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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 

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. 
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Fig. 4. Optical images, surface topography, and surface roughness profiles of: (a, b, c) A single layer using the simple matrix surface coverage pattern in the confined 
mode, and (d, e, f) one layer; (g, h, i) two layers; (j, k, l) three layers; and (m, n, o) four layers using the face-centered surface coverage pattern, depicted in Fig. 2(c), 
in the unconfined mode. 
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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. 
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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)). 

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 

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. 

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, c). 
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