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ARTICLE INFO ABSTRACT
Keywords: A versatile solid-state cladding technique named high-velocity laser accelerated deposition (HVLAD), which is
High-velocity laser accelerated deposition capable of creating highly uniform coverage on various surfaces, is reported here. The method is a non-thermally
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driven, mechanically based process that relies on laser peening (LP) technology which has been used for com-
mercial applications for decades. In HVLAD, a high-intensity laser is used to accelerate, propel, and deposit small
areas of a thin film in a controlled step-by-step manner onto a substrate. This process can be repeated until a
desired thickness of material is deposited onto the substrate. This technique does not generate any large vari-
ations in temperature between the thin film and the substrate material. Instead, it employs intense laser pulses
with energies up to 50 J for a duration of 8-50 ns to create a plasma generated pressure wave which accelerates
the thin film in the order of a few hundred meters per second into the substrate material. Two cladding methods
were evaluated in this study including the confined method, which incorporates a confining water media and a
vinyl tape overlay, and the unconfined method which does not. High speed and thermal imaging cameras showed
no macrolevel melting or significant temperature increase in the clad or substrate material during the cladding
process, however signs of microlevel melting and re-solidification were observed at the interface primarily in
specimens cladded using the unconfined method. Grain structures in adjacent areas to the clad location remained
preserved using both methods, and no signs of any phase or alloy composition changes, except for at the
interface, were observed. The effects of a confining media (water) and vinyl tape in the process were studied both
analytically and experimentally and a change in the deposition mechanism was observed. With further research
and development this technique has the ability to be used to deposit a variety of coatings without any limitations
dictated by their strength on complex geometries in a cost-effective manner. The HVLAD process can be
implemented to deposit corrosion, wear, thermal, and even impact-resistant coatings with strong bonding on a
wide range of substrates.

1. Introduction solid-state processes [3-8]. Also, there is no need for a subsequent heat
treatment to release the residual stresses that might affect the func-
There is a significant need for the development of novel techniques tionality of the structure or considerations for the difference in the
for joining dissimilar materials. In this regard, solid-state joining pro- melting points or thermal expansion coefficients of the joining materials
cesses are of interest, not only because a smaller quantity of defects are that are major drawbacks in fusion-based processes [9,10]. Another
formed due to the absence of the liquid phase during the process and low advantage of solid-state joining processes is that non-ferrous alloys
heat input conditions, but also since solid-state processes do not have which are challenging to join using fusion welding, can be joined readily
common drawbacks of many other joining techniques [1,2]. Residual by implementing solid-state techniques and without the need for a filler
stresses that cause expansion or distortion of the structure, localized material. The contact interface between the parts in fusion-based
changes in the hardness, formation of a heat affected zone, solidification welding operations is typically composed of seams or even sparse
cracking, and creation of anisotropic mechanical properties that are spots, while in many solid-state processes, the entire contact interface
relatively common in fusion-based joining processes are not an issue in between the two parts is the welded joint [2].
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A wide range of cladding and coating techniques have been devel-
oped and implemented in recent years such as flame spray, plasma
spray, high-velocity oxy-fuel (HVOF) deposition, and cold spray
[11-14]. However, many of these techniques suffer from disadvantages
such as relatively weak interfacial bonds, and voids that develop during
the processes. Additionally, in many of these techniques, such as
chemical vapor deposition (CVD) and physical vapor deposition (PVD),
delamination of the coating material occurs which worsens with an in-
crease in the thickness of the coating material [15]. While these tech-
niques can produce coatings with a relatively narrow range of elemental
compositions, other challenges such as the surface roughness of the
coating, which is amplified due to low mass flux in CVD and PVD, still
need to be addressed.

The demand for dissimilar material joining processes across various
industries, in addition to the deficiencies in current material joining
techniques, emphasizes the need for the development of solid-state
joining processes. In such processes there are fewer defects in the
joined material due to the absence of the liquid phase. The difference in
the melting points of the materials is not an issue, and other thermal
related issues such as thermal expansion and warping, which are com-
mon in diffusion-based techniques, are not of concern.

Laser-based deposition technologies are widely used, and new
methods are emerging at an unprecedented rate [16-20]. There are
three main laser-based methods to produce coatings: laser chemical
vapor deposition (LCVD); pulsed laser deposition (PLD), and laser
cladding. In both LCVD and PLD there is no need of using powder or
wire. In the third group, material in the form of blown powder, or a wire
feed is typically added to a substrate via a thermally induced melt pool
to achieve a surface layer with desirable dimensions and mechanical
properties. The main role of the laser in these types of processes is to
generate the concentrated heat source which creates a melt pool
allowing the deposited material to fuse to the substrate. The influence of
various process parameters such as feed rate, hatch spacing, powder size
distribution, deposition pattern, input energy, etc. have all been widely
studied [21,22]. While there is little doubt in the effectiveness of
deposition using these techniques, due to the fact that these techniques
are thermally driven, voids, phase changes, inconsistent diffusion,
microcracks, anisotropic grain structures, and crystallographic texture
are expected to occur [23,24]. Furthermore, issues related to the re-
sidual stresses in the cladded parts that lead to high hardness and
distortion as well as anisotropic properties that develop in the laser-
cladded components are other drawbacks of the laser cladding tech-
nique that need to be fully controlled in order to use this technique for
the fabrication of functional components [25-29]. Additionally, due to
the large temperature gradient between the low-temperature substrate
and the high-temperature melt pool, rapid solidification of the molten
material can lead to relatively weak bonds between the substrate and the
newly deposited material if improper process parameters are used. This
problem has been mitigated to some extent in techniques such as blown
powder laser cladding, but it still remains a limitation in other laser-
based cladding techniques. Although precise control over process pa-
rameters can mitigate detrimental microstructural variations and
enhance the uniformity of the bonded material which leads to improved
mechanical properties [30], there are still several impediments to the
widespread utilization and adoption of laser-based deposition technol-
ogies [24,31]. Considering all these challenges, exploring a more effi-
cient cladding process is of immense interest.

