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This study investigates the application of Wire Laser Metal Deposition (w-LMD), a form of Directed Energy
Deposition (DED) additive manufacturing, to enhance the production process of automotive components, spe-
cifically through the development of patchwork blanks with localized reinforcements. The research focuses on
reinforcing 22MnB5 steel sheets with beads of 316L steel using a laser beam at various power levels, aiming to
achieve maximum strength with minimal use of material. The resulting components, referred to as wire-Laser
Additively Reinforced Blanks (w-LARB), demonstrated a substantial increase in strength, up to 87%, as veri-
fied by bending tests. Notably, the study reveals that a relatively low laser power can still yield significant
mechanical improvements, underlining the efficiency of the process in terms of material usage and energy
consumption. Furthermore, the high repeatability of the w-LMD process confirms its potential for widespread
industrial adoption in automotive manufacturing.

1. Introduction

To guarantee long-term market competitiveness and reduce CO;
emissions, lightweight construction combined with high-performance
and resource-efficient manufacturing processes is a key aspect [1-3].
Vehicle lightweighting is one of the principal requirements in the
building of low-impact products such as electric vehicles (EVs), battery
electric vehicles (BEVs), hybrid electric vehicles (HEVs) and plug-in
hybrid electric vehicles (PHEVs). One way to maximize the energy ef-
ficiency of EVs is the reduction of the vehicle mass through light-
weighting solutions for the body-in-white [4]. In a world where the
transition to a low-carbon economy is a key-aspect, hybrid
manufacturing processes, which combine traditional and advanced
methods such as additive manufacturing, can be an effective response to
the new challenges imposed by increasingly stringent regulations. This
is particularly relevant in the automotive industry since the overall di-
mensions of cars were enlarged, and since the demands for safety and
comfort has increased, the need for optimized-weight components and
new manufacturing technique for the body in white of vehicles become
stronger [5]. The concept of tailored blanks was proposed since 1985 [6]
to meet the requirement for lightweight construction. Instead of

manufacturing a full reinforced component that can lead to an increase
in weight, so in fuel consumption, the concept idea was to apply the
principle of reinforcing the body in white only in the areas where a
higher strength or stiffness is necessary, while at the same time weight
and production costs may be reduced. Tailored blanks, a key concept in
the automotive field, are sheet metal components meticulously engi-
neered to meet the specific requirements of different vehicle models, by
optimizing material usage, and by minimizing material waste. Mainly,
four sub-groups of tailored blanks can be found: tailor welded blanks,
patchwork blanks, tailor rolled blanks and tailor heat treated blanks [7].

Patchwork blanks are based on the principle to add a flat piece of
sheet metal, the patch, onto a blank in a specific area where stiffness and
crash worthiness need to be improved, a process that would be chal-
lenging to achieve with a single piece of sheet metal, Fig. 1.

Advanced manufacturing techniques, such as spot laser welding or
adhesive bonding, are used to seamlessly integrate individual patches.
Generally, there are two strategies to apply the sheet metal patch: the
first one is applying all weld spots prior to the forming process to avoid
any additional welding steps after the forming, the second one is
applying a few welding spots before forming, just to position the patch
on the blank, and after the forming operation additional spot welds are
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Fig. 1. Schematic representation of the different approaches. A comparison between the traditional approach and the traditional combined with additive
manufacturing for reinforcement purposes; The w-LARB technology enables the fabrication of a diverse range of reinforcement geometries by reducing the amount of

stiffer material required.

applied [7,8].
However, there are several disadvantages [9] in the use of patchwork
blanks with the actual manufacturing processes.

e Structural discontinuities in the sheet metal which could compro-
mise the strength and durability of the produced part;

e Susceptibility to corrosion because of the air-gaps between the sheet
metal patch and the base material (due to the spot welding joints);

e Low formability for further processing.

In comparison with tailored welded blanks, patchwork blanks com-
ponents allow to obtain a reduced number of cutting operations and the
abolition of expensive edge preparation. However, further improve-
ments in the use of patchwork blanks can be made.

Recent studies [10] have shown that the sheet metal has the greatest
energy-environmental impact in motor vehicle production. The aim is to
identify an advanced methodology that can effectively reduce the
impact of patchwork production to better meet the sustainability goals
of the new production requirements. A potential strategy to improve
patchwork blanks is to create highly localized reinforcements by
implementing Additive Manufacturing (AM): it is an advanced tech-
nology that can be useful in this context to create stiffened components
which may lead to an improved version of the patchwork blanks in terms
of energy-environmental impact. AM applied to the concept of patch-
work blanks can allow to create highly localized reinforcements with
minimal use of sheet reinforcing material — and can lead to products
where all the previously mentioned disadvantages are reduced or
eliminated. Some possible examples are presented in Fig. 1.

AM is an emergent technology that is widely used due to its possi-
bility to reduce the amount of process scrap and energy consumption
during the production of components. Due to its intrinsic additive
property, in comparison with subtractive manufacturing processes, in
which one starts with a block of material and removes away any un-
wanted material until one is left with the desired part, AM enables to the
creation of components from nothing and builds the part one layer at a
time until the part is completed with a reduction of material waste.
Additionally, it has been shown that combining additive and subtractive
manufacturing can lead to a reduction of material waste and
manufacturing time [11].

Currently, AM processes with metals use different types of feed-
stocks, such as powder or wire, to create three-dimensional components
by adding material layer by layer [12].

An effective method for AM is the laser metal deposition [13], LMD,
a Directed Energy Deposition (DMD) technique. LMD is a process that
can be industrially used either for cladding - to apply a broad range of
materials (Metals such as Steel, Aluminum, Titanium, Nickel, Gold,
Ceramics, Polymers) on parts, tools or substrate or for rapid proto-
typing/manufacturing - complex high value parts, parts repair,
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rebuilding of over machined areas etc. [14]. It has also been investigated
for creating components with an increased strength capacity.

The use of powders is largely diffused thanks to the high laser ab-
sorption rate and the ability to produce a high surface finish [13].
However, the use of powders can be expensive due to the technological
process required to obtain a powder feedstock, whereas for large ge-
ometries wire-based processes such as wire laser metal deposition
(w-LMD), have significant advantages due to process speed, efficiency
and high part density (very limited porosity by setting the correct
printing parameters). Gao et al. [15] conducted a comparative analysis
of the costs, from an economic and environmental point of view, asso-
ciated with different AM technologies. Their findings indicated that the
powder bed melting process exhibited a higher manufacturing cost than
other methods, such as Wire Direct Energy Deