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Abstract: In this study, spatial and temporal profiles of an Nd-YAG laser beam pressure pulse are
experimentally characterized and fully captured for use in numerical simulations of laser impact
welding (LIW). Both axisymmetric, Arbitrary Lagrangian-Eulerian (ALE) and Eulerian dynamic
explicit numerical simulations of the collision and deformation of the flyer and target foils are created.
The effect of the standoff distance between the foils on impact angle, velocity distribution, springback,
the overall shape of the deformed foils, and the weld strength in lap shear tests are investigated.
In addition, the jetting phenomenon (separation and ejection of particles at very high velocities
due to high-impact collision) and interlocking of the foils along the weld interface are simulated.
Simulation results are compared to experiments, which exhibit very similar deformation and impact
behaviors. In contrast to previous numerical studies that assume a pre-defined deformed flyer
foil shape with uniform initial velocity, the research in this work shows that incorporation of the
actual spatial and temporal profiles of the laser beam and modeling of the corresponding pressure
pulse based on a laser shock peening approach provides a more realistic prediction of the LIW
process mechanism.

Keywords: high-velocity impact welding; laser impact welding; finite element simulation;
experimental analysis

1. Introduction

High-velocity impact welding (HVIW) methods are rapidly gaining popularity in joining of similar
and dissimilar metals. Compared to conventional fusion-based welding techniques, impact welding
is very rapid and could be applied to a wide variety of metals. The primary advantage of impact
welding is that metals are joined due to the high impact, thus achieving melting temperatures is not
required. Therefore, metals with widely differing melting temperatures and mechanical properties
can be welded by impact alone, hence, avoiding the formation of brittle intermetallic compounds.
During the short impact welding process, and depending on materials, their surface morphologies,
and impact angle and velocity, material flow ‘waves’ that lead to interlocking and bonding may
be observed at the impact interface. Depending on the end-use application and dimensions of the
impacting metals, various means have been used for impact generation. From larger to smaller scale,
the four main impact-driven joining methods are Explosive Welding (EXW), Magnetic Pulse Welding
(MPW), Vaporizing Foil Actuator Welding (VFAW), and LIW, named according to their source of
impact upon launching a flyer plate towards a target (base) plate. The high-impact pressure loads are
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generated in EXW, MPW, VFAW, and LIW, respectively, due to explosive detonation, large magnetic
field, high voltage rapid vaporization of a metal foil, and surface ablation of a metal by a focused
laser beam.

In the past few decades, both experimental and numerical investigations have been conducted into
the aforementioned processes. In previous numerical studies on HVIW of both similar and dissimilar
metals, an initial flyer velocity, impact angle, deformed flyer shape (at impact), and corresponding
simplified boundary conditions have been assumed. These numerical studies have focused on
mimicking the material jetting and morphology of the weld interface. In addition, only two-dimensional
simulations of small sections of the entire model have been considered even though the actual
dimensions of the flyer and target plates, as well as their boundary conditions, are important to
accurately capture the deformed shapes prior to and during impact.

In consideration of the above, we briefly introduce the various HVIW methods and a discussion
of related experimental and numerical studies reported in the literature.

1.1. Explosive Welding

In EXW, a controlled detonation provides the source of the high-velocity impact. The explosion
accelerates a flyer plate towards a base (target) plate, leading to a weld due to high-velocity collision.
Since its discovery in 1957 [1], EXW has been studied by many researchers. Szecket and Mayseless [2]
reported on methods of introducing an ‘artificial disturbance’ to stabilize the wave formation at the
weld interface when joining similar metals (copper to copper, and mild steel to mild steel). Mousavi and
Al-Hassani [3] designed a physical experiment to mimic the conditions of explosive welding using
a pneumatic gun. They performed oblique welding of 3 mm thick flyers of copper, stainless steel,
titanium, and zirconium to 30 mm thick base plates of mild steel. Assuming a wide range of constant
initial impact angles and flyer velocities, they performed 2D Eulerian simulations of the process to show
spallation and jetting of material at the collision interface. Aside from Eulerian simulation methods,
meshfree methods such as the Material Point Method (MPM) and Smooth Particle Hydrodynamics
(SPH) have also been used to simulate EXW. For example, Wang et al. [4] utilized MPM to model the
welding of a 10 mm thick copper flyer plate to a 50 mm thick steel base plate driven by the explosion of
ammonium nitrate. Their method did not simulate the formation of a wavy interface but did capture the
‘flight’ shape of the flyer. Wang et al. [5] simulated EXW of aluminum, steel, and copper flyers against
titanium base plates using SPH, but with constant initial flyer velocities assumed. They observed
waves having larger wavelengths and greater amplitudes in the collision of stainless steel and titanium
compared to aluminum and titanium. Zhang et al. [6] implemented a density-adaptive SPH technique
to model EXW, including the detonation of the explosive. They reported that the attainment of requisite
impact angles in a parallel flyer/target setup is more challenging compared to oblique orientations.

