156 ± 62 lm
(Fig. 4c), being more than 300% larger compared to the grains in
the S-T direction. In addition, the inset SEM/SE images in Fig. 4

depict that the number of intermetallic precipitates in AA2017-
T4 is significantly higher compared to the AA7075-T6 alloy. The
cross-section microstructures (S-T plane) of dissimilar FSW joint
with the representative IPFs and grain size distribution are shown
in Fig. 5. As depicted frommicrostructural observation, FSW region
of 20 mm� 10 mm consists of five specific regions, i.e. heat affected
zone (HAZ) on advancing side (AS), thermo-mechanically affected
zone (TMAZ) on AS, nugget zone (NZ), TMAZ on retreating side
(RS) and HAZ on RS. The unaffected BMs (Fig. 4) are farther on
the left and right of the RS HAZ and AS HAZ, respectively. As
depicted in macrograph in Fig. 5a, the NZ on the AS consists of a
distinct banded structure, which gradually completely disappear
toward RS, whereas microhardness values indicate different values
of the specific region with an average microhardness of 155 HV0:3

in the NZ. Further, the NZ/TMAZ boundary on RS is almost absent
due to more gradual microstructure change and smaller grains in
the TMAZ on RS, being in the range �22 ± 14lm (Fig. 5b). On
the contrary, the NZ/TMAZ boundary on the opposite AS is well-
defined due to the rapidly microstructure variation and much lar-
ger grains of �52 ± 20 lm, in the AS TMAZ region (Fig. 5d).
Although, TMAZ microstructure on the specific side differentiates
in morphology and grain size both indicate highly deformed
microstructure and the traces of plastic flow in which the material
flows around the rotating tool pin, but due to the insufficient
energy and deformation strain, dynamic recrystallization (DRX)
did not occur [22,50]. NZ, on the contrary consists of completely
recrystallized, equiaxed grains but with some extend of texture

Fig. 2. (a) 2D Axisymmetric model used for shock wave simulation produced by the created plasma in a water confined regime (b) and coupled with the VISAR experimental
measurement system (c).

Fig. 3. (a) Spatial and (b) temporal pressure profile for 3 mm focal spot and 3.5 GW=cm2 laser intensity.
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bands on AS side, consisting of smaller and larger DRX grains.
Recently, Chen et al. [50] observed similar microstructural features
in the cross-section of the FSWed ZK60 Mg alloy where in-depth
microstructural characterization was conducted from the point of
fatigue response and decisive roles on crack initiation behavior of
the specific region. The same authors argued that the banded struc-
ture on the AS occurred during the FSW process since the material
on the RS is trapped between the layers of the material on the AS
which is primarily stirred in the interface region and thus forming
a mixture. Similarly to our results banded structure consisted of
lighter and darker bands, consisting of larger and smaller DRX crys-
tal grains, due to different strain gradient as a consequence of
asymmetric FSW plastic flow has been reported elsewhere [50–
52]. Nonetheless, in the NZ, where further LSP shock wave propa-
gation will be monitored, an average grain size, based on a larger
area EBSD IPF analyses is �4.3 ± 1.9lm. The most representative
image is shown in Fig. 5c.

The microstructural features of dissimilar 7075–2017 FSW joint
in the in-plane (L-T) direction, below the crown of the weld are
shown is Fig. 6. Macrograph in Fig. 6a, showing the different zones
of the weld, with the microhardness profile along the joint, indi-