The aforementioned issues have led to the onset of solid-state laser-
based joining processes which can be implemented for the coalescence
of dissimilar materials in their solid-state without actually melting them.
In solid-state welding, typically, the bonding is achieved through
generating plastic deformation of the parent materials by implementing
different forms of energies [1]. While usually joining is resulted from the
application of the pressure alone, in some cases, a combination of heat
and pressure is also applied. However, in the latter scenario, the tem-
perature stays below the melting temperature of the materials that are
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welded and the generated heat is not sufficient to results in any melting
at the macroscale while localized melting might occur. The use of
pressure and shock waves for joining dissimilar materials in processes
such as explosive welding and magnetic pulse welding has been
explored and commercialized in recent years [32-35]. In explosive
welding an energy source is implemented to propel a moving flyer plate
into a stationary substrate at very high velocities, creating a solid-state
bond at the metal interface where metallic bonds are generated be-
tween metallic surfaces without any macrolevel melting [36]. This is
achieved at high pressures which induce severe plastic deformation that
deforms asperities on the surfaces and breaks through the oxide layers to
form a bond between the two surfaces in the bonding region. The grains
near the bond interface are typically refined due to the work hardening
induced during the process. However, since the process is performed
locally at the interface, grains in nearby regions do not exhibit any grain
structure alteration. A wide range of materials including carbon steels,
copper, nickel, gold, titanium, etc. have been welded together using this
technique [37,38].

Laser impact welding (LIW) benefits simultaneously from impact
welding and laser-driven flyers to join thin films (up to around 200 pm in
thickness) of dissimilar materials [39-41]. This method is most suitable
for thin metal foil joining, which is widely needed in micro-electronics,
medical devices, batteries, etc. A main advantage of this method is its
independency on the electrical conductivity of the cladding material and
the substrate [32]. Similar to explosive welding, in this technique a flyer
plate is accelerated to an extremely high velocity, in the order of a few
hundred meters per second, with a high strain rate of around 10 571,
using a laser pulse to create a bond with a substrate. Wang et al. [42]
studied the interface in aluminum-titanium specimens and reported that
due to the uneven vertical impact pressure present in LIW, several areas
referred to as the smooth interface, intrusion structure, nanocrystal
structure, diffusion structure, and the porous structure were formed. The
uneven and wavy nature of the interface in LIW has also been reported
previously in several different reports [43-45] and has been extensively
discussed by Zhang et al. [32]. However, in contrast to other similar
methods, the geometry of the waves varies throughout the length of the
bond [42]. The lower and more localized energy input used in this
technique, when compared with similar methods such as explosive
welding, results in less disturbance to the microstructures in areas
adjacent to the weld-spot [46], and the grain refinement only occurs up
to a distance of about 10 pm from the boundary of the weld-spot [47].
Transmission electron microscopy revealed the diffusion of atoms be-
tween both the thin film and the substrate [42]. Additionally, “island
diffusion” (i.e., non-continuous and localized diffusion) of the thin film
material into the substrate was also observed and attributed to micro-
level melting phenomenon. Therefore, it can be concluded that the in-
tensity of this diffusion is affected by both the impact velocity and the
melting temperatures of the metals being bonded together [48].

While the developed solid-state cladding processes are superior and
more desirable compared to fusion-based techniques due to their
outstanding attributes such as fabricating joined materials with less
defects, lower tensile residual stresses, and more uniform mechanical
properties, deficiencies such as the presence of porosities still appear as
problems. This has led to the demand for more efficient solid-state
joining processes that not only can be implemented for the fabrication
of structures with a lower density of defects and residual stresses but also
with more uniform distribution of microstructures and mechanical
properties. Herein, a relatively new process, called high-velocity laser
accelerated deposition (HVLAD) is reported. This technique was first
introduced by Hackel et al. in Lawrence Livermore National Laboratory,
USA [49,50], but further studies in academia were very limited. This
method can be used to clad a thin film onto a substrate to create a thin
protective coating using pressure waves generated from intense laser
pulses. Since HVLAD is a solid-state process, it eliminates prevalent
problems such as significant microstructure evolution, hot cracking,
elemental segregation, and high level of destructive tensile residual
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stresses that are attributed to the fusion-based techniques [51-55]. Also,
since the process is conducted without melting or introducing a liquid
phase, the presence of fine dispersoid particles or particles which have
different densities and melting points than the base material has been
eliminated. Furthermore, the process is applicable to thin metal foils
without creating any warping or deformation. Modifications imple-
mented in this technique, such as the removal of the spacers between the
thin film and the substrate, distinguishes this method from LIW, and
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results in higher efficiency and more facile setup preparation. The role of
the water overlay (confining media) and the ablative layer (vinyl tape)
in this process are also carefully studied and the results indicate a sig-
nificant increase in inducing pressure using the confined mode. The
higher pressure applied during the cladding in the confined mode
compresses the pores which lowers defect density per volume and
eliminates the necessity of conducting time-consuming postprocesses.
While in the unconfined mode, with the absence of the confining water
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Fig. 1. (a) A schematic of the setup for the cladding process and (b) an image of the setup with different instruments labeled.
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media and the ablative overlay, a transition in the deposition process
was observed in which the mechanically-driven deposition process
appeared to exhibit thermal effects which resulted in microlevel melting
at the interface.