1.2. Magnetic Pulse Welding

In MPW, the sudden discharge of a capacitor generates very high electric currents through a coil,
leading to a very high magnetic field pressure that accelerates toward one another the parts to be
welded. Welding of a wide range of similar and dissimilar materials in different MPW configurations
have been reported. For example, Okagawa and Aizawa [7] proposed a parallel MPW configuration
that led to seam welds between 1 mm thick aluminum sheets. They experimentally studied the seam
weld shearing strength and observed its dependence on the kinetic energy of the sheets before the
collision and magnetic pressure after the collision. Watanabe et al. [8] obtained lap joints for aluminum
flyer plates and iron, nickel, and copper base plates. They reported that exceeding a certain level of
discharge energy resulted in a decrease in amplitude and wavelength of material interflow at the weld
interface. Lee et al. [9] produced lap joints between 1.2 mm thick aluminum flyer plates and 1 mm
thick low-carbon steel plates using MPW. They observed a slight flattening of the grains of aluminum
plates in the vicinity of the weld after impact, but no change was apparent in the grain structure of the
steel plates. Their nano-indentation hardness tests revealed increased hardness in the intermediate
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layer between the plates. Ben-Artzy et al. [10] showed that, in tubular MPW joints, reflected shock
waves generate interference waves along the weld interface, and that the wavelength of interference
waves is proportional to the free path of the shock wave propagation (the first path between front
face and back surface) on the interior side of the weld. Göbel et al. [11] made a comparison between
the physics involved in EXW and MPW. They reported that in MPW the impact velocity and angle
changes along the weld, and that wave creation is possible at lower velocities in MPW compared to
EXW. This allows for different welding windows (in terms of impact angle and velocity) in MPW
and EXW. Raoelison et al. [12] performed an Eulerian simulation of MPW assuming a linear flyer
velocity distribution having a mean value of 600 m/s for aluminum workpieces. They predicted
thermomechanical material flow in the form of particle jetting. Cui et al. [13] proposed a method for
MPW of 1.4 mm thick carbon-fiber-reinforced plastic and 1 mm thick aluminum tubes. They numerically
imitated the MPW process using a coupled electromagnetic and mechanical simulation with constant
stress elements.

1.3. Vaporizing Foil Actuator Welding

In VFAW, a sudden capacitor-discharge generates a very high current through a thin conductor
foil, vaporizing it almost instantaneously. This creates a very high-pressure plasma, which accelerates
the flyer plate towards the target plate. The technique was introduced by Vivek et al. [14] in 2013.
They successfully welded copper to titanium, copper to steel, aluminum to copper, aluminum to
magnesium, and titanium to steel. Moreover, they quadrupled the weld strength of the titanium/steel
combination by introducing a thin nickel interlayer. Hahn et al. [15] attempted an experimental
comparison of VFAW and MPW and achieved success only for VFAW. Using the same charging energies
of the pulse generator, with VFAW they reached velocities three times those for MPW. Vivek et al. [16]
demonstrated two VFAW experiments to join copper sheets with 3 mm thick zirconium-based bulk
metallic glass (BMG). In one experiment, the 0.5 mm thick copper sheet was directly launched towards
the BMG, resulting in a straight welded interface. In the other experiment, a 0.5 mm thick titanium
sheet was first launched towards a 0.25 mm thick copper sheet, consequently launching it towards
the BMG, which resulted in a wavy weld interface and no devitrification of the BMG. Nassiri and
Kinsey [17] created 2D simulations for VFAW of 2 mm thick flyer and 3 mm thick base plates of
aluminum using ALE and SPH methods. In both methods, an initial constant flyer velocity and impact
angle were assumed. While the SPH method was able to simulate material jetting, it was found to be
less accurate compared to ALE. Nassiri et al. [18] conducted a similar comparison study for VFAW of
0.5 mm thick titanium flyer and 1 mm thick copper plates. They validated the ALE and SPH simulation
results through VFAW experiments. ALE was deemed incapable of mimicking material vorticities.
Chen et al. [19] machined slanted grooves in 6.3 mm thick steel plates at different angles ranging
from 8 to 28 degrees and joined them to 0.508 mm thick aluminum flyers using VFAW. They used this
technique to control the impact angle, and thus obtained various morphologies at the weld interface.
In a separate study [20] that implemented this procedure, aluminum flyer plates of the same thickness
were welded to 1.905 mm thick titanium plates. Gupta et al. [21] applied the same technique and
similar foil thicknesses in VFAW of copper to titanium, and vice versa. They created an explicit
thermomechanical Eulerian simulation with no slip in contact of Eulerian parts but again assuming
a constant initial flyer velocity. It was shown that for capture of interfacial waves, sufficient mesh
refinement must be implemented. Groche et al. [22] designed an experiment for process window
acquisition in HVIW. They used 2 mm thick aluminum workpieces and reached total normal impact
velocities up to 262 m/s (131 m/s for each workpiece). It was shown that in cases where the collision
point velocity exceeds the speed of sound in aluminum, jetting would not occur, resulting in no bonding.

1.4. Laser Impact Welding

LIW was patented by Daehn and Lippold [23] in 2011. Similar to laser shock peening, a focused
laser beam is used to ablate a sacrificial layer, which is placed on the surface of a metal flyer foil.
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Rapid vaporization of this ablative layer creates a high-pressure plasma. By using a transparent
overlay, the plasma is confined to further increase its pressure. The plasma generates shock waves and
accelerates the flyer towards the target metal. Upon collision, jetting and interlocking of the foils occur
along a weld interface. Since the deformation of the flyer in LIW is a direct consequence of the shock
pressure load generated by the intense laser pulse, there likely exist large velocity gradients amongst
regions of the flyer foil upon laser incidence, depending on the spatial profiles of the laser beam and
associated pressure pulse. Furthermore, the temporal profiles of the laser pulse and corresponding
pressure load further determine the nature of and time to impact in LIW. Thus, assuming a single-valued
initial flyer velocity in the simulation of LIW neglects the effects of spatial and temporal profiles of the
laser pulse and its plasma pressure load. On that premise, a review of the experimental and numerical
studies of LIW follows.

