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ABSTRACT

Solid-state metal additive manufacturing (AM) techniques offer unique capabilities for direct printing of metallic
materials towards a variety of applications. In this work, we developed a novel solid-state metal AM process,
named laser-induced supersonic impact printing (LISIP), in which the laser shock-induced impact loading was
utilized to trigger the adiabatic shearing phenomenon at metal-metal interfaces towards solid-state three-
dimensional (3D) printing of metallic materials. The design of LISIP was inspired by cold spray, explosive
welding, and laser impact welding. An experimental investigation was conducted to explore the process capa-
bility of LISIP, with a focus on 3D micro-lamination of metallic structure, AM of dissimilar materials, and
printing-on-demand direct writing at various length scales from micrometer to centimeter. Steel, copper,
aluminum, titanium, and magnesium alloys were used as foil and/or substate for experimentation. Moreover, the
microstructure at bonding interfaces were characterized to understand the microstructure evolution as induced
by adiabatic shearing. The bonding quality was evaluated using the lap shear test. The mechanisms involved in
LISIP including the laser-matter interaction and adiabatic shearing bonding were investigated using first-
principles modeling and finite element method simulation. In addition, the technical challenges, scientific
knowledge gaps, future research directions, and potential applications of LISIP were deliberated. We envision
that the findings and knowledge gained in this work will serve as the first milestone towards the establishment of

LISIP for broader impacts.

1. Introduction

Solid-state metal additive manufacturing (AM) techniques, particu-
larly those operated under ambient conditions (such as ultrasonic AM
[1-4], friction stir AM [5-8], and cold spray AM [9-13]), offer excep-
tional process capabilities for three-dimensional (3D) printing of
metallic materials towards unique applications. As compared to
high-temperature, fusion-based metal AM processes (laser powder bed
fusion [14,15], direct energy deposition [16,17], electron beam melting
[18], etc.), solid-state metal AM under ambient conditions does not
require external thermal inputs during printing, leading to the avoid-
ance of solidification and/or cooling-related defects (hot cracking,
porosity, elemental loss and segregation etc.), the high compatibility
and manufacturability when printing nonweldable materials, and the
relatively homogeneous microstructure and properties. For instance,
ultrasonic AM was successfully employed to print copper/aluminum
(Cu/Al) laminated metal composites with a superior combination of
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strength and ductility [1]. Experimental investigations of friction stir
AM demonstrated the process capability of fabricating Al alloys with
homogeneously distributed microstructure due to the effect of contin-
uous dynamic recrystallization during printing [7,8]. Moreover, the
stainless steel and copper specimens fabricated using cold spray AM
exhibited great mechanical properties (strength, ductility, and fatigue
life) comparable to as-cast counterparts [11,12].

Despite aforementioned advancements, the development of novel
strategies for solid-state metal AM under ambient conditions remains
challenging, since the process innovation is often dependent on new
material bonding mechanisms and/or creative process designs. Critical
requirements for solid-state metal AM design include room-temperature
operation with limited external thermal inputs, great bonding strength
between printing layers, high compatibility with a wide range of metals
and alloys, limited material waste and energy consumption, etc.

One of the most promising strategies that satisfies these requirements
is the solid-state build-up of metallic structures through supersonic
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impact bonding. As demonstrated by a few well-established
manufacturing processes including cold spray [19-25] and explosive
welding [26-29], the robust bonding at metallic particle/layer in-
terfaces can be achieved by the ballistic impingement of metallic par-
ticles or foils under ambient processing conditions. Based on extensive
experimental results, it is well evidenced that the supersonic impact
bonding is realized when the deposit metallic material impacts the
substrate at an impact velocity sufficiently high to trigger the onset of
shear instability, large straining, and material jetting at the bonding
interfaces. As reported in literature [22-24], both experimental and
computational efforts on cold spray demonstrated that a critical particle
velocity of ~500 m/s or higher was required for impact bonding, and a
higher particle velocity led to a better bonding quality in terms of
interface morphology and bonding strength. Previous investigations on
explosive welding of Al alloys and stainless steels indicated that a high
impact velocity of 400-600 m/s results in extremely large plastic strain
of ~300 % at bonding interfaces and a materials jetting velocity up to
4000 m/s [26]. A recent experimental effort on explosive welding of Ti
and steel reported that, different detonation wave zones with various
impact velocities led to nearly straight, periodic wavy, or irregularly
wavy interfaces, resulting in the tensile strength varying from 500 to
700 MPa in tensile testing with the bonding interface parallel to the
tensile direction [27].