cates similar features as in the S-T direction, i.e. banded structure
in the NZ and distinct NZ/TMAZ interface on the AS. However, by
comparing the TMAZ regions in the L-T (Figs. 6b and d) with the
S-T plane (Figs. 5b and d) a distinctive difference is observed. Fur-
ther, microhardness results in the L-T plane indicate lower values
compared to the S-T plane (137 vs. 155 HV0:3) as shown in
Figs. 6b, d and Figs. 5b, d respectively. If the latter showed clear
”semi-circular” microstructural orientation due to FSW tool rota-
tion, TMAZ regions in the L-T direction consists of highly deformed,
elongated grains along the welding direction. In addition, in L-T
larger grains are obtained, being in the range �61 ± 36lm on
the retreating AA7075 side (Figs. 5b, and �85 ± 41lm on the
advancing, AA2017 side (Fig. 6d). In addition, NZ in the L-T direc-
tion consists of �51% larger grains compared to the S-T plane,
whereas a volume fraction of precipitates is larger in the L-T plane
as well, for all the zones. Nonetheless, DRX grains in the NZ L-T
plane are still very small and more or less equiaxed. Based on lar-
ger area examination and several EBSD IPF analyses an average
grain size of �6.5 ± 2.6mm was determined (Fig. 6c).

The above mentioned differences are an outcome of several fac-
tors; (i) the origin itself, i.e. BMs which differ in the specific planes,

Fig. 4. EBSD IPF maps and grain size distribution of the BMs in the S-T (a,b) and L-T (c,d) planes for AA7075-T6 in (a,c) and for AA2017-T4 in (b,c) accordingly. (Insets: SEM/SEI
showing intermetallic phases).
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having larger grains and larger amount of intermetallic phases in
the L-T plane (see Figs. 4c and 4d) and (ii) different amount of
simultaneous heat distribution and intense plastic deformation in
the specific FSW joint plane and depth. The latter does not only
affect the DRX grain size growth within the NZ, but also precipitates
dissolution, secondary precipitation and re-distribution of inter-
metallic phases, which is more pronounced with higher temperature
[22]. In the current literature, there are numerous investigations
[22,18,50] focusing on temperature distribution and its effect on
microstructural evolution, but mainly in the cross-section, i.e. S-T
plane of the FSW joint. Nonetheless, the analogy regarding the heat
input affecting grain growth and dissolution and coarsening of the
second phase precipitates can be applied for the in-plane, i.e. L-T
direction as well. Mishra et al. [22] reviewed a number of scientific
papers concerning the temperature distribution during the FSW.
Authors therein confirmed the peak temperature adjacent to the
NZ on the top, crown side of the weld, which decreased to the bot-
tom, i.e. root side of the weld. Such findings are rather expected, tak-
ing into account the effect of the shoulder-workpiece interface
during FSW on the heat input generation [53]. Nonetheless, despite
the fact that the tool shoulder predominately affects the heat input,
tool pin also has also role on the temperature distribution within the
weld. Considering flat, i.e. non-concave tool shoulder the total head
generated by the FSW is [54]:

Q ¼ 2
3
lxF½Rs þ 3

R2
pHp

R2
s

� ð3Þ

where, Q[kW] is the heat input during FSW, l is the friction of coef-
ficient, x[rad/s] is the angular velocity, F[kN] is axial force, Hp[m]
represents the height of tool pin and Rs and Rp[m] is the radius of
tool shoulder and pin, respectively.

4.2. Residual stress and microhardness

It is well known that specific regions and planes of the FSW
joint indicate profound variations in residual stresses and micro-
hardness, contributing to different behavior under cyclic loading,
corrosion, creep, and other mechanical loadings. Hence, in order
to investigate mechanical properties of the specific lamellas which
will be further investigated by LSP shock wave loading and BFV
analyses, measurements of RS and microhardness measurements
were conducted and compare it among each other. As results in
Fig. 7 depicts the specific plane (S-T vs. L-T) has a significant influ-
ence microhardness and RS value. Furthermore, a perfect correla-
tion between RS and microhardness is observed, being almost
linearly dependent. Microhardness of AA7075-T6 measured along
the S-T plane is �25% higher than in the L-T plane (180 ± 5
HV0.3 vs. 164 ± 6 HV0.3) and almost 82% higher tensile RS (70.2

Fig. 5. (a) DM image of complete FSW CS (S-T) lamella with the microhardness (HV0:3) profile along the middle region of the weld, (b-d) representative EBSD IPF maps and
grain size distribution; (b) TMAZ on RS, (c) NZ and (d) TMAZ on AS. (Insets: SEM/SEI showing intermetallic phases).
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± 14.5 MPa vs. 38.6 ± 28.5 MPa). Similar results are also observed
for AA2017-T4 with an average microhardness and RS of 138 ± 6
HV0.3 & 25.4 ± 13.4 MPa, and 128 ± 3 HV0.3 & 13.8 ± 12.4 MPa
for the S-T an L-T plane, respectively.