As reported in the literature, successful welds of similar and dissimilar metal foils have been
achieved by LIW. Wang et al. [24] used aluminum flyers to investigate the effect of transparent overlay
material and laser spot size on the weld quality. They welded nickel flyer (50 µm thick) and base plates
using flat and corrugated surfaces on the base. Corrugated base plates provided greater surface area
for welding, but large impact angles resulted in no bonding. In a separate experiment using Photonic
Doppler Velocimetry (PDV), they revealed that the maximum flyer velocity was achieved within 0.2 µs
after impact and in less than 30 µm displacement from the initial position. In addition, they welded
25.4 µm thick aluminum flyer foils to 75 µm thick titanium base foils [25]. It was found that separation
of black paint in the ablated area renders it a more suitable ablative layer than black tape. They further
studied the effects of laser spot size, the gap between the aluminum flyer and titanium target foils,
flyer thickness (from 50 to 250 µm), and transparent overlay material on the weld strength and area [26].
The weld strength and area were evaluated using peel tests and voltage drop measurements [27]
across the welds, respectively. It was shown that increasing laser fluence increases the impact velocity
(measured by PDV) until the ablative layer reaches its energy absorption limit. It was revealed that by
increasing the laser spot size, and thus decreasing the laser fluence, achieving a successful weld becomes
more difficult. However, welds achieved by larger spot sizes resulted in greater weld strength and area
compared to those achieved by smaller spot sizes. In addition, smaller spot sizes resulted in a greater
number of waves with higher amplitude and shorter wavelength on the weld interface. Wang et al. [28]
studied the effect of laser fluence on weld interface morphology during oblique LIW of 0.1 mm thick
aluminum flyer foils to aluminum and copper base foils of the same thickness. While the authors have
reported the laser pulse energy values, it is vital to note that the laser-induced effects heavily depend on
the laser spot size among other parameters such as laser wavelength, pulse duration, and the irradiated
material [29]. For instance, using the same laser pulse energy, laser impact might generate ultrasounds
or shock waves depending on the laser spot size, pulse duration, etc. Superior results (for laser spot size
of 6 mm and impact angle of 20 degrees) were obtained at laser fluences of 13.44, 14.15, and 14.85 J/cm2

when they welded 0.05 mm thick sheets of aluminum and copper flyers to 0.1 mm thick sheets of
aluminum base foils [30]. It was found that doubling and tripling the standoff distance between
the foils increased the weld diameter by 50% and 83%, respectively. Furthermore, they numerically
simulated LIW using the SPH technique in a 2D domain. A constant initial velocity and arc shape in
the flyer plate was assumed and showed that increasing the standoff distance resulted in a narrower
but taller springback region. The boundary condition applied to the base plate in the numerical
model was different from the experimental conditions. In the experiment, the base plate was placed
on a back-support while it was left free at the bottom in the numerical simulation. Using the same
numerical method and boundary conditions, they simulated LIW of 0.03 mm thick aluminum and
titanium flyer plates to 0.1 mm thick copper base plates [31]. Springback of the foils, spallation in the
base plate, the jetting, and the wavy interface was simulated and found to be similar to the experimental
results. Numerical simulation also revealed that the jetting was mainly produced from a very thin layer
of the flyer plate. The numerical simulation was also used to compare LIW of 0.05 mm thick aluminum
flyer plates to steel base plates of the same thickness and vice versa [32]. It was shown that using
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aluminum as the flyer and steel as the target resulted in more successful welds compared to the case
where the roles were interchanged. More importantly, swapping the materials changed the direction
of wave formation with reference to the impact weld direction. In performing LIW of 0.03 mm thick
aluminum flyer plates to 0.08 mm thick brass target plates [33], the authors showed that by increasing
the laser fluence, the melting and thus formation of intermetallic compounds was increased, but so
did the amplitude and wavelength of the weld interface waves, and the effect of the latter overcame
that of the former. Therefore, overall the bond strength was increased with increasing laser fluence.
In another experimental work, the authors achieved LIW of 0.03 mm thick crystalline copper flyers
to 0.028 mm thick Fe-based metallic glass targets [34]. Copper foil was annealed and attained a finer
grain structure prior to LIW. Increased nanoindentation hardness was observed in the copper, the weld
interface, and the metallic glass after impact. No crystallization occurred due to LIW and the metallic
glass retained an amorphous microstructure after bonding (tested and confirmed only for 1.5 mm laser
spot diameter and 47.25 J/cm2 laser fluence). Liu et al. [35] proposed a preforming technique in LIW of
0.03 mm thick titanium flyers to 0.1 mm thick copper targets. In this method, a preformed local hump
replaced the gap between the foils normally used in LIW. The jetting, springback and wavy interface
were all observed similar to other LIW experiments (the preforming method was not explained, but the
overall dimensions of the flyer after preforming were provided). In addition, they studied the effect of
adding a 0.02 mm thick aluminum foil as an interlayer between the copper flyer and base foils having
0.03 and 0.05 mm thicknesses, respectively [36]. It was reported that the nanoindentation hardness
levels increased more in the flyer compared to the target. Lap shearing tests resulted in failure in the
upper weld interface (between the flyer and the interlayer).

In following the above review of prior research into general HVIW methods, and LIW in particular,
the remainder of this paper is organized as follows: Section 2 describes in detail the experimental setup
and materials and methods used to study the effects of incorporating measured spatial and temporal
profiles of the laser pulse to better simulate the LIW process. Section 3 contains a comprehensive
description of the LIW numerical modeling procedures. The results of modeling and comparisons to
the experiments are discussed in Section 4.

2. Experimental Procedures

In the experimental setup, 76.2 mm × 25.4 mm × 3.175 mm borosilicate glass samples,
5 mm × 5 mm × 0.05 mm aluminum alloy 1100 foils, and 10 mm × 10 mm × 0.05 mm 304 stainless steel
foils were used as transparent overlay, flyer, and base (target) plates, respectively. A very thin layer of
black Rust-Oleum enamel aerosol paint was sprayed on one side of the flyer to serve as a sacrificial
ablative layer, preventing the top surface of the flyer from melting. A small thin piece of a clear
double-sided tape (slightly larger than the laser spot size) affixed the flyer (from its painted side) to the
transparent overlay. Target foils were attached to a fixed metal specimen using clear tape along the
opposite edges, as shown in Figure 1. To create a gap as the standoff distance between the metal foils,
thin glass coverslips were used as spacers. Standoff distance was controlled by the number of glass
coverslips placed between the transparent overlay and the fixed metal specimen. The transparent
overlay and the glass spacers were attached to the fixed metal specimen using black tape wrapped
around the entire sample on both ends, as shown in Figure 2c. The surface of the metal specimen was
covered with black tape to prevent it from bonding with the base foil.
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(b) Schematic of the LIW specimen (isometric view); (c) An actual LIW specimen after laser impact.