From the fundamental perspective, for the solid-state impact
bonding mechanism, the supersonic impact velocity introduces a large
interfacial strain as well as the disruption of oxide film as accompanied
by the localized fragmentation and material jetting phenomena. As a
result, a clean interfacial contact at the atomic level is achieved, leading
to the formation of metallic bonds for material consolidation. Note that,
besides the supersonic gas jet utilized in cold spray and the chemical
detonation adopted in explosive welding, the metallic particles/foils
could be accelerated to a supersonic velocity by nanosecond pulsed laser
shock processing (LSP), such as laser impact welding [30-34] and
high-velocity laser accelerated deposition [35]. In LSP, the laser-matter
interaction leads to the evaporation and ionization of absorption ma-
terials and thus the generation of laser-induced high-energy plasma.
While the hydrodynamic expansion of laser-induced plasma is confined
by the transparent confinement, the localized plasma pressure is
significantly increased to the level of several to tens of GPa, which has
been extensively utilized for advanced manufacturing techniques, such
as laser shock peening [36-38] and laser peen forming [39-41]. It is
worth noting that the laser-induced plasma in LSP normally exhibits a
plasma front velocity up to 10° m/s [42-46], which is ideal for pro-
moting the material acceleration towards supersonic impact bonding.
Previous investigations on laser impact welding have demonstrated the
capability of LSP to impinge thin metallic foils onto metallic substrates
for localized spot welding of a variety of metals and alloys, including
stainless steels [47], Al alloys [33], titanium (Ti) alloys [31], etc.
Moreover, LSP  holds exceptional advantages including
room-temperature and non-vacuum processing, high controllability of
laser energy, and high geometric flexibility. Therefore, it is of tremen-
dous interest to develop LSP-based AM strategy to realize solid-state 3D
printing of metals and alloys under ambient conditions.

In this work, we developed a novel LSP-based AM process, named
laser-induced supersonic impact printing (LISIP), in which the nano-
second laser shock-induced impact loading was utilized for solid-state
3D printing of metallic materials under ambient conditions. The pro-
cess capability of LISIP was investigated, with a focus on multi-layer
microscale AM, particularly 3D micro-lamination of dissimilar mate-
rials using steel, Cu, Al, Ti, and magnesium (Mg) thin foils. Moreover,
the microstructure at bonding interfaces were characterized and the
bonding quality was evaluated using tensile shear tests. The mechanisms
involved in LISIP were discussed. In addition, the technical challenges,
scientific knowledge gaps, future research directions, and potential ap-
plications of LISIP were deliberated. We envision that the findings and
knowledge gained in this work will serve as the first milestone towards
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the establishment of LISIP for broader impacts.

2. Process concept and experimental details

From the process concept perspective, during LISIP printing, once
the laser energy was absorbed by the ablative layer (used for absorbing
the laser energy and protecting the metal surface from any laser-induced
damage), the laser-induced plasma is formed. Since the hydrodynamic
expansion of laser-induced plasma is confined by the transparent
confinement, the localized laser-induced high-pressure shockwave is
generated. Once the laser-induced shear stress during laser punching is
greater than the shear strength of the metal foil, dynamic punching is
triggered, leading to the launching of metal flyer with a supersonic
flying velocity. If the impact velocity is sufficient high (critical velocity),
the impinging between the metal flyer and previous printed layers or
substrate results in the oxide layer removal, large straining, material
jetting, and therefore solid-state bonding at the impinging interfaces.

Schematic illustrations of the LISIP system and experimental details
are shown in Fig. 1. A Surelite III Nd-YAG laser (Continuum Inc.) with a
wavelength of 1064 nm and a pulse duration of 7 ns was to deliver the
laser energy (Fig. 1a). F-theta lens was applied to control the laser beam
size. The LISIP printing stage was equipped with a computer-controlled
multi-axis precision position system (a minimal step resolution of
0.002 in.). To set up the LISIP experiment (Fig. 1b), a graphite layer
serving as the ablative layer (commercially available graphite lubricant
from Asbury Carbons Inc.) was spray coated on the metal foil [48-50]. A
transparent BK7 glass (McMaster-Carr) was applied as the confinement.
A mechanical clamping system was used to tightly load the confinement,
ablative layer, and metal foil, in order to optimize the laser-induced

Fig. 1. Schematic illustrations of LISIP: (a) laboratory-scale LISIP system; and
(b) details of experimental setup, laser-matter interaction, and solid-state
impact bonding during LISIP.
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shock pressure. In our experiments, the laser processing parameters
included: laser intensity of 2-8 GW/cm?, focused laser beam size of
1-2 mm in diameter, ablative layer of approximately 50 pm in thickness
(as estimated), impact distance of 100 pm-500 pm, and the laser printing
direction perpendicular to the substate surface (collision angle of 0°).
The impact distance was selected and adjusted based on previous studies
on laser impact welding [51-53]. A variety of metallic thin foils were
used as feedstock materials for printing, including Al foils (10, 30 or 50
pm in thickness), Ti foil (50 pm in thickness), Cu foil (50 pm in thick-
ness), and Fe foil (25 pm in thickness). Substrate materials include pure
Al, 304 stainless steel, and AZ31B Mg alloy. Note that, if a more uniform
energy distribution of laser beam is needed for precise manufacturing, a
beam homogenizer can be integrated into the laser system as shown in
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Fig. 1a (we did not use beam homogenizer in this work, since Gaussian
beam can achieve desired solid-state bonding). For multi-layer printing,
the material was printed spot-by-spot, with the flyer material’s position
adjusted after each spot was printed using a X-Y table positioning
system.