Although, microhardness values in the NZ of FSW showed some
scattering (especially in the S-T plane), mainly due to the banded/-
textured structure, having also the chemical composition of both Al
alloys, the hardness is higher compared to the AA2017-T4, for both

measured planes. Analyses showed average microhardness of 155
± 15 HV0.3 (S-T) and 137 ± 3 HV0.3 (L-T), respectively. These results
are consistent with the microstructural observations in the previ-
ous subsection, indicating that larger heat-input in the L-T plane
leads to more extensive grain growth during DRX, dissolution
and coarsening of strengthening precipitates, which contribute to
inferior mechanical properties, which is also confirmed by the
microhardness results across the weld region (Figs. 5 and 6). Sim-
ilarly, a higher tensile RS was also obtained for the S-T plane (15.4
± 5.6 MPa vs. 12.3 ± 10.4 MPa). Such results indicate close to zero
RS state, which is in accordance with RS results on AA2017-T451
BM sample and with our previously published results [13].

4.3. Influence of material properties on the dynamical high strain rate
behavior

Numerical investigation of the material model was based on
experimental BFV measurement of Al alloys under laser shock
loading. Therefore, we studied the influence of material model
parameters on the BFV, in order to know which material model
parameter should be adjusted until we reproduce the experimental
behavior. To that scope, we used Pure Al case study since material
model has been already validated in previous work [55]. We
obtained the BFV curve associated with the axial stress propaga-
tion through 1 mm thickness of Pure Al under 0.8 GW=cm2 laser
intensity and 3 mm focal spot (Fig. 8), using validated material
model parameters [55,56] as has been used in previous work [40].

Fig. 8 depict signature of axial stress propagation ryy during the
laser shock through the target thickness. More importantly, the
blue arrows present the compression shock which propagates at

Fig. 6. (a) DM image of complete FSW IP(L-T) lamella with the microhardness (HV0:3) profile along the middle region of the weld, (b-d) representative EBSD IPF maps and
grain size distribution; (b) TMAZ on RS, (c) NZ and (d) TMAZ on AS. (Insets: SEM/SEI showing intermetallic phases).

Fig. 7. Comparison between residual stresses (RS) and microhardnes HV0.3 for
specific regions and planes of AA7075-T6, AA2017-T4 and the dissimilar FSW 7075–
2017 joint.
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two different velocities (faster elastic and slower plastic waves)
where the transition between them can be seen by the elastic pre-
cursor which can be detected on the front of the BFV curve (point
I). The plastic wave continues to propagate towards the back face
and produce the first peak as we see in the BFV profile (point II).
The signatures of the propagating shock waves and the associated
2D phenomena are marked on the BFV profile by Roman numbers
and described in Table 3.

The influence of material model parameters on the BFV profile
has been analyzed on Pure Al as shown in Fig. 9 using 3 mm focal
spot and 0.8 GW=cm2 laser intensity since it shows all 2D signature
on BFV of 1 mm Pure Al target as (Pmax=PHEL < 13) according to
Table 3. In regards of the intercept of v sðvpÞ in the equation of
state, C0 can be adjusted until the first shock breaks out at the same
time of the experimental shock. Other two parameters of the equa-
tion of state (S1 and c0) have negligible influence on the BFV profile,
so their values will be 1.338 and 2 as the Pure Al parameters.