2. Experimental method

The experiment was conducted using a Q-Switched Nd:YAG laser
(Powerlite DLS Plus), operating at a frequency of 10 Hz, a wavelength of
1064 nm, a power density of 6 GW/cm?, and a pulse duration of 8 ns
with a 3 mm diameter circular spot size at The University of Alabama.
These specific process parameters were selected to ensure that the
aluminum would properly adhere to the steel substrate. Preliminary
tests proved that higher laser intensities tore the aluminum foil apart
through a combination of thermal effects and high pressure, and the
lower laser intensities were not sufficient for accelerating the thin film
into the substrate. All tests were performed at room temperature in an
open environment. The laser beam spatial shape had a high-order super-
Gaussian profile. In this process the 1100 aluminum foil (10 pm thick)
with dimensions of 3 x 3 cm was placed onto a ST14 steel substrate with
a width and length of 10 cm and 10 c¢m, respectively. The aluminum foil
was placed on the steel plate, and it was stuck and sealed with adhesive
tape all around it in the shape of a square. By doing this, it was ensured
that the foil was in contact with the steel plate and there was no clear
gap between them. The target plate (steel) was large in all dimensions
relative to the clad material (aluminum) and was angled 15° from
perpendicular to the laser as shown in Fig. 1(a). The cladded area was
approximately 10 mm x 10 mm, and three different cladding patterns
were tested (simple matrix, simple hexagon, and face-centered) as
shown in Fig. 2(a-c). The surface of the substrate was lightly polished
using 4000 grit grinding paper before the cladding process to provide a
clean surface for HVLAD. The cladding experiments were tested in two
different modes: (1) without any confining media (unconfined mode,
also known as direct ablation), and (2) with both water as the confining
media and vinyl tape as the ablative layer on the thin film (confined
mode). The primary purpose of using the vinyl tape as the ablative
overlay in the confined mode is to enhance the formation of the plasma
on the surface of the clad material. This ablative layer is also used to
mitigate the thermal effects on the clad material, making it a primarily
mechanically-driven process.

After the cladding process was completed, the specimens were cut
using a Mitsubishi FA20S Wire-EDM machine using a standard 250 pm
brass wire (Cu—36Zn) in a DI-water dielectric tank. Subsequently, the
specimens were mounted and polished through standard metallurgical
procedures. This included grinding the samples using a mechanical
polisher with 240, 600, 800, 1200, and 2400 grit SiC grinding pads,
followed by 3 and 1 pm colloidal silica suspension solutions. After me-
chanical polishing, mounted specimens were polished on a vibratory
polisher with a 0.05 pm colloidal silica suspension solution for 24 h.

38R

(a) (b) (c)

Fig. 2. Different deposition patterns including the (a) simple matrix, (b) the
simple hexagon, and (c) the face-centered pattern. The face-centered pattern
includes three layers. Each pattern was used to deposit a single layer of
aluminum. Subsequent layers were only added after each pattern
was completed.
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Both the top and cross-sectional views of the cladded substrate were
characterized using a scanning electron microscope (Apreo FE-SEM)
equipped with electron back scatter diffractor (EBSD). An acceleration
voltage of 30 keV was used at a working distance of approximately 16
mm from the SEM column with a step size of 0.1 pm.

The nanomechanical properties of the thin film (aluminum foil)
before the cladding process, the substrate, and the cladded material after
multiple layers of cladding using both cladding methods were all ob-
tained using an instrumented nanoindenter (Anton-Paar, 'ITX-NHTZ)
equipped with a diamond Berkovich tip. Nanoindentation tests were
conducted with a 15 s dwell period at a maximum load of 25 mN. The
surface morphologies were studied using a KEYENCE VHX-7000 optical
microscope with a VHX-7100 optical head as well as a profilometer (KLA
Tencor D-500). A compact professional thermal imaging camera (FLIR
C2) was also used to measure the temperature distribution over the
surface of the specimen during the cladding process, and a Vision
Research Phantom V611 high-speed camera was used to record the
event. The recording was saved into a series of images utilizing a
framerate of 55,000 fps. A schematic of the setup and the actual setup
used during the cladding process are provided in Fig. 1(a) and 1(b),
respectively.

3. Results and discussion

During the confined method, the high peak power laser beam is
propagated through a non-compressible transparent tamping layer,
herein, a thin layer of running water. After passing through the water,
the laser beam interacts with either an ablative layer or the actual ma-
terial surface. The intense irradiance of the light (typically 0.2-10 GW/
cm?) ablates a thin, micrometer-range, layer of surface material creating
and heating a plasma in <1 ns to a temperature in the range of 15,000 K.
The plasma conforms itself to the contour of the clad material surface
and generates a pressure pulse [56-60]. This accelerates the dense metal
foil (referred to here as the clad material) over a very short duration of
time, typically a few nanoseconds, in the range of hypersonic velocities.
While the clad material is on top of the substrate, a small gap, approx-
imately around 20-30 pm, exists between the two. The oblique substrate
causes the impact process to generate intense shear stress. When the clad
material collides with a high velocity and with a very high pressure that
exceeds the yield stress of the cladding material, plastic deformation and
bonding with the substrate are accomplished. While the nature of this
bonding needs additional studies, it is hypothesized that the impact
pressures are high enough to bring the surface atoms into direct contact,
creating a high strength chemical or metallic bond. Also, severe plastic
deformation at the interface can lead to mechanical alloying. The
specimens fabricated using the confined method were typically much
smoother than those fabricated using the unconfined method (Fig. 3(a-
).