The microstructure evolution during LISIP was characterized using
SM-7100FT field emission scanning electron microscope (FESEM), en-
ergy dispersive X-ray spectroscopy (EDS), and electron backscattered
microscope (EBSD). In the preparation of samples for FESEM charac-
terization, detailed processes including sectioning, mounting, polishing,
and chemical etching were executed. EBSD analyses were carried out to
study the crystallographic texture evolution. Samples subjected to EBSD
analysis were vibrationally polished with a 0.06 pm diamond suspension

Fig. 2. (a) The effect of laser intensity on Al-Al interfaces: interfacial microcracks, seamless interface, and interface with fracture microfeatures of samples processing
with laser intensity of 3, 5, and 7 GW/cm2, respectively (impact distance of 300 pm). (b) The effect of impact distance on Al-Al interfaces: interfacial microcracks,
seamless interface, partial delamination of samples processed with 100, 300, and 500 pm, respectively (laser intensity of 5 GW/cm?).
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for 4 hours. The samples designated for EBSD analysis underwent
vibrational polishing using a 0.06 pm diamond suspension for a duration
of 4 hours, followed by etching. EBSD scans were conducted using HKL
Channel 5 data acquisition software, covering an area of 200 pm by 200
pm with a precision step size of 0.5 pm. Samples for the tensile shear
tests were prepared following the criteria outlined in the ASTM D3165
standard [54,55]. An Instron testing machine was used to control the
tensile speed of 0.01 mm/s and record the load vs. displacement
behavior. Tests were stopped as cracks initiated (indicated by a 10 %
drop of the maximum load).

3. Experimental results

In this work, LISIP experiments were systematically conducted,
aiming at evaluating the feasibility of the proposed novel AM strategy
and demonstrating the process capability toward solid-state 3D printing
of dissimilar metallic materials at different length scales.

3.1. Demonstration of LISIP process capability

3.1.1. 3D micro-lamination of metallic structure

LISIP experiments were carried out to fabricate 3D micro-laminated
Al structure, using 30-pm-thick Al foil and pure Al substrate. Note that,
Al alloy 7075 foils were used, which were normally considered as
unweldable material [56]. Firstly, we studied the laser intensity effect
on the bonding interface, as shown in Fig. 2a. Given a constant impact
distance of 300 pm, the interface with microcracks, seamless interface,
and interface with fracture microfeatures were clearly observed in
samples processing with a laser intensity of 3, 5, and 7 GW/cm?,
respectively. Furthermore, the effect of impact distance was investi-
gated. As shown in Fig. 2b, given a laser intensity of 5 GW/cm?, the
impact distance of 300 pm resulted in seamless bonding, while the
impact distance of 100 or 500 pm led to the observable interfacial
microcracks or partial delamination, respectively. Therefore, a laser
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intensity of 5.0 GW/cm? and an impact distance of 300 pm were selected
for Al-Al printing.

Accordingly, single-layer and multi-layer LISIP experiments were
successfully conducted, as shown in Fig. 3. The cross-sectional micro-
structure of single-layer printing was characterized by SEM and EBSD
(Figs. 3a and 3b). It was found that a seamless foil-substrate interface
was achieved, without any observable porosity, spatial gap, or micro-
crack. As observed in Fig. 3b, the seamless metallic bonding at in-
terfaces was realized. Note that the SEM and EBSD images in Fig. 3b
were taken from the same area of interface. Dynamic recrystallization of
grains at interfaces is further discussed in Fig. 6. The similar results have
been extensively reported in laser impact welding experiments [30-34].
More importantly, multi-layer LISIP of Al foils was performed to
demonstrate the process capability of 3D micro-lamination of metallic
structure. As shown in Figs. 3c and 3d, 6 layers of Al foils were printed
with the build direction perpendicular to the substrate surface. From the
SEM image and EDS analysis, the printing interfaces possessed different
morphological features as the printing layer increased. In specific, the
wavy interface was observed between the 1st and 2nd layer, while the
smooth interface was identified between the 5th and 6th layer. With the
increase of printing layer, the number of wrinkles at interfaces decreased
gradually. Note that it is well accepted that the interface morphology of
micro-laminated structures plays a critical role in determining their
bonding strength and quality due to the mechanical locking effect.
Similar to the fusion-based metal AM processes where the thermal cycle
affects the microstructure of previous printed layers [14-18], the cyclic
impact loading during LISIP is expected to introduce cyclic mechanical
stress to previous printed layers, leading to the change of interface
morphology. Moreover, it is also observed that the cyclic impact load-
ings during LISIP introduce cyclic compression to the previously printed
layers, leading to the reduction of layer thickness as compared to the
original thickness of printing foils. This interesting phenomenon re-
quires further investigation to understand how the changes of interface
morphology and layer thickness are affected by the cyclic impact

Fig. 3. 3D micro-lamination of Al structure using LISIP: (a) SEM and (b) SEM and EBSD images showing LISIP printing of single-layer Al thin foil on Al substrate with
seamless interface; and (c) SEM image and (d) EDS analysis showing 3D micro-lamination of Al structure.
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loading, and how the changes affect the bonding strength and quality of
LISIP-fabricated metallic structure.

3.1.2. AM of dissimilar metallic materials

As compared to fusion-based metal AM processes, solid-state metal
AM techniques often possess a major advantage of printing dissimilar
materials, such as demonstrated by ultrasonic AM [1-4] and friction stir
AM [5-8]. In this work, LISIP’s capability of printing dissimilar mate-
rials was evaluated, as shown in Fig. 4. Given a laser intensity of
5 GW/cm?, the Al foil with a thickness of 10 pm was bonded to the Mg
substrate using LISIP. The SEM image in Fig. 4a showed a smooth
morphology at the Al-Mg interface, and the EDS analysis in Fig. 4b
indicated no obvious elemental diffusion during the ultrafast impinging
of Al and Mg induced by laser shockwave. Furthermore, the
steel-Cu-Al-Ti micro-laminated composite was successfully fabricated
using LISIP (Figs. 4c-4e). Intuitively, we think various laser intensities
should be applied to various materials. However, based on our experi-
ments, we find that 5 GW/cm? is a good choice for those metal foils
employed in this work. This is further validated by the lap shear testing
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results in Fig. 7. One possible explanation is that, during LISIP, the
laser-induced supersonic velocity and ultrahigh impact loading (strain
rate) are the dominant parameters for solid-state bonding, while the
effect of intrinsic material properties is relatively limited (particularly
considering the thin thickness and light weight of metallic foils). On the
other hand, the laser-induced velocity and impact loading are mainly
determined by laser intensity. Therefore, 5 GW/cm? works for those
metallic foils used in our work. The OM and SEM images in Figs. 4c and
4d showed a smooth steel/Cu interface while a wave interface between
Al and Ti layers. The similar wave Al-Ti interface was reported as the
materials were bonding by laser impact welding [31]. It was found that
the higher impact velocity led to waves of higher amplitude and shorter
wavelength. The EDS analysis in Fig. 4e confirmed that no intermetallic
compounds or third phase were generated at interfaces during LISIP.
EDS line scan showed a sharp change of composition at bonding in-
terfaces, where the 2-pm-width composition changing zone at interfaces
was attributed to the EDS resolution. It is clearly observed that, LISIP
exhibits exceptional capability of printing dissimilar materials due to the
supersonic impact bonding mechanism (as discussed in Section 4).

Fig. 4. AM of dissimilar materials using LISIP: (a) SEM image and (b) EDS analysis showing LISIP printing of Al on Mg substrate; and (c) OM image, (d) SEM image,
and (e) EDS analysis showing LISIP-fabricated steel-Cu-Al-Ti micro-laminated composite.
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3.1.3. Printing-on-demand solid-state direct writing

Direct metal printing or writing processes offer the capability of
rapid, contact-free deposition of metallic materials towards applications
in microelectromechanical systems (MEMS), micro-electronics, hierar-
chical materials, etc. Unlike the drop-on-demand (e.g. laser-induced
forward transfer [57]) or solution-based (e.g. inkjet printing [58]) ap-
proaches, LISIP could be designed for solid-state direct metal writing
without in-situ heating to form liquid metal micro-drops or post-printing
thermal annealing. In this work, LISIP experiments were conducted to
demonstrate the process capability of printing-on-demand solid-state
direct metal writing. Given a laser intensity of 5.0 GW/cm? and laser
beam size of 2 mm in diameter, 30-pm-thick Al foil was written on Cu
substrate, where the computer-controlled multi-axis precision posi-
tioning system was applied for localized printing. The printing process
was schematically illustrated in Fig. 5a, and the printing result was
shown in Fig. 5b. As observed, Al spot pattern of “ISU” logo was suc-
cessfully fabricated. SEM image in Fig. 5b showed the morphology of
one printed Al spot, where the flat printing area was surrounded by a
ring of material jetting zone. The SEM image with a high magnification
and EDS analysis in Fig. 5c indicated the generation of localized frag-
mentations and shear bands in the material jetting zone due to large
straining at the bonding interface. Considering the nature of solid-state
printing, LISIP is expected to hold high compatibility with a wide range
of metallic materials, particularly for those difficult-to-print metals
using drop-on-demand strategies due to their high melting points. Note
that the results shown in Fig. 5 align with those achievable through
conventional laser impact welding (spot welding). More importantly,
Fig. 5 highlights the LISIP system’s ability to perform print-on-demand
writing in both the x and y directions. On the other hand, Figs. 3 and
4 demonstrate LISIP’s capability to print multi-layers in the z direction.
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Taken together (Figs. 3-5), the prototype LISIP system excels in
solid-state printing across all three dimensions towards AM of metallic
structures.

3.2. Microstructure evolution at printing interfaces

Conceivably, the high impact velocity in LISIP might cause a con-
spicuous change in grain structure and texture in the materials near the
interface. In cold spray, adiabatic shearing was reported as a result of
high strain rate deformation. Adiabatic shear bands were typically
observed in materials with a relatively low thermal conductivity and a
low work hardening coefficient [19-25]. During impact loading, large
plastic flow is incurred at a high strain rate. During dynamic deforma-
tion, the majority of the plastic work is converted to thermal energy
which is unable to be dissipated to the surrounding material. As a result
of the heavy plastic deformation and localized heating, dynamic
recrystallization may occur. This behavior is indeed observed in our
LISIP processing. Figs. 6a-6d showed the microstructure and texture
evolution when Al foil was bonded to an Al substrate. Before LISIP
(Fig. 6a), large grains can be observed in the Al foil. A strong {100}
texture can also be seen. After LISIP (Fig. 6b), the grain size was
significantly refined. The average grain size was reduced from 13 to 15
pm before printing to 4-6 pm after printing. Fine, new grains were
formed as a result of dynamic recrystallization. The {100} texture was
also weakened. Figs. 6¢-6d showed the grain boundary distribution in
the Al foil before and after LISIP. We highlighted the high angle grain
boundaries (HAGBs) with a misorientation angle greater than 15° with
black lines, whereas those low angle grain boundaries (LAGBs) were
displayed as green lines. Again, a conspicuous grain refining can be
observed during LISIP.

Fig. 5. Printing-on-demand solid-state direct writing using LISIP: (a) schematic illustration and (b) optical and SEM images showing direct writing of Al spot pattern
of ISU logo on Cu substrate. (c) SEM image and EDS analysis showing one LISIP-printed Al spot with material jetting zone and localized fragmentation.
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Fig. 6. Microstructure evolution at the printing interfaces in LISIP: (a) The grain structure and texture of the Al foil before LISIP. (b) Grain refining occurred during
LISIP. After processing, the {100} pole figure indicated a weakened texture. (c) and (d) Grain boundary distributions before and after LISIP. The high angle grain
boundaries (HAGB) with misorientation angle > 15° are highlighted with the black lines. Significant grain refining can be seen.

3.3. Evaluation of interfacial bonding strength

In order to evaluate the quality of LISIP-fabricated bonding in-
terfaces, lap shear tests based on the ASTM D3165 standard [54,55]
were conducted (as illustrated in Fig. 7a). Note that, the lap shear test
has been extensively used to study the bonding quality for other sheet
lamination processes. The fracture morphology of a LISIP-fabricated
Al-Al joint after lap shear test was shown in Fig. 7b. As observed, the
fracture occurred outside the bonding area while the bonding area
remained intact, demonstrating the fracture mode of nugget pull-out
(fracture of base material) rather than interface debonding. This frac-
ture morphology and mode indicated a high-quality bonding interface
was achieved by LISIP. The values of the failure loads at the fracture
initiation as affected by the laser power intensity were summarized in
Fig. 7c (the cases of Al-Al, Al-Cu, and Al-Ni joints). It was found that for
all three cases, solid-state bonding can be achieved while the applied
laser intensity was higher than 3.0 GW/cm?, while the optimized
bonding strengths were obtained by a laser power input of 5.0 GW/cm?2.
For instance, of Al-Al joints, the optimized failure load was measured to

be around 28 N, indicating a lap shear strength up to 18 MPa (defined as
the ratio of loading force to bonding area). The recorded failure load was
comparable to those of joints fabricated by laser impact welding as re-
ported in literature, such as the failure loads of 18 N for Al/brass joints
[591, 24 N for Al/Ti bonding [31], and 20 N for Cu/Al interfaces [60].
Moreover, the failure loads at various layer interfaces were measured
using LISIP-fabricated multilayer Al structure. As observed in Fig. 7d,
the increasing of printing layer does not have a significant effect on the
interfacial bonding strength.

4. Discussion

In addition to experimental investigation, to gain a fundamental
understanding of the process mechanism involved in LISIP, first-
principles modeling of laser-matter interactions and finite element
method (FEM) simulation of supersonic impact bonding were per-
formed, aiming to understand the laser-induced shockwave propaga-
tion, the acceleration of metal flyer, and the large straining at the
bonding interface.
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Fig. 7. Results of lap shear tests: (a) schematic of lap shear test; (b) fracture morphology indicating the fracture mode of nugget pull-out of LISIP-fabricated Al-Al
joints; (c) failure loads as affected by laser intensity: the cases of Al-Al, Al-Cu, and Al-Ni joints; and (d) failure loads at various layer interfaces (the case of LISIP-

fabricated multilayer Al structure).

4.1. Laser-Matter Interaction during LISIP

Comprehension of the governing mechanism in the LISIP process
starts with the understanding of laser-matter interactions and the
resulting plasma dynamics responsible for the acceleration of metal
flyer. The comprehensive laser-matter interactions during LISIP can be
considered as two steps: 1) absorption and conduction of laser energy;
and 2) generation and expansion of laser-induced plasma.

In the first step of laser-matter interactions, once the nanosecond
laser pulse interacts with the ablative material, the incident photon
energy is rapidly absorbed by electrons, resulting in their instantaneous
thermalization within femtoseconds. The subsequent electron-phonon
emission leads to the energy transfer to the lattice at the time scale of
picoseconds. The conservation of energy can be referred to [61,62]. The
source term for the incident laser pulse is a function of laser intensity,
the absorption coefficient and laser beam spot size. For a nanosecond
laser pulse during LISIP, electrons and ions rapidly achieve thermal
equilibrium for adequately long laser pulse. In the second step, during
LISIP, the laser-induced plasma is generated by the cascade process of
ionization, and the evolution of plasma is governed by the coupled mass,
momentum and energy transport (MMET) processes. The plasma evo-
lution can be described using a two-fluid MMET model, in which the
plasma density, pressure, and plasma front velocity are quantified [61].