A Spectra-Physics Quanta Ray Pro-350 infrared laser system (technical specifications listed in
Table 1), was utilized for LIW experiments. The laser beam pulse was characterized as depicted
in Figure 3. The spatial profile of the laser pulse was measured using an Ophir SP928 high-speed
camera utilizing the BeamGage® software. The temporal profile of the laser pulse was measured using
an Ophir FPS-1 fast photodetector in conjunction with a Teledyne LeCroy Waverunner 204Xi DSO
high-resolution oscilloscope. Measured spatial and temporal profiles of the laser pulse are shown in
Figures 4 and 5, respectively.
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Table 1. Laser parameters [37,38], with permission from ASME, 2019.

Laser Parameter (Units) Type/Value(s)

Pulse Type Q-Switched
Laser Wavelength (nm) 1064

FWHM Pulse Width (ns) 17
Average Pulse Energy (J) 2.5–3 (±2%)

Laser Spot Size (mm) 3.2 ± 0.1
Incident Peak Power Density

(GW/cm2) 1.8–2.2
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Figure 5. Measured laser pulse temporal profile [37,39], with permission from ASME, 2019.

As can be seen in the earlier Figure 1a, the laser beam passes through the transparent overlay and
ablates the sacrificial layer. Since a large amount of energy (2.5–3 J) is released in a very short amount of
time (~17 ns) over a small area (0.08 cm2), the ablative layer reaches extremely high temperatures (above
10,000 ◦C [40]) and vaporizes instantaneously creating the plasma depicted in Figure 1b. The plasma
continues to absorb the energy of the laser and further expands while entrapped in the confinement
layer. This leads to the creation of a high-amplitude pressure load penetrating the flyer plate in the form
of shock waves. Consequently, the thin flyer plate is launched with high-velocity distribution towards
the target plate. In some cases, as reported in the literature [24,30–36], upon collision, bonding is not
achieved near the center of the ablated spot since the impact angle is zero and the impact velocity is too
great. Instead, the flyer plate (and sometimes also base plate depending on the boundary conditions)
springs back. In addition, a jet of metal particles that separates from flyer and base plates is ejected
at very high velocities (several thousand m/s), as depicted in Figure 1c. Away from the center point,
the impact angle is gradually increased until it reaches the minimum required for a successful weld.
Consequently, the welding process initiates and depending on the experimental conditions, flat and/or
wavy interfaces can be observed along the weld interface.

After the LIW experiments were performed as described, the welded samples were cut along
the centerline of the welds (see Figure 6) and both optical and scanning electron microscope images
of the cross-section of the weld were obtained. Prior to cutting, the welded foils were buried in
epoxy (poured), wherein the cured epoxy prevented unwanted damage and deformation during the
cutting process. After cutting, to reduce the surface roughness of the cut cross-sections, the samples
were polished using Allied MetPrep 3TM grinding machine. 6 µm and 1 µm polycrystalline diamond
suspensions were used on Gold Label and DiaMat polishing cloths respectively. This was followed by
using 0.04 µm colloidal silica suspension on a Final A polishing cloth.
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To measure the strength of the welds, lap shear tests were performed at speed of 0.5 mm/min
using a 500 N load cell on an Instron 5969 universal testing system. A schematic of the lap shear test
setup is shown in Figure 7. The experimental results are discussed together with the results of the
simulations, described next.
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3. Numerical Simulations

The LIW process, incorporating the spatial and temporal profiles of the laser pulse and its
corresponding pressure boundary load, was numerically simulated using two different methods—ALE
and Eulerian formulations. As will be shown, these simulations together with the plasma pressure
boundary load, provide a more realistic prediction of the LIW process compared to simulations that
simply assume an initial constant flyer velocity and flyer shape. In all numerical simulations herein,
solution convergence was conducted to determine suitable mesh/grid size. A complete description of
the models and techniques used for numerical simulation of the LIW process here is given.

3.1. Plasma Pressure Model

For more realistic simulation of LIW, it is hypothesized that incorporating the transient
plasma pressure generated due to laser ablation will provide for improved modeling.
Therefore, an axisymmetric Gaussian spatial laser pulse profile (fitted to the measured spatial profile),
as well as the measured temporal profile of the laser beam pulse (Figures 4 and 5), were applied in
conjunction with the 1D hydrodynamic plasma pressure model by Fabbro et al., which was developed
for use in laser shock peening simulation [41]. In this model, during the heating phase, the transient
plasma pressure, P(t), is a function of shock impedance Z, plasma thickness L(t), and laser intensity
I(t), as shown in Equations (1)–(3).

2
Z

=
1

Z1
+

1
Z2

, (1)
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dL(t)
dt

=
2P(t)

Z
, (2)

I(t) = P(t)
dL(t)

dt
+

3
2α

d[P(t)L(t)]
dt

, (3)

where Z1 and Z2 are shock impedances of glass and aluminum, respectively, and α is the fraction of
internal energy that dissipates into heat. Coupling Equations (2) and (3) gives Equation (4) [37].

d2L(t)
dt2 =

I(t)
c1L(t)

−
c1 + c2

c1

(
dL(t)
d(t)

)2 1
L(t)

, (4)

where c1 = 3Z
4α and c2 = Z

2 .
As soon as the laser is switched off (at time t = τ = full width, half maximum (FWHM) of the laser

pulse), an adiabatic cooling phase is initiated during which plasma pressure decreases with time as
shown in Equation (5).

P(t) = P(τ)
(

L(τ)
L(t)

)γ
, (5)

where γ is the adiabatic constant. Parametric constants for modeling of the plasma pressure are listed
in Table 2.

Table 2. Parameter values used in plasma pressure modeling [37,42], with permission from ASME, 2019.

Parameter Magnitude (Units)

Energy ratio (α) 0.25
Adiabatic constant (γ) 1.4
Glass impedance (Z1) 1.14 (106 g/cm2s)

Aluminum impedance (Z2) 2.75 (106 g/cm2s)

Using a substitution, the second-order ordinary differential Equation (4) is rewritten as a system of
first-order differential equations and solved numerically using the ode45 solver function in MATLAB®

software. Using this solution (in terms of plasma thickness) in Equation (5) and incorporating the
measured laser pulse temporal distribution (see Figure 5), the variation of peak plasma pressure over
time for an axisymmetric Gaussian spatial pressure was obtained, as shown in Figure 8.Metals 2019, 9, x FOR PEER REVIEW 10 of 26 
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3.2. Johnson-Cook Model

As a result of very large magnitudes of the pressure load (several GPa) and a very short laser
pulse duration (a few ns), extremely high strain rates (over 106 s−1) are reached in LIW process,
similar to those in laser shock peening. Therefore, the rate-dependent Johnson-Cook (J-C) [43] material
constitutive model was implemented to incorporate the effects of strain rate on material behavior.
The J-C flow stress (σeq) is given in Equation (6):

σeq =
(
A + Bεn

eq

) [
1 + C ln

( .
ε
.
ε0

)] [
1−

(
T − T0

T0 − Tmelt

)m]
, (6)

where parameters A, B, n, C, and m are quasi-static yield stress, hardening constant, hardening exponent,
strain rate constant, and thermal softening exponent, respectively. These material constants are
determined empirically. The rest of the parameters in the J-C model are equivalent plastic strain (εeq),
plastic strain rate (

.
ε), reference strain rate (

.
ε0), testing temperature (T), reference temperature (T0),

and melting temperature (Tmelt). J-C parameters of the materials used are listed in Table 3.

Table 3. J-C parameters [32], with permission from Elsevier, 2019.

Material A (MPa) B (MPa) n C m T0 (K) Tm (K)

1100 Aluminum 148.4 345.5 0.183 0.001 0.895 293 916
304 Stainless Steel 110 1500 0.36 0.014 1 293 1673

3.3. Mie-Grüneisen Formulation

To govern the hydrodynamic behavior of the materials, an equation of state (eos) was used,
which defines the pressure (of a solid at a given temperature) as a function of the density and the
internal energy [44]. The Mie–Grüneisen (M–G) eos was applied to model the materials’ volumetric
strength at the high pressures present in the LIW process. The M–G eos is a function of energy, relating
the shock velocity and the particle velocity. Equations (7)–(14) are found in [44]. The M–G eos is given
in Equation (7):

P− PH = Γρ(Em − EH), (7)

where P, PH, Γ, ρ, Em, and EH are pressure, Hugoniot pressure, Grüneisen ratio, current density, internal
energy per unit mass, and Hugoniot specific energy per unit mass, respectively. The Grüneisen ratio is
given in Equation (8):

Γ = Γ0
ρ0

ρ
, (8)

where Γ0 is a material constant and ρ0 is the density at the reference point. The Hugoniot parameters
are functions of density only and are related by Equation (9):

EH =
PHη

2ρ0
, (9)

where η is the nominal compressive volumetric strain and is given in Equation (10):

η = 1−
ρ0

ρ
, (10)

Replacing the terms in Equation (7) with their definitions in Equations (8)–(10) gives Equation (11):

P = PH

(
1−

Γ0η

2

)
+ Γ0ρ0Em, (11)
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The Hugoniot pressure is defined through curve fitting to the experimental data and is given
in Equation (12):

PH =
ρ0c2

0η

(1− sη)2 , (12)

where c0 and s linearly relate the shock velocity (Us) and particle velocity (Up) by Equation (13):

Us = c0 + sUp, (13)

Replacing PH in Equation (11) with its definition in Equation (12) gives the linear Hugoniot form
of the M–G eos in Equation (14):

P =
ρ0c2

0η

(1− sη)2

(
1−

Γ0η

2

)
+ Γ0ρ0Em, (14)

The M–G eos parameters of the materials used in the simulations are listed in Table 4.

Table 4. M–G eos parameters [31,45], with permission from Elsevier, 2018.

Material ρ (kg/m3) c0 (m/s) s Γ0

1100 Aluminum 2710 5380 1.337 2.1
304 Stainless Steel 7905 4570 1.490 2.0

The different numerical techniques employed for simulation of the LIW process are described next.

3.4. Axisymmetric LIW Simulation

Due to axisymmetric loading conditions of the laser pulse pressure, an axisymmetric numerical
analysis was deemed reasonable for simulation of the LIW process (performed using Abaqus/Explicit
software version 16.4-4). The LIW simulation was divided into two steps; during the first step,
a pressure load was applied to the flyer as inherited from the measured spatial and temporal profiles
of the laser beam pulse. The measured spatial profile was inputted as an analytical field to define the
spatial distribution of the pressure load. The measured temporal profile was inputted as the amplitude
of the pressure load. This pressure load was applied to the top surface of the flyer and launched it
towards the target plate until contact was initiated. In the second step, the flyer collided with the
target at a very high-speed profile in the center of the laser impact area, resulting in large deformations.
Since large deformations in purely Lagrangian finite elements result in excessive distortion, an ALE
domain was utilized in the second step. A meshing frequency of 1 increment, with 50 remeshing
sweeps per increment and 50 initial remeshing sweeps were used. About 80,000 4-node axisymmetric,
quadrilateral elements of 2.5-micron edge length with bilinear displacement, reduced integration,
and hourglass control (CAX4R) were used. The target foil was placed on a fixed analytical rigid body
representing the fixed specimen in the LIW setup. In addition, another fixed analytical rigid body
was included on top of the flyer foil to act as the fixed transparent overlay. The kinematic contact
method was implemented between the foils while the penalty contact method was applied between
each foil-rigid body pair (flyer-transparent overlay and target-fixed specimen). The contact interaction
property in both the kinematic and the penalty methods was “hard” contact allowing separation
after contact. A schematic of the LIW setup in the axisymmetric simulation is shown in Figure 9a.
The velocities in different regions of the foils as well as the deformed foil shapes after collision were
simulated. Details on the axisymmetric simulation results are provided in Section 4.
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3.5. Eulerian LIW Simulation