In the unconfined mode, the laser interacts with the surface of the
clad material and the plasma is formed directly at its surface. In this
case, the plasma dissipates as soon as the laser pulse ends in several
nanoseconds, and much smaller pressure waves are generated. The lack
of the ablative overlay intensifies the thermal effects of the laser at the
surface of the clad material. Also, since there is no confining media to
prevent the plasma from expanding away from the surface of the clad
material, the induced peak pressure and the duration of the pressure
wave are both reduced. The specimens fabricated using the unconfined
method were much less uniform and exhibited more sporadic bonding as
compared to those fabricated using the confined method (Fig. 3(a-i)).
These optical images indicate the difference in the two cladding
methods and highlight the transition from a primarily mechanically-
driven process to one in which thermal effects are also present in the
absence of the confining media and the ablative overlay.

One also needs to consider how the ablative layer influences the
cladding process in the confined mode. The ablative layer is composed of
a solid material on one side, and an adhesive on the back side. When an
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Fig. 3. Optical microscopy images of the specimens cladded using the confined mode (a-c) and the unconfined mode (d-i). (a) A single layer using the simple matrix
surface coverage pattern; (b) and (c) are higher magnifications of (a); (d), (e), and (f) are 1st, 2nd, and 3rd layers of deposition using the simple hexagon surface
coverage pattern depicted in Fig. 2(b), respectively; (g), (h), and (i) are 1st, 2nd, and 3rd layers of deposition using the face-centered surface coverage pattern

depicted in Fig. 2(c), respectively.

ablative overlay such as vinyl tape is used, the sound travels faster in the
denser solid side of the tape than the adhesive back side. Since the
product of sound speed and density is greater in the solid side of the
tape, the resulting pressure wave is reflected when the leading edge of
the pressure pulse reaches the interface between the solid and adhesive
interface of the tape, and a large portion of the initial pressure pulse is
reflected back into the tape and back toward the plasma. The amount of
pressure that is released into the adhesive is sufficient enough to not
only compress the adhesive, but to also accelerate the aluminum foil into
the steel substrate. The part of the pulse that is reflected back into the
tape reaches the plasma and then fully reflects off of the dense plasma
which directs it back into the tape. However, since the adhesive was
compressed by the earlier part of the pulse, and since it has a very low
reflection coefficient, the majority of the pressure is propagated into the
film. The film has already begun to move due to the earlier acceleration,
so the strong pressure pulse is now more effective than moving the film
from a stationary position. This leads to better bonding between the
aluminum foil and the steel substrate.

Similar to the LIW process, the properties of the clad material and its
interface with the substrate are widely dependent on the process pa-
rameters which include the impact angle, impact velocity, mechanical
properties of the materials, energy density, etc. [41]. The surface
coverage index (SCI), which is the fraction of surface of the target ma-
terial that is occupied by clad material after cladding, also depends on
the number of layers and the cladding pattern. These process parameters
need to be optimized to achieve the desired mechanical and morpho-
logical properties. For instance, excessive velocity can cause major

melting that encourages intermetallic formation. This can also lead to
brittleness or spalling in the impacting plates. Fig. 2(a-c) show the three
different surface coverage strategies, namely, simple matrix, simple
hexagon, and face-centered, that were tested here. Each surface
coverage pattern displayed in Fig. 2(a-c) corresponds to one instance of
each pattern, meaning that a new layer of the clad material (aluminum
foil) was placed onto the steel substrate for successive layering only after
each pattern was completed. Fig. 3(d-i) compare the morphology of the
achieved clad layers using these patterns in both the confined and un-
confined modes. In the unconfined mode, it can be observed that the
clad layer obtained by the face-centered pattern has the highest SCI
(almost 100 %), followed by the simple hexagon pattern, while the
simple matrix pattern achieved the least SCI. By comparing Fig. 3(a-c) to
(d-i), it can be observed that the confined method, which utilized the
simple matrix surface coverage pattern depicted in Fig. 2(a), generated a
more continuous structure than the unconfined mode which exhibited
rougher, non-uniform bonding for the simple hexagon and face-centered
surface coverage patterns, Fig. 2(b) and (c), respectively. This is due to
the change in the deposition mechanism, where in the presence of the
water and the ablative layer (vinyl tape), the high pressure generated by
the plasma creates an impact force that leads to more effective bonding
between the clad material and the substrate, while in the absence of the
confining media and the ablative overlay, microlevel melting and so-
lidification of the clad material were observed which led to nonuniform
bonding and undesirable surface roughness.