Fig. 9 reveals the influence of material properties on the BFV
profiles. It can be noticed that material density and shear modulus
variation (Figs. 9a and 9b) has a negligible effect on the maximum
velocity (point II in Fig. 8), however we can notice some difference

on the front of second peak (point III in Fig. 8) and on the signature
of 2D phenomena (point IV in Fig. 8). Concerning J-C parameters
influence on the BFV profile, elastic precursor is hypersensitive
on the initial yield strength A and strain rate hardening coefficient
C as shown in Figs. 9c and d, while the strain hardening parameter
n changes the slope of the plastic waves upon the elastic precursor
as shows Fig. 9e. The strain hardening parameter B has the same
influence as n with lower less magnitude on the entire BFV profile
(Fig. 9f). The parameter C0 and the ones whose influences are dis-
cussed in Fig. 9 are the key materials properties required for the
simulation.

4.4. Validation of the optimized material model

Experiments were performed using 3 mm focal spot and under
3.5 GW=cm2 laser intensity applied on two different thicknesses of
each material (approximately 0.8 and 1.2 mm ± 5 % of tolerance).
After experimental measurement of material response under laser
shocks, simulation has been performed and material model param-
eters have been optimized until the simulation reproduce the
experimental results. For each material, we are going to present
the obtained mechanical and J-C parameters based on the corre-
sponding BFV profile which reproduces the experimental behavior
under laser shock.

We have started with the AA7075-T6, distinguishing between
L-T and S-T configurations as the difference lies in the dynamic
behavior under laser shock. We optimized literature parameters
(Tables 1,2) for each configuration until the numerical model
reproduces the experimental behavior as shown in Fig. 10. To that
scope, we followed the influence of each parameter on the dynam-
ical response as illustrated in Fig. 9.

The optimized numerical parameters in Table 4 reproduce the
experimental results for each configuration (L-T) and (S-T) in
Figs. 10 (a,c) and (b,d) for two thicknesses 0.8 and 1.2 mm accord-
ingly. The optimized material model parameters used in Fig. 10 are
listed in Table 4.

Fig. 8. Axial compression and tension stress level ryy (blue and red arrows respectively) during the wave propagation through the Pure Al sample (horizontal axis) and during
the laser shock loading under 0.8 GW=cm2 with the associated BFV profile.

Table 3
Origin of Pure Al BFV peaks according to the signature of axial stress propagation
induced by laser shock on the back face of Pure Al of 1 mm thickness under 0.8
GW=cm2 and 3 mm focal spot.

Notations Definition

I Shoulder separating the fast elastic wave from the slower plastic
wave[57,58]

II 1st shock breaking out
III 2nd shock breaking out which corresponds to the back and forth

of the first one
IV 2D shock breaking out which vanishes when: Pmax=PHEL � 13 [40]
V 3rd shock breaking out which corresponds to the back and forth

of the second one
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The same methodology has been applied for AA2017-T4, where
the literature parameters from Tables 1,2 have been optimized
until the numerical solution reproduce the experimental measure-
ments of the BFV for each configuration of AA2017-T4 as shown in

Fig. 11. The optimized material model parameters used in Fig. 11
are listed in Table 5.

After we proved that we are able to obtain a proper material
model for both AA2017-T4 and AA7075-T6 we performed numer-

Fig. 10. Experimental (Exp-1 and Exp-2) and simulation (Sim) velocity profiles for two different thicknesses and planes of AA7075-T6 under 3.5 GW=cm2 laser intensity; (a,b)
L-T with 0.8 and 1.2 mm; (c,d) S-T with 0.8 and 1.2 mm.

Fig. 9. Influence of the specific material model parameters on the BFV of 1 mm Pure Al plate using 3 mm focal spot under 0.8 GW/cm2 laser intensity; (a) density q, (b) shear
modulus G, (c) initial yield strength A, (d) strain rate sensitivity C, (e) strain hardening exponent n, (f) strain hardening modulus B.

Table 4
Johnson–Cook parameters and mechanical properties of AA7075-T6 (L-T) and (S-T) configurations.

Material qðkg=m3Þ GðGPa) C0ðm=sÞ AðMPaÞ BðMPaÞ C n

AA7075-T6 (L-T) 2800 30 5000 400 800 0.05 0.45
AA7075-T6 (S-T) 2820 31 5150 473 210 0.033 0.3813
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ous simulations of the FSW (L-T) and (I-P) behavior. Different
parameters have been used, starting with the one obtained in
Tables 5 and 4 until we obtained the closer behavior to the exper-
imental one as shown in Fig. 12. The optimized material model
parameters used in Fig. 12 are listed in Table 6.