In order to mimic the material jetting phenomenon, an Eulerian model of the LIW process was
run in Abaqus/Explicit. In this model, the material’s Eulerian volume fraction (EVF) was computed
within each element and its movement was tracked as it flowed through the fixed mesh. A material
EVF of one means the element is completely filled with that material while a material EVF of zero
shows that the material is not at all present in the element. More than one material may be present in
Eulerian elements at the same time. If after adding all the material EVFs in an element, the sum is less
than one, the software fills the remainder of the element’s volume with “void” material which has
zero mass and strength [44]. Since Eulerian models in true 2D space are not available in the particular
software, a 3D model was created with a thickness of 0.02 mm (four elements thick) in the out-of-plane
(depth) direction. However, motion in the depth direction was constrained by a symmetry condition at
all nodes, thus rendering the model an equivalent 2D plane strain simulation (due to plate thicknesses
being much smaller than other dimensions). An Eulerian grid (meshed control volume) encompassed
the entire model in order to track material movement during LIW. Exploiting symmetry, only half of
the full geometry was modeled. Approximately 300,000 hexahedral 8-node Eulerian brick elements of
5-micron edge length with reduced integration and hourglass control (EC3D8R) were utilized, which in
turn employed predefined volume fractions at the locations of the flyer and target plates. Two fixed
discrete rigid bodies were used as the transparent overlay and the metal specimen. Consistent with
an Eulerian model description, Abaqus/Explicit allows for load application only at fixed nodes in
the meshed control volume. The pressure load described earlier was applied to the top surface of
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the flyer based on measured spatial and temporal profiles of the laser pulse. Implementation of the
measured spatial and temporal profiles as the distribution and amplitude of the load was similar to
that of axisymmetric simulation. The only difference was that the load was apportioned among nodal
layers of the initial flyer position in the out-of-plane direction, accelerating the flyer towards the target,
resulting in jetting and interlocking of the foils along the weld interface upon collision. The general
contact method was implemented between all surface pairs using a “hard” contact interaction property
allowing separation after contact. A schematic of the LIW in the Eulerian simulation is shown in
Figure 9b. Details on the Eulerian simulation results are provided in Section 4.

4. Results and Discussion

Both experimental and numerical results of this study are presented next. The experimental results
are included in form of optical and scanning electron microscope images of the cross-sections of the cut
LIW samples. Axisymmetric and Eulerian simulation results are discussed, including advantages and
disadvantages of the ALE and Eulerian numerical techniques. The results obtained from numerical
simulations are compared with the experimental results, and similarities and discrepancies between
them are investigated.

4.1. Experimental Results

Different standoff distances and laser fluence values were used in experiments to acquire the
LIW process window. These parameters are listed in Table 5. It was seen that regardless of the tested
laser fluence values, standoff distances of 0.12 and 0.54 mm were too small and too large respectively.
Successful welds were obtained using standoff distances of 0.26 and 0.40 mm, irrespective of the laser
fluence values tested in experiments.

Table 5. List of experimental parameters.

Laser Spot
Diameter (mm)

Laser Pulse
Energy (J) Laser Fluence (J/cm2) Standoff Distance (mm) Successful Weld?

3.2

2.5 31.08
0.12 No3.0 37.30

2.5 31.08
0.26 Yes3.0 37.30

2.5 31.08
0.40 Yes3.0 37.30

2.5 31.08
0.54 No3.0 37.30

Using Leica microscopes, optical images of the weld cross-sections were obtained. Sample images
for the case with a laser fluence of 31.08 J/cm2 and a standoff distance of 0.26 mm are shown in
Figures 10 and 11. As mentioned in Section 2, in most LIW experimental results reported in the
literature, due to very high flyer impact velocities and very low impact angles, springback occurs and
welding is not achieved in the center of the laser-ablated region [24,30–36]. This is an unwanted event
which decreases the strength and integrity of the weld. Interestingly, in the experimental results here,
the springback phenomenon was not observed in the center of the weld region. As seen in Figure 10,
the foils are indeed welded together in the center of impact region, while gaps are observed on the
outside of the weld. Figure 11 shows the same weld at two higher magnifications. A combination of
flat and wavy interface patterns is observed along the weld interface. Elimination of the springback
phenomenon in these experiments could be attributed to the polymeric black tape placed between the
target foil and the fixed metal specimen. This tape was used to prevent the target foil from bonding
with the metal specimen after laser impact. It is hypothesized that direct placement of the target foil
on the metal specimen leads to metal foils (flyer in particular) bouncing off of the specimen after
impact resulting in springback at the center of the impact region. It is possible that the addition of
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a polymer interlayer between the target foil and metal specimen elongates the collision time of the
foils, preventing the flyer foil from rebounding (which could lead to springback). The validity of this
hypothesis needs to be investigated through further experiments as part of future research.
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Another important observation in these experimental results relates to the overall shape of the
welded foils. As seen in Figure 10, while the foils are welded in the central region, there is a gap present
on each side of the weld. Since the loading conditions are axisymmetric, this means that the gap has
an annular shape. Considering that the experiments include an initial standoff distance between the
two foils, and because of the 3D Gaussian profile of the ablation pulse pressure, the generation of
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a gap that gradually increases with position away from the center of the weld might be expected.
However, as seen in Figure 10, starting from the center of the weld, and moving away in the radial
direction, the gap gradually increases to a maximum and then starts decreasing, resulting in a shape
very similar to the springback region reported in the literature [24,30–36]. Although similar in shape,
these are two different phenomena and they happen for different reasons; the annular gap observed in
these experiments is attributed to the Gaussian profile of the laser-induced plasma pulse pressure,
and the size of the double-sided tape attached to the flyer’s laser-ablated area. The double-sided tape
is used to enhance the plasma confinement in the glass overlay by eliminating any gap between the
flyer foil and the transparent overlay. Due to the Gaussian profile of the pressure load, moving away
from the center of the laser-ablated spot in the radial direction, the magnitude of the pressure load
decreases significantly. Therefore, if the size of the double-sided tape is considerably larger than that
of the laser spot, the laser impact cannot separate the flyer foil from the transparent overlay. In the
experiments conducted here, after some trial and error, it was found that a double-sided tape slightly
larger than the laser spot resulted in successful plasma confinement and separation of the flyer from
the transparent overlay. In the center of the impact area, the flyer detaches from the transparent overlay
and is launched towards the target. Away from the center, the resistance of the double-sided tape
against separation becomes gradually more significant, together with the decrease in the magnitude of
the laser beam pulse pressure. As a result, the size of the gap starts increasing until the edge of the
double-sided tape is reached, the flyer is completely detached, and the resistance is no longer present.
Subsequently, the gap starts decreasing and then increasing again as the flyer accelerates towards
the target.