In our previous work [63], a first-principles theoretical model
capable of predicting the plasma dynamics during nanosecond LSP was
developed. Details of model development can be referred to [63], the
modeling results were validated by reported experimental data. In this
work, the LSP model was applied to simulate the temporal evolution of
laser-induced plasma pressure in LISIP. The predicted pressure profile
was used as an input for FEM simulation of laser-induced impact
bonding mechanism. As illustrated in Fig. 8, given a laser wavelength of
1064 nm and laser pulse duration of 7 ns, the peak pressure of
laser-induced plasma increases from 4.6 to 5.8 GPa by increasing the
laser power intensity from 5.1 to 6.4 GW/cm? A sharp increase of

Fig. 8. The simulated temporal evolution of laser-induced shockwave pressure
during LISIP.

plasma pressure is observed until 20 ns, followed by a gradual decrease
over time. The pressure profile lasts longer than 100 ns, providing suf-
ficient duration for launching and accelerating the metal flyer during
LISP.

4.2. Solid-state impact bonding during LISIP

Aiming to advance the understanding of metal flyer acceleration and
solid-state interlayer impact bonding during LISIP, a two-stage compu-
tational 3D FEM model was developed using ABAQUS software.
Considering the high-velocity impact and significant deformation during
LISIP, a dynamic explicit method was employed [64-69]. Figs. 9a and 9b
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Fig. 9. FEM model to simulate laser-induced acceleration of metal flyers in LISIP: (a) loading and boundary conditions in a fully Lagrangian model, and (b) FEM
mesh. FEM model to simulate supersonic impact bonding in LISIP: (c¢) loading and boundary conditions for the coupled Eulerian-Lagrangian model, and (d)

FEM mesh.

showed the model configuration for simulating the laser-induced ac-
celeration of metal flyer (Stage I), where the predicted temporal evo-
lution of laser shock pressure in Section 4.1 was uniformly applied
across a circular area as the mechanical loading input, and the size of
circular area was defined by the laser beam diameter. Lagranigain’s
numerical approach was employed [64], and the C3D8RT elements were
assigned to the thin foil with hourglass control. The front and rear
corners of the thin foils were clamped to simulate the experimental
condition.

The focus of simulation effort in Stage II was placed on under-
standing the adiabatic sharing mechanism in terms of interfacial large
straining, material jetting, and localized temperature profile. To simu-
late Stage II, the Eulerian approach [70] was applied to model the sce-
nario of extreme deformation during solid-state impact bonding, since it

sidesteps the limitation of mesh distortion inherent to traditional
Lagrangian approach. The Coupled Eulerian-Lagrangian (CEL) analysis
[64-66,68] was employed, allowing materials in the Eulerian domain to
interact with elements in the Lagrangian domain via
Eulerian-Lagrangian contact. Figs. 9c¢ and 9d showed the model
configuration for Stage II, where the dimensions of metal flyer were set
to 1.5 mm in diameter and 30 pm in thickness, the substrate was
considered as a cylindrical solid (3 mm in diameter and 500 pm in
thickness) with the backside being completely fixed, and an impact
distance of 300 um was applied. As reported in literature focusing on
cold spray modeling [64-67], to address the mesh sensitivity issue, it
was recommended to use a mesh size as 1/25 of the radius of impinging
particles in cold spray. In this study, the mesh size in the impact bonding
zone was set as 1/25 of the thickness of metal flyer. The flyer and
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substrate were meshed by C3D8RT element, whereas the Eulerian
domain was simulated using EC3D8RT element. An advanced
Eulerian-Lagrangian contact formulation based on an enhanced
immersed boundary method was applied [64-66,68]. To simulate the
elastic, plastic, and damage behaviors of the material, the Mile--
Griineisen equation [71], the Johnson-Cook model [72,73], and the
Johnson-Cook ductile damage criteria [72,73] were employed, corre-
spondingly. Detailed equations can be referred in [71-73].

In this study, LISIP modeling was performed to investigate laser-
induced Al to Al bonding. Simulation parameters include the laser in-
tensity of 5 GW/cm?, beam size of 1.5 mm, corresponding peak pressure
of 4.7 GPa, and simulation duration of 200 ns for both Stage I and Stage
II. Other material properties and parameters were summarized in
Table 1 [52,64]. The FEM modeling results of Stage I were presented in
Fig. 10. As observed in Figs. 10a and 10b, a dramatic increase of velocity
was induced at the beginning of the process until 30 ns, when the
shockwave pressure reached its maximal value. Afterwards, while the
shockwave pressure was alleviated, the rate of escalation in velocity
slightly decreased. As the processing time reached 60 ns, the velocity
approached a plateau with slight fluctuation around 1250 m/s, since the
damage initiation at this point and the shockwave energy is dissipated
by damage propagation. As shown in Fig. 10c, the maximal von-Mises
stress higher than material’s ultimate tensile strength occurred at the
circumference of laser beam area, resulting in the damage initiation sites
(80 ns). As time passed, at 120 ns, the partial separation of the flyer from
the metal foil was observed. Once time reaches 160 ns, the flyer was
fully separated from metal foil and projected with a projection velocity
of 1250 m/s. Note that the simulated metal flyer velocity is comparable
to the measured experimental data in literature of laser impact welding.
It was reported that given a Al foil with a thickness of 25 pm, the
measured impact velocity is as high as 1000 m/s, and the impact ve-
locity decreased with the increase of metal flyer thickness [31].

Using the impact velocity of 1250 m/s, FEM simulation of Stage II
was conducted. Fig. 11 depicted the temporal evolution of equivalent
plastic strain, shear stress, temperature, and the resultant velocity vec-
tors at the bonding interfaces. As shown in Fig. 11, the initiation of
material jetting phenomena was observed at 10 ns, where an intense
plastic strain (~200 % in Fig. 11a) occurred at the boundary of the flyer,
and the resultant velocity vectors were highly directed outwards at the
flyer boundaries (Fig. 11d). The supersonic impact loading resulted in a
localized concentration of interfacial deformation particularly at the
edges of the flyer, which was where the material experienced the most
intense shear. The localized plastic strain increased over time with an
average strain level of 300 % in the material jetting zone at 40 ns
(Fig. 11a). Meanwhile, as predicted in Fig. 11b, the compressive stresses
at the bonding interface and material jetting zone with a value as high as
—280 MPa occurred at the beginning of impact bonding until 10 ns.
With the increase of loading time, the material spring back and jetting
phenomena resulted in a redistribution of LISIP-induced compressive
stress, where the compression zone with a deeper depth and a lower
average stress value was generated. For instance, at 40 ns, the depth of
compressive zone increased to larger than 100 pm and the average stress

Table 1

Material parameters of Al used for FEM simulation of LISIP [57,67].
Mass Density, p (kg/m>) 2710 co (m/s) 5380
Shear Modulus, G (GPa) 27 s 1.337
Heat Conductivity, k (W/mk) 273.2 Iy 2.1
Specific Heat, ¢ (J/kgK) 898.2 To (K) 273.2
A (MPa) 148.4 Tm (K) 916
B(MPa) 345.5 D; 0.5
n 0.183 D, 4.89
m 0.895 D3 3.03
C 0.025 Dy 0.014
& 1 Ds 1.12
Friction Coefficient, 0.3
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level was reduced to —40 MPa. The combined frictional heating,
shearing motion and high-pressure contact conditions generates heat at
interface and results in temperature elevation at the boundaries of the
flyer and the substrate. These high strain shearing and high-pressure
contact at the bonding interfaces led to a substantial thermal response
upon contact. As predicted in Fig. 11c, the interface temperature rapidly
escalated up to ~600 K at the beginning of impact bonding, indicating a
highly exothermic interface phenomenon. The instantaneous tempera-
ture elevation at interface might cause thermal softening, benefiting the
interfacial straining. At 10 ns, a discernible thermal diffusion was
observed with the heat propagating into the substrate. A pronounced
temperature gradient remained concentrated around the flyer periph-
ery. In fact, these phenomena occurred in a short duration with inade-
quate time for heat dissipation. This was well accepted as the adiabatic
shearing mechanism. Moreover, the velocity vector field predicted in
Fig. 11d showed that the high relative motion at bonding interfaces
increased over time and reached ~700 m/s at 40 ns at the flyer edge,
indicating the pronounced material jetting behavior as a result of
adiabatic shearing.

4.3. Engineering challenges and future research directions

Despite experimental data and modeling results in this study, as an
innovative solid-state metal AM process, LISIP is still in its infant stage,
and further investigations are required to fill scientific knowledge gaps
and tackle engineering challenges towards the establishment of LISIP for
a variety of industrial applications. The potential challenges and pro-
posed future research directions are discussed as following:

e Understanding of process-microstructure relationships. Future
experimental efforts are expected to focus on investigating the
process-microstructure relationship during LISIP. Detailed correla-
tions between processing conditions (laser intensity, beam size,
metal foil thickness, impact distance, impact angle, etc.) and
microstructural features (interfacial morphology, grain size, void,
dislocation/twinning density, etc.) need to be developed for process
control and optimization. To achieve this objective, a scientific un-
derstanding of interfacial dynamic recrystallization as affected by
adiabatic shearing is of specific importance. Moreover, similar to the
cyclic thermal loading during fusion-based metal AM, particular
attention should be placed on the cyclic impact loading effect on the
interfacial microstructure evolution.

Elucidation of laser-induced solid-state bonding mechanism. It is
well accepted the supersonic impact bonding is accompanied by
adiabatic shearing phenomena, where the oxide layer removal, large
straining, materials jetting, and localized temperature rise take place
at the bonding interfaces. However, it remains elusive if the metallic
bonding at the atomic level is attributed to the interfacial diffusion
mechanism. If so, how the atomic diffusivity is affected by intrinsic
material properties (lattice structure, grain characteristics, strength-
ductility synergy, etc.) and how the diffusion ratio is influenced by
the LISIP conditions (impact velocity, impact angle, etc.). Funda-
mental investigations on the bonding mechanism during LISIP,
particularly materials modeling and/or high-resolution microscopic
imaging at the atomic level, are necessary for a complete under-
standing of process mechanism.

Understanding of microstructure-property relationship. Under-
standing of properties of LISIP-printed structures as affected by
microstructural features requires further research and development
efforts. Particular attention is expected to be paid to investigate the
effects of interfacial microstructure (grain structure and morpho-
logical features) on the mechanical performance of 3D-printed parts
(strength, ductility, fatigue life, etc.). It is of specific interest to un-
derstand the effect of periodic laminated grain structure (coarse-
refined-coarse-refined grains) on the strength-ductility synergy, and
the effect of laser-induced compressive residual stresses on the
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Fig. 10. FEM simulation of laser-induced acceleration of metal flyer during LISIP: (a) temporal evolution of flyer velocity and laser shock pressure; (b) contour plots
of velocity; and (c) von Mises stress distribution.

improved material durability. We envision the gained knowledge
will lead to future 3D geometric design of high-performance metals
or alloys with multi-mode grain structures.

Process scalability and macro-scale AM. The laboratory-scale LISIP
system developed in our research has demonstrated the capability of
LISIP for AM at the length scale from micrometer to centimeter. To
enable macro-scale AM in industrial production systems, the
industry-scale LISIP system needs to be developed, where a nano-
second pulsed laser with a higher laser power is expected. Given the
same level of laser intensity which is sufficient high to trigger the
laser-induced solid-state bonding, the laser system delivering a
higher laser power can be used for LISIP with a larger beam size,
which is the critical bottleneck restricting the process scalability. In
addition, further experimental study using a high-power laser system
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is needed to investigate the maximal metal foil thickness for LISIP,
which is also beneficial for process scalability. However, utilizing a
high-power laser system often leads to safety concerns and specific
operation regulations, which need to be fully incorporated while
developing the industry-level LISIP system.

Process effectiveness and efficiency for AM of parts with complex 3D
geometry. The same as other sheet lamination processes, post-
printing machining is often required for achieving the pre-designed
complex 3D geometry. We envision that industry-scale LISIP equip-
ment should be integrated with a multi-axis machining tool to
develop a hybrid manufacturing system (additive and subtractive
manufacturing). This design concept has been realized for the
commercialized industry-scale ultrasonic AM system. Moreover, to
improve the process efficiency, a continuous metal foil delivery
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Fig. 11. FEM simulation of Al-Al impact bonding during LISIP: temporal evolutions of a) equivalent plastic strain, b) shear stress distribution, (c) temperature profile,
and d) velocity vector field at the bonding interface.

system will be incorporated, such as utilized in roll-to-roll printing
systems.

Process applications. The success of LISP development is expected to
find applications in various industries. LISIP-enable solid-state direct
metal printing in micrometer or millimeter will benefit the designs of
microelectromechanical systems (MEMS), micro-electronics, meta-
materials, and hierarchical materials, such as AM of high-
performance metal interconnects, contacts, and electrodes for flex-
ible electronic devices, particularly for those requiring vertically
stacked metal electrodes (thin-film transistors). In addition, LISIP’s
capability of printing dissimilar materials will lead to novel com-
posite material designs with unique mechanical and/or physical
properties towards structural, biomedical, or aerospace applications.
The nature of solid-state bonding by LISIP will benefit the repair and
remanufacturing of difficult-to-weld metallic materials such as Mg
alloys.

Conclusions

In this work, a novel solid-state metal AM process, LISIP, was

developed, in which solid-state 3D printing of metallic materials was
realized by laser shock-induced impact loading. LISIP experiments were
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performed using a laboratory-scale LISIP system to evaluate the process
capability. The interfacial microstructure was characterized, and the lap
shear strength at bonding interfaces was tested. The process mechanisms
were investigated by first-principles modeling of laser-matter in-
teractions and FEM simulations of adiabatic shearing at metallic in-
terfaces. The major conclusions include:

Experimental data demonstrated LISIP’s capability of achieving 3D
micro-lamination of metallic structure, AM of dissimilar materials,
and printing-on-demand direct writing at various length scales from
micrometer to centimeter.

High impact velocity at bonding interfaces during LISIP resulted in a
significant grain refinement effect by dynamic recrystallization. The
cyclic impact loading led to the change of interfacial morphology
from smooth to wave interfaces.

The lap shear test of LISIP-fabricated Al-Al joints showed a failure
load up to 30 N, indicating a high-quality metallic bonding at Al-Al
interfaces with a lap shear strength up to 18 MPa.

The modeling results indicated that laser-induced shockwave during
LISIP led to the impact velocity of metal flyer higher than 1000 m/s,
the large plastic strain of over 200 % and the localized temperature
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rise to 500 K at the bonding interfaces due to the adiabatic shearing
mechanism.

Moreover, the scientific knowledge gaps and engineering challenges
towards the establishment of LISIP were discussed, and the future
research direction were proposed. We envision that the findings and
knowledge gained in this work will serve as the very first milestone
towards broad impacts of LISIP for various industrial applications.
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