As depicted in Fig. 12, the optimized numerical material param-
eters provided a good correlation between simulation and experi-
mental measurements of the BFV profile.

5. Discussion

The combined experimental investigations of microstructural
and mechanical properties, BFV and numerical study presented
here provide new insights of material behavior under laser shock
loading. It is worth noting that material behavior at high strain rate
of AA2050-T8, AA2050-T3 and FSW AA2050-T3 joint has already
been reported [39]. However, therein the material model valida-
tion by experimental and numerical analyses covered only the first
period of laser shock propagation through the material. Further-
more, the investigation considered just one, i.e. cross section mate-
rial plane, whereas the effect of the material anisotropy regarding
microstructural and mechanical properties was not taken into
account. However, this is very important and requires considera-
tion since the microstructure of wrought Al alloys is quite complex,
with different crystal grain size and orientations in the specific
plane due to the preliminary rolling. Moreover, different amount
of rolling reductions in the specific layer [17,59] results in Al
matrix with a wide range of intermetallic phases [11,12]. Hence,
material response and properties to dynamic loading can differ
accordingly in the specific plane. In the FSW joint, it can be even
more complex especially in the case when two different alloys
are involved each having its chemical composition and intermetal-
lic phases. In this work, the difference between sections or planes
has been investigated on Al samples before and during laser shock
loading. Mechanical features (i.e. residual stresses and microhard-
ness variations) features have been analyzed (see Fig. 7), and rela-
tive difference of material model parameters between S-T and L-T
configurations have been obtained (see Fig. 13).

Obtained results in the form of relative difference display signif-
icant effect of the material plane, especially for the J-C parameters
B;C and n. Thus, the relative difference of strain hardening param-
eter Bwas found to be in the following order: 73.8% (AA7075-T6) <
60 % (FSW) < 50 % (AA2017-T4). In contrast, the highest relative
difference of strain-rate sensitivity parameter C and strain harden-
ing exponent n has been found for FSW (48.9 %) and for AA2017-T4
(50 %), respectively.

In order to examine microstructural effect on the material
dynamic response under high-strain rate loading, J-C model
parameters are depicted separately in Fig. 14 along with the grain
size and residual stress (RS) values, for the investigated regions and
planes of the FSWed joint.

From the given results, it is clear that the grain size and mechan-
ical state, i.e. RS and HV, which are in perfect correlation (see Fig. 7),
has a direct influence on the J-C material parameters. As discussed in
the previous sections, smaller grain size (Section 4.1), higher tensile
RS, as well as higher microhardness values (Section 4.2) are obtained
in the cross-section (S-T) direction, within all the investigated regions
of the FSW joint. Such initial material state contribute to higher yield
strength A, shear modulus G and density q (Figs. 14a, e and f),
although the difference in the density is negligible. Those material
features are associated with higher strain, dislocation density and it
is in accordance with the Hall–Petch effect [39]. On the contrary, J-
C strain dependent parameters B;C and n decrease with smaller grain
size and higher RS (Figs. 14b-d), due to poorer material ductility. This
effect is remarkably evident in the case of AA7075-T6 region in which
material plane and its condition remarkably affect the strain harden-
ingmodulus B (see Fig. 14b). Here the highest anisotropywith biggest
difference in grain size, RS and HV values was confirmed among S-T
and L-T planes. The change in strain hardeningmodulus B is relatively
smaller for AA2017-T4 and accordingly smallest for FSW NZ region
where grain size and RS of the specific plane differ the least.

Similar behavior was noticed also for the strain-rate sensitivity
parameter C (see Fig. 14b) and work hardening exponent n (see
Fig. 14d). These findings are in good accordance with other studies
[60] indicating that the reduction of grain size contributes to the
increase of the J-C von Mises flow stress.