Lap shear tests were performed on samples with different laser fluences and standoff distances.
These results are shown in Figure 12. It was observed that the force linearly increased with displacement
until it reached a maximum. Then the weld failed (on the aluminum flyer side) resulting in a sudden
drop in force values. Further increasing the displacement resulted in increased tearing of the flyer
and thus sliding of the foils. Therefore, the force values gradually decreased until they reached an
almost constant value with little change with respect to displacement. Higher fluences resulted in
higher maximum force values while increasing the standoff distance decreased the maximum forces.

Numerical results are presented next. Prior to the viewing of numerical results, it is important
to note that all experiments were conducted in air at atmospheric pressure. Since the flyer has
a supersonic flight, shock waves are generated upon collision of the foils resulting in a strong
air-cushion effect. However, the air and its effect on the collision were neglected in the numerical
simulations. Therefore, an investigation into the air versus vacuum conditions in the LIW process is
a potential area of research as part of future work.Metals 2019, 9, x FOR PEER REVIEW 16 of 26 
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4.2. Numerical Results

Axisymmetric ALE and Eulerian numerical methods incorporating the spatial and temporal
profiles of the laser beam pressure pulse were implemented in the simulation of the LIW process. In the
axisymmetric ALE simulation, the effect of the standoff distance between the foils on the impact angles,
nodal velocities, springback, and overall shape of the deformed flyer foil were investigated. Using the
Eulerian technique, the jetting phenomenon and the interlocking of the foils along the weld interface
were simulated. In addition, the hypothesis that simulation results assuming a constant initial flyer
velocity and shape are not as accurate is tested.

The axisymmetric ALE simulation result for the same sample case (laser fluence of 31.08 J/cm2,
and standoff distance of 0.26 mm) is compared to the experimental result, as shown in Figure 13.
The diameter of the welded region obtained from experimental and numerical results is 2.5 mm
and 2.2 mm, respectively (12% difference). The overall shape of the deformed foils was successfully
simulated, showing good agreement with experimental results as seen in Figure 13. Since the effect of
the double-sided tape (discussed in experimental results) was neglected, the annular gap observed in
the experiments was not fully captured. Therefore, an investigation into the effect of double-sided tape
can be pursued in the numerical simulations of the LIW process as part of future research.
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To investigate the importance of the temporal profile of the laser beam pressure pulse,
an axisymmetric ALE simulation for a case with a larger standoff distance (0.40 mm) and higher laser



Metals 2019, 9, 1196 18 of 27

fluence (36.06 J/cm2) was created. The simulation results for this case at different times during the
second step of the LIW process are shown in Figures 14 and 15. As seen in these figures, a significant
amount of springback is observed. This is due to the fact that the plasma pressure pulse duration
(~300 ns, see Figure 8) is significantly shorter than the collision start time (366 ns, see Figures 14 and 15).
This means that the pressure load application ends before the flyer collides with the target. Since there
is no force to resist the bouncing of the foils, the springback occurs due to the very high flyer velocities
(~1550 m/s, see Figure 15) and low impact angles in the center of the impact region.
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A closer look at the velocities obtained in the collision region (over 5600 m/s, see Figure 16) reveals
that jetting velocities were reached in the ALE domain. However, the ALE method is not capable
of fully capturing the jetting phenomenon. Note that jetting is one of the known requirements for
a successful weld [24,31,32] and happens when metal particles from the foils reach very high velocities
upon collision and are ejected from the surface. The resulting 3D images of the deformed foils at 1 µs
for this sample case are shown in Figure 17.
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One of the most crucial parameters in the successful execution of LIW is the amount of initial gap
between the two foils [25]. If this standoff distance is too small, then the flyer will not have enough time
to sufficiently accelerate and/or might not reach the required minimum impact angle before making
contact with the base. Conversely, if this gap is too large, the flyer might not reach the base plate or
might exceed the maximum required impact angle before the collision with the base. Therefore, it is
very important to assess the effect of standoff distance on the impact angles and velocities in different
regions of the flyer. The axisymmetric ALE simulation results for sample cases with a laser fluence of
31.08 J/cm2 and standoff distances from 0.1 mm to 0.4 mm are provided in Table 6.
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Table 6. The effect of standoff distance based on axisymmetric LIW simulation.

Standoff Distance (mm) Maximum Impact
Velocity (m/s)

Maximum Impact
Angle (degrees) Collision Time (ns)

0.1 1110 5 146
0.2 1370 15 220
0.3 1580 20 293
0.4 1550 30 366

As mentioned earlier, due to the Gaussian profile of the laser beam, the applied pressure load on
the flyer is axisymmetric. Therefore, the resulting impact velocities are maximum in the center of the
laser spot and decrease in the radial direction away from the center. Impact angles and velocities at
the point of collision for the sample case are shown in Figure 15 (at t = 366 ns). The drastic velocity
gradients between different regions of the flyer show the importance of incorporating the spatial profile
of the laser beam. As seen in Table 5, the maximum velocity is reached at a distance between 0.3 and
0.4 mm away from the initial flyer position. This means that if the standoff distance is large enough,
at a certain time the flyer starts to decelerate, showing the importance of considering the temporal
profile of the laser beam. If a constant velocity had been assumed, not only would the changes in
accelerations and velocities be ignored over time, but so would the gradients between the different
regions of the flyer have been neglected. At the point of collision, starting from the center and moving
away radially, the impact angle starts at zero degrees, gradually increases to a maximum, and then
slowly decreases back to zero close to the edges of the flyer. This shows that assuming an initial shape
or a constant impact angle does not give an accurate representation of the LIW process. To support



Metals 2019, 9, 1196 22 of 27

this claim, two different LIW configurations were simulated using an Eulerian technique applying
a constant downward initial flyer velocity of 800 m/s. One assumed an initial flyer impact angle and
the other assumed a curved initial flyer shape. These additional simulation results are provided for
the sake of comparison with the primary work here in which measured spatial and temporal profiles
of the laser beam pulse have been incorporated. As seen in Figure 18, the application of a constant
initial velocity results in excessive rebounding of the foils upon collision and is therefore not realistic.
Moreover, despite using an Eulerian grid, the jetting phenomenon is not observed at any time during
the corresponding LIW simulations.