The profilometry results presented in Fig. 4 compare the surface
morphologies of the specimens cladded using both the confined (using
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the simple matrix pattern) and unconfined method (using the face-
centered pattern). It can be observed that when the confining media
and the ablative layer were included, the average surface roughness was
much smaller (Fig. 4(b) and 4(c)) even when cladding was performed
with only a single layer using the simple matrix surface coverage pattern
shown in Fig. 2(a). For the specimen cladded in the confined mode with
the simple matrix surface coverage pattern, large peaks can be seen in
Fig. 4(c) which correspond to the unbonded aluminum which peeled
away at the edges. By observing Fig. 4(b) it can be clearly seen that
uniform bonding is present where the laser contacted the surface of the
substrate, while areas in between and surrounding the circular patterned
shots appear to not be fully bonded to the substrate. This is due to the
surface coverage pattern that was used (Fig. 2(a)) which did not include
any overlap between successive shots. For the specimens cladded
without any water or ablative layer (unconfined mode), as the number
of layers increased using the face-centered surface coverage pattern, the
average surface roughness decreased, and the surface exhibited reduced
porosity. The addition of the confining media enhances the formation
and prolongs the dissipation of the plasma. This leads to a greater con-
centration of the energy generated by the plasma and enhances the
pressure wave generated by the plasma which accelerates the clad ma-
terial into the substrate. It can also be seen that a single layer deposition
using the simple matrix pattern in the confined method generated a
relatively uniform clad layer with an average surface roughness of 37 pm
(Fig. 4(c)). However, in order to obtain a uniformly cladded layer with a
similar SCI using the unconfined method, four layers of the face-
centered pattern were required (Fig. 4(m-0)).

Both tensile shear tests and peel tests have been employed in pre-
vious studies on laser impact welded specimens [61-63] to quantify the
bond strength of the bonded material to the base material. While laser
impact welding is inherently different than HVLAD, the two processes
yield similar bond interfaces. In one study by Wang et al. [61] tensile
shear tests were performed on laser impact welded weld joints. To do
this the authors applied shear loads to both the welded aluminum and
the brass base plate. The recorded loads for tensile failure were
measured between 9.57 and 17.89 N with the maximum failure load
~62 % of the tensile failure force of the brass base plate. In another
similar study by Wang et al. [62] peel tests were applied perpendicular
to weld surfaces to evaluate the bond strength between laser impact
welded aluminum on titanium. Results from the load transducer showed
that the average peel force was between 1.61 and 3.41 N for nuggets
with a diameter of 4 mm and 2 mm. The one with 4 mm spot size had
larger peel force than the one with 2 mm spot size. The authors also
observed that laser impact welding performed at a larger standoff dis-
tance (100 pm versus 75 pm) required a larger peel force. This was
attributed to the higher velocities that were realized by the aluminum
flyer plate at a greater standoff distance. It is important to note that the
large variations in the measured failure forces in these two studies may
not only be attributed to the materials, but also to the bond strength
measurement techniques which were performed either perpendicular or
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parallel to the bond interface. In another study by Sadeh and Malik [63]
tensile shear tests were also used to evaluate the bond strength of
aluminum which had been laser impact welded, followed by laser
peening to brass, copper, and stainless steel plates. Forces were applied
parallel to the bond interface as done by [62]. Results indicated that
when the weld was stronger than the aluminum foil, tearing occurred in
the aluminum. This was noted as the predominant failure mechanism
across all the specimens. The average maximum load to failure exhibited
by the LIW specimens which had aluminum bonded to stainless steel was
measured to be 13.89 + 1.36 N for a nugget with a diameter of ~3.00
mm. This value increased slightly with one laser peening shot but
decreased to within standard deviation of the average maximum load
exhibited by the LIW specimen after two laser peening shots. While these
results highlight deviations between the two bond strength character-
ization methods, they also provide some insight into the bond strength
that might be exhibited by the cladded specimens here. From these re-
sults it can be hypothesized that using tensile shear tests the bond
strength of the cladded aluminum on the ST14 steel cladded in the
confined mode (Fig. 4(a)) will be on the order of 10-18 N. Investigation
into the bond strength of the specimens cladded in the confined mode
will be explored in future work. The interface between the clad material
and the substrate after cladding was studied using a scanning electron
microscope (Fig. 5(a-b)). The interface is relatively flat in both methods,
but a slight wave-like pattern can be observed in specimens cladded in
the unconfined mode. This pattern has been reported in other similar
processes where the bonding is created using a high velocity impact
[32,35,64]. The wave-like morphology at the interface not only in-
creases the surface area at the contact line, but also enhances the
bonding between the two metal interfaces and creates a “mechanical
interlocking” mechanism. However, it has been reported that in explo-
sively welded metal combinations [65-67], a flat interface is not
indicative of weak bonding and a wavy interface is not always necessary
for strong bonding. The less wavy nature of the interface in the current
report, might be attributed to the absence of a large space (i.e., in the
order of a few hundred microns) between the thin film and the substrate
[67] and only having around 20-30 pm of space that leads to a lower
impact velocity compared to LIW. Small microstructural defects such as
porous inner architectures, voids, and microcracks were observed in the
cladded material using both cladding techniques (Fig. 5(a-b)), but a
much higher defect density was observed in specimens cladded using the
unconfined method (Fig. 5(b)). These defects are similar to what was
reported before in other high velocity joining techniques [68-72].
Additionally, for the specimens that were cladded in the unconfined
mode, as the number of layers increased, the defect density decreased,
which was likely attributed to the “compaction” of the layers due to the
increasing SCI. The formation of these porosities indicates that in
addition to the primary mechanical forces which drive the process, in
both the confined and unconfined modes, microlevel melting and so-
lidification also take place at the interface during the deposition process.
A higher density of defects in the specimens cladded in the unconfined

Cladded
- Aluminum

e
-

Fig. 5. SEM images of the interface in a specimens cladded (a) in the confined mode with a single layer using the simple matrix surface coverage pattern depicted in
Fig. 2(a), and (b) in the unconfined mode for four layers using the face-centered surface coverage pattern depicted in Fig. 2(c).
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method can be attributed to a higher level of microlevel melting which
provides a favorable condition for the porous structure formation in all
of the specimens. There were also no obvious interfacial lines between
the cladded layers when several layers were applied using the uncon-
fined technique (Fig. 5(b)). The scanning electron microscopy images
indicate that the layers form a uniform coating of material without any
discontinuities at the interface of successive layers.