Fig. 11. Experimental (Exp-1 and Exp-2) and simulation (Sim) velocity profiles for two different thicknesses and planes of AA2017-T4 under 3.5 GW=cm2 laser intensity; (a,b)
L-T with 0.8 and 1.2 mm; (c,d) S-T with 0.8 and 1.2 mm.
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6. Conclusion and outlook

A novel methodology is proposed to asses dynamical behavior
under laser shock loading of Al alloys and dissimilar FSWed joint,
manufacured using optimised parameters. In order to obtain in-
depth information of material behaviour in a high strain rate
regime dynamic experiments, microstructural features and numer-
ical simulations has been performed. At the same time material
anisotropy, which differs according to the specific material plane,
due to preliminary rolling and welding direction has been taken
into account. Based on the obtained new insights, the following
conclusions can be depicted:(i) The proposed methodology has
confirmed direct relationship between dynamical behavior in a
nano-second time scale and microstructural features which can
serve for a fast assesment of material properties even for dissimilar
pairs and different material planes.(ii) Detailed analyses revealed
that strain hardening and strain rate sensitivity parameters B and
C are directly affected by the microstructural properties, whereas
the texture predominately affects strain rate modulus B, having
the highest variation between S-T and L-T material planes. Hence,
the biggest difference of the strain rate modulus B has been con-
firmed for AA7075-T6, whilst the biggest difference of strain rate
sensitivity parameter C and strain hardening exponent n has been
confirmed with the FSW joint and AA2017-T4, respectively.(iii)
Results have confirmed a perfect correlation between residual
stresses and microhardness. For example, microhardness and RS
of AA7075-T6 along S-T plane are higher for 10 % and 82 % than
in the L-T plane, respectively.

Findings obtained in the scope of this research contribute to
comprehensive understanding of material behavior under high

Fig. 12. Experimental (Exp-1 and Exp-2) and simulation (Sim) velocity profiles for two different thicknesses and planes of FSW 2017–7075 under 3.5 GW=cm2 laser intensity;
(a,b) L-T with 0.8 and 1.2 mm; (c,d) S-T with 0.8 and 1.2 mm.

Table 6
Johnshon Cook parameters and mechanical properties of FSW (L-T) and (I-P)
configurations.

Material qðkg=m3Þ GðGPa) C0ðm=sÞ AðMPaÞ BðMPaÞ C n

FSW (L-T) 2790 28 5350 285 500 0.033 0.35
FSW (S-T) 2810 33 5500 340 200 0.017 0.2

Fig. 13. Relative difference of material parameters between S-T and L-T
configurations.

Table 5
Johnson–Cook parameters and mechanical properties of AA2017-T4 (L-T) and (I-P) configurations.

Material qðkg=m3Þ GðGPa) C0ðm=sÞ AðMPaÞ BðMPaÞ C n

AA2017-T4 (L-T) 2780 31 5380 260 700 0.035 0.6
AA2017-T4 (S-T) 2800 32 5300 270 350 0.03 0.3
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strain rates triggered by laser shock impacts. Considering the
obtained results it is noteworthy that, the specific observation
holds true by comparing initial material properties and J-C param-
eters between the planes of specific regions/materials but not all
the regions among themselves. This is rather expected since each
region of dissimilar FSWed joint has different grain size morpohol-
ogy and chemical composition. Furthermore, in the FSW joint addi-
tional heat-treatment occurred, i.e. DRX and precipitation
dissolution and re-precipitation. This effect has completely elimi-
nated all the traces/birth-marks of prior technological production
phases such as rolling, solution treatment and ageing which was
present with the BMs. Hence, the anisotropy was highlighted by
introducing two different sets of parameters, i.e. material planes
(L-T & S-T) because the material model was isotropic. However,
with the current methodology, investigating the anisotropy feature
in different directions could be time and cost consuming. Nonethe-
less, the developed methodology can be used for both, i.e. raw and
welded metallic alloys in manufacturing science community and
can also serve as the potential candidate in industrial applications
for optimization of laser shock penning process.
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