Metals 2019, 9, x FOR PEER REVIEW 21 of 26 

 

the laser spot and decrease in the radial direction away from the center. Impact angles and velocities 
at the point of collision for the sample case are shown in Figure 15 (at t = 366 ns). The drastic velocity 
gradients between different regions of the flyer show the importance of incorporating the spatial 
profile of the laser beam. As seen in Table 5, the maximum velocity is reached at a distance between 
0.3 and 0.4 mm away from the initial flyer position. This means that if the standoff distance is large 
enough, at a certain time the flyer starts to decelerate, showing the importance of considering the 
temporal profile of the laser beam. If a constant velocity had been assumed, not only would the 
changes in accelerations and velocities be ignored over time, but so would the gradients between the 
different regions of the flyer have been neglected. At the point of collision, starting from the center 
and moving away radially, the impact angle starts at zero degrees, gradually increases to a maximum, 
and then slowly decreases back to zero close to the edges of the flyer. This shows that assuming an 
initial shape or a constant impact angle does not give an accurate representation of the LIW process. 
To support this claim, two different LIW configurations were simulated using an Eulerian technique 
applying a constant downward initial flyer velocity of 800 m/s. One assumed an initial flyer impact 
angle and the other assumed a curved initial flyer shape. These additional simulation results are 
provided for the sake of comparison with the primary work here in which measured spatial and 
temporal profiles of the laser beam pulse have been incorporated. As seen in Figure 18, the 
application of a constant initial velocity results in excessive rebounding of the foils upon collision and 
is therefore not realistic. Moreover, despite using an Eulerian grid, the jetting phenomenon is not 
observed at any time during the corresponding LIW simulations. 

 

Figure 18. Cont.



Metals 2019, 9, 1196 23 of 27

Metals 2019, 9, x FOR PEER REVIEW 22 of 26 

 

 

Figure 18. Eulerian volume fraction (EVF) of the aluminum foil in angled and curved LIW orientations 
at different times in Eulerian simulations assuming an initial flyer shape and constant velocity. 

Implementing an Eulerian simulation, the jetting phenomenon and the interlocking of the foils 
along the weld interface were mimicked. The Eulerian simulation results for a sample case with a 
37.30 J/cm2 laser fluence and a 0.4 mm standoff distance are shown in Figure 19. These results are the 
volume fraction plots of the aluminum flyer foil. It can be seen that in contrast to some of the reports 
in the literature [30–32], most of the jet consists of steel target particles. This is despite the fact that 
aluminum is the softer material compared to steel. Therefore, an experimental investigation into the 
composition of the jet in the LIW process can be pursued as part of future research.  

As seen in Figure 19, the interlocked foils bounce off in the center of the weld region. This could 
be attributed to the high fluence of the laser pulse (37.30 J/cm2) and modeling of the fixed metal 
specimen as a rigid body, while in reality the metal specimen is made of aluminum. Therefore, the 
effect of the fixed metal specimen material on rebounding of the foils can also be further studied as 
part of future research. 

 

Figure 18. Eulerian volume fraction (EVF) of the aluminum foil in angled and curved LIW orientations
at different times in Eulerian simulations assuming an initial flyer shape and constant velocity.

Implementing an Eulerian simulation, the jetting phenomenon and the interlocking of the foils
along the weld interface were mimicked. The Eulerian simulation results for a sample case with
a 37.30 J/cm2 laser fluence and a 0.4 mm standoff distance are shown in Figure 19. These results are the
volume fraction plots of the aluminum flyer foil. It can be seen that in contrast to some of the reports
in the literature [30–32], most of the jet consists of steel target particles. This is despite the fact that
aluminum is the softer material compared to steel. Therefore, an experimental investigation into the
composition of the jet in the LIW process can be pursued as part of future research.
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As seen in Figure 19, the interlocked foils bounce off in the center of the weld region. This could be
attributed to the high fluence of the laser pulse (37.30 J/cm2) and modeling of the fixed metal specimen
as a rigid body, while in reality the metal specimen is made of aluminum. Therefore, the effect of
the fixed metal specimen material on rebounding of the foils can also be further studied as part of
future research.

5. Conclusions and Future Work

• A more realistic prediction of velocities and deformed shapes in different regions of the foils was
achieved through incorporation of the measured temporal and spatial profiles of a Gaussian laser
beam pulse pressure, leading to improved simulation of the LIW process in both axisymmetric
ALE and Eulerian numerical models.

• LIW experiments were performed using standoff distances of 0.12, 0.26, 0.40, and 0.54 mm, as well
as laser fluence values of 31.08 and 37.30 J/cm2. Irrespective of the laser fluence value, successful
welds were obtained only at standoff distances of 0.26 and 0.40 mm.

• Successful welds were obtained without springback in the central region.
• Lap shear test results revealed that the greatest value of maximum force (13.76 N), and thus

the strongest weld, was achieved using a standoff distance of 0.26 mm and a laser fluence of
37.30 J/cm2. In all tests, the failure occurred on the flyer (aluminum) side of the weld.

• Numerical results were compared to experiments, and good agreement was shown between
the two.

• The jetting phenomenon and interlocking of the foils along the weld interface were
successfully simulated.

• Investigations into the effect of LIW phenomena and factors such as the air medium, jet composition,
use of double-sided tape, and the fixed metal specimen material type are deemed as potential
topics for future research.
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