While high-velocity impact welding is commonly known as a solid-
state manufacturing process, the formation of microstructural defects
within the bonding area as a result of melting phenomena indicates that
this process does not occur entirely in the solid-state zone [73]. Simi-
larly, as indicated above, the HVLAD process is accompanied with some
defects in regions close to the interface that are attributed to the local
temperature increase at the bonding interface (Fig. 5(a) and 5(b)). Since
this is a high-speed phenomenon, studying the rapid change in the
pressure and temperature cannot be performed readily and requires
advanced tools. In order to investigate the thermal effects and evaluate
the correlation between microlevel melting and the formation of porous
structures and other microstructural defects, a high-speed camera was
used to take sequential images of the process (Fig. 6(a) and 6(b)). The
presence of what appear to be molten droplets, which can be seen when
performing cladding using the unconfined method in Fig. 6(a), is pre-
sumed to be attributed to the solid-to-liquid transition during cladding
which encourages the formation of porosities in the cladded material.
This can be explained by the model that Rice et al. [74] developed,
describing that sudden temperature rise and subsequent rapid cooling
under isochoric conditions where the volume of the closed system un-
dergoing a process remains constant encourages the formation and
growth of voids. By comparing the brightness of the droplets presented
in Fig. 6(a) and 6(b) it can be observed that the droplets in Fig. 6(a) are
significantly brighter than those in Fig. 6(b). Since metal has a higher
reflective index than water, and since water not only reflects light but
also refracts it, it is understood that water will have a lower brightness
than steel when imaged on the same device with the same brightness and
frame rate. As such, it appears that water droplets are present in Fig. 6(b)
rather than molten metal droplets, and if there are small metal droplets
present during confined cladding, they are difficult to detect due to the
water overlay which acts as a “blanket”.

Nasiri et al. [73] indicated that the LIW process is not isochoric (a
constant-volume process), and the formation and coalescence of the
voids are attributed to expansion of the flyer plate (herein, the cladding
material) as a result of rapid heating/pressurization followed by
contraction due to the cooling/depressurization. It is hypothesized that
this is the main reason for the formation of the porosities in the speci-
mens. However, both of these hypotheses require further investigation
which will be covered in future work. The rapid heating-cooling steps
are accompanied by the circular motion of the molten materials and the
extreme thermal gradient at the interface which encourages the for-
mation of the microcracks in this zone. The traces of circular motion of
the molten material can be seen in the pattern observed in the SEM
images of the solidified cladded material in Fig. 7(b). This circular
motion assists with the “mechanical interlocking” as well. The trace of
circular motion is not seen in Fig. 7(a), which lends credence to the
hypothesis that microlevel melting is not as prominent when cladding
using the confined method as opposed to the unconfined method.

Given that this process occurs in an extremely short period of time
(typically, a few ps), and that the temperature gradient is very localized,
there is not sufficient time for heat to transfer away from the interface.
Thus, microlevel melting and temperature variations are primarily
limited to the interfacial region. A FLIR thermal camera was used to
evaluate the temperature increase in the vicinity of the cladded region
just as the laser contacted the surface and just after the laser contacted
the surface. Fig. 8(b-c) and 8(d-e) show the sequential images of the
process for both the unconfined mode and the confined mode, respec-
tively. It can be observed that the temperature increase is very localized,
rapidly dissipates, and is almost negligible at the macrolevel over the
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surrounding material using both cladding methods.

Microstructual analysis of the interface was conducted using EBSD.
The EBSD data of the substrate for both the unconfined and confined
modes (Fig. 9(a) and 9(b), respectively) show evidence of grain refine-
ment which is likely a result of high-pressure impact, and subsequent
plastic deformation inherent to the HVLAD process. The grain refine-
ment is proposed to be a result of dynamic recrystallization, where new
grains nucleate and grow within regions of severe plastic deformation,
normally when temperatures are above 0.5 Tpelting. Of course, in this
instance, the substrate is subjected to minimal heating, but it was shown
in [75] that the temperature component of the dynamic recrystallization
threshold reduces with increasing strain rates. The strain rates experi-
enced by the substrate surface are similar to those which occur during
laser peening ~10° s~! which lends credence to the hypothesis that
dynamic recrystallization occurred. Grain misorientation angle plots
taken from the substrate surfaces (marked by white dotted lines in Fig. 9
(a) and 9(b)) are presented in Fig. 9(c) and 9(d) for the specimens
cladded using the unconfined mode with the face-centered pattern for
four layers and the confined mode with a single layer using the simple
matrix pattern, respectively. For the specimen cladded with one layer
using the simple matrix pattern (confined mode), a large number of low-
angle (2-15°) grain boundaries are present in addition to the high angle
(> 15°) grain boundaries which existed within the steel substrate prior
to cladding (Fig. 9(d)). The low-angle grain boundaries are indicative of
subgrains which formed as a result of the intense straining of the sub-
strate surface during cladding. For the specimen cladded using the face-
centered pattern for four layers (unconfined mode) the fraction of low-
angle grain boundaries increased due to the increased strain which
resulted from multiple laser impacts (layers) which further enhanced the
process of subgrain formation as well as subsequent recrystallization
(Fig. 9(c)). It can be surmised that dislocations were funneled into the
low-angle grain boundaries and caused their misorientation angle to
grow into large angle grain boundaries, otherwise known as recrystal-
lization [76,77]. Some reports of similar processes have attributed grain
refinement in this region to melting and solidification [73,78], however,
this seems less likely since the grains are not oriented epitaxially [79].
Recrystallization has been reported in similar processes like impact
welding, where a recrystallized layer a couple hundred nanometers
thick was observed and attributed to the short localized heating and
severe plastic deformation inherent in the impact process [80,81].

The difference in hardness between the thin film aluminum and the
steel substrate made it difficult to maintain a smooth surface finish on
the aluminum cladded layer. Thus, the EBSD results were obtained
primarily from the steel substrate side of the cladding interface. Near the
surface, significant grain refinement is present in the inverse pole figure
(IPF) maps as shown in Fig. 9(a-b) up to 7.5 pm away from the interface,
indicated by the dashed white line. Near the cladding interface, the
average grain diameter by area fraction is 1.3 pm and 0.8 pm for the
sample cladded in the confined mode with a single layer using the simple
matrix pattern and the sample cladded in the unconfined mode with four
layers using the face-centered pattern, respectively. The average grain
diameter of these grains are significantly smaller than the grain size in
the base material which has an average diameter of 5 ym. There is an
increasing level of plastic deformation as one approaches the cladding
interface which can be observed by the kernal average misorientation
(KAM) maps shown in Fig. 9(e) and 9(f). In the KAM maps, the blue color
indicates a low amount of deformation, while the green color represents
a high level of misorientation between points, and thus relatively higher
deformation to the crystal structure. The KAM map of this area illus-
trates the extreme plastic deformation caused by the strong shear motion
between the clad material and the substrate upon impact.

The force-displacement curves from the indentation characterization
have been shown in Fig. 10(a). The average nanohardness value for the
thin aluminum foil before deposition was measured to be 48 HV. After
cladding, this increased to 61.8 HV for the specimen cladded with a
single layer using the simple matrix surface coverage pattern in the
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Fig. 6. Sequential images taken of the cladding process using a high-speed camera in the (a) unconfined mode, and the (b) confined mode. Videos S1 and S2 are
available in the Supplementary Information section.




K. Davami et al.

Cladded

Aluminum

Steel Substrate

Surface & Coatings Technology 466 (2023) 129638

Cladded

Aluminum

Fig. 7. The interface between the cladded aluminum and the steel substrate in specimens cladded in (a) the confined mode with a single layer using the simple matrix
surface coverage pattern and in (b) the unconfined mode using the face-centered surface coverage pattern for four layers.

L - DO=0Z + »

Fig. 8. (a) The setup for the cladding process with a thin layer of aluminum foil on a steel substrate, (b) an infrared thermal image of the substrate as the laser
contacts the surface, (c) and after the laser pulse (~0.5 s after) in the unconfined mode, and (d, e) images of the cladding process in the confined mode corresponding

to (b, ©).

confined mode, 128 HV for a specimen cladded with two layers, and 156
HV for a specimen cladded with four layers using the face-centered
surface coverage pattern in the unconfined method. The higher hard-
ness is attributed to coldworking which resulted from the plastic
deformation due to the high strain rate deformation process. Nano-
hardness measurements were also conducted across the cross section.
For each sample 5 rows of indent were performed. As expected, a
continuous increase in hardness was noticed across the interface from
the cladded aluminum to the steel substrate (Fig. 10(b)).
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4. Analytical modeling

While the work discussed thus far shows the mechanisms of laser
cladding from an experimental perspective, it is useful to understand the
underlying mechanisms which differentiate the confined and uncon-
fined laser cladding methods. During laser cladding and similar pro-
cesses such as laser peening, a pressure wave, is generated by the laser
which propagates into the target material. In laser peening this mech-
anism generates a compressive residual stress field at the surface of the
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Fig. 9. Microstructure of the sample cladded in the unconfined mode using the face-centered surface coverage pattern for four layers (left column (a, c, e)) and of the
sample cladded in the confined mode for a single layer using the simple matrix surface coverage pattern (right column (b, d, f)): (a, b) show inverse pole figure (IPF)
maps of the cladded interface with the dashed lines showing the depth of grain refinement from the interface, (c, d) depict the grain size distribution for samples with
the green bars indicating low angle grain boundaries (2-15°) and the red bars representing large angle grain boundaries (> 15°), and (e, f) Kernal average
misorientation (KAM) maps (KAM maps show points with confidence indexes below 10 % as black pixels). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 10. (a) Force-displacement curves obtained from nanoindentation of the specimens cladded using both the confined and unconfined methods and (b) nano-

hardness measurements obtained from across the interface.

material. However, in laser cladding, the pressure wave is used to
accelerate the clad material (1100 Al foil) into the substrate (ST14 Steel)
as depicted in Fig. 11(a) and 11(b).

The water overlay and the vinyl tape are the confining medium and
ablative layer, respectively. Fabbro et al. [82] have provided a set of
equations that can be used to relate the plasma thickness L(t) at time t
(once the laser has contacted the material) to the laser intensity Iy and
pressure P(t) of the wave generated by the plasma:

> P

where Z; is the shock impedance of the materials in contact with the
plasma. The laser intensity I(t), which is the amount of laser energy
absorbed per unit area, can be expressed by the following conservation
of energy relationship developed from the Rankine-Hugonoit relations
[83]:

dL(1)

== €y

dL(t)

dlE(L(1) ]
e @

1(6) = P(o) =

12

where Ej(t) is the internal energy of the plasma. The thickness of the
plasma interface is of particular interest when deriving a relationship
between the plasma interface and the acceleration of the pressure wave.
The relative acceleration of the pressure wave, which is a function of the
area density m; of the target material and any confining mediums which
are the products of density p and thickness e of the materials (Fig. 11),
can be expressed as:

o £2) (52

Through the integration of Egs. (1) and (3), Fabbro et al. [82] have
defined the pressure P(t) and velocity of the pressure wave at the end of
the pulse duration ¢ as:

dL(r)

3)

dr?

Pl — miloa 12 )
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Fig. 11. Illustration of HVLAD process performed in both (a) confined and (b) unconfined modes.

The laser intensity, or power density, Iy of the laser with units GW/
cm? is obtained by dividing the laser energy (J) by the pulse width (ns)
and the area of impact (cm?). While « is the portion of the plasma
thermal energy (typically 0.1 [82]).

Two cases were tested in this experiment: (1) without any confining
media (unconfined mode - depicted in Fig. 11(b)), and (2) with both
tape as the ablative material and water as confining medium (confined
mode — depicted in Fig. 11(a)). For case 1, in the unconfined condition,
only the area density of the 1100 Al foil was considered. The variables
Ip = 6 GW/cm?, a = 0.1, my; = 2700 kg/cmz, and t = 8 ns were used to
calculate the pressure and velocity of the pressure wave from the plasma
which corresponded to 30 kbar and 1798 m/s, respectively.

For case 2, which includes the water overlay and ablative overlay
(vinyl tape), an area density term for water my,o and the vinyl tape mrgp.
must be included. Consequently, Egs. (4) and (5) are modified to:

- (mHzo + Mrape + mA,)Ioa 12
P = < 2(a+1) ) ©
V() = 2P(r) et @

(myzo + Mygpe + mAI)

where the area density of the 1 mm thick water overlay and the 0.18 mm
thick vinyl tape are 997 kg/cm? and 1380 kg/cm?, respectively. Here it
can be seen that the inclusion of the confining media and ablative layer
(water and vinyl tape, respectively) increases the wave pressure to 208
kbar while decreasing the pressure wave velocity to 38 m/s.

The analytical model gives insight into the reasoning behind the
varying results seen conducting HVLAD in both confined and uncon-
fined modes. The purpose of a confining media is to concentrate the
plasma expansion such that the duration of the pressure pulse is
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extended beyond the duration of the laser pulse which increases the
impulse momentum transferred to the cladding material and likely
changes the bonding characteristics under the experimental conditions
tested in this work.

5. Conclusion

Herein an advanced cladding technique for joining dissimilar metals
based on a direct extension of laser peening as a solid-state deposition
method, namely HVLAD, was reported. This work aims to provide a
foundation for future development of this technology. Due to the flexi-
bility that this process provides, it is assumed that by scaling-up this
method and additional studies, HVLAD will be able to be implemented
to deposit a variety of coatings precisely to complex surfaces in a highly
controlled manner. The process involves a high-speed oblique collision
(15° from perpendicular to laser) between the clad material and the
substrate using the pressure pulse generated by a high-intensity nano-
second pulsed laser beam. In-situ thermal and high-speed imaging tools
were employed during the HVLAD process to investigate temperature
variations and to provide a closer look into the driving forces involved
during HVLAD in both the confined and unconfined modes. Surface
topography and profilometry measurements provided insight into the
surface roughness and uniformity of the bonded material orthogonal to
the deposition direction. Advanced characterization techniques like
SEM and EBSD were implemented to investigate the interface between
the substrate and the cladded material. SEM was implemented to assess
the formation of nano/microscale porous structures, voids, and micro-
cracks at the interface, and EBSD was used to investigate the grain
refinement and misorientation between grains induced by severe plastic
deformation. Nanomechanical measurements were also performed to
assess the nanohardness across the interface of the specimens cladded
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using both techniques. The following conclusions were drawn from the
study described above:

e Grain refinement at the interface was observed in specimens cladded
using both cladding methods (confined and unconfined). KAM maps
indicated severe plastic deformation in the substrate in regions near
the interface. The specimen cladded in the confined mode presented
a larger fraction of low-angle grain boundaries near the interface.

e Nanomechanical characterization tools were employed to evaluate
the change in the hardness of the cladded layers and its dependency
on the number of the layers as well as the change in the hardness
across the interface. A significant increase in hardness was observed
as the number of layers increased for the specimens cladded in the
unconfined method.

e An analytical method was implemented to estimate the effects of
introducing a confining water media and an ablative overlay on the
pressure and velocity of the pressure wave which propelled the thin
film during the confined process. Using this analytical technique, for
the confined mode cladding, an 8-fold increase in the pressure of the
plasma generated pressure wave was calculated.

o No significant temperature variations were observed at the macro-
level during HVLAD using either the confined or unconfined
methods. Microlevel thermal effects were more prevalent in the
unconfined cladding mode. The confined cladding method primarily
took advantage of the mechanical effects associated with LP.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.surfcoat.2023.129638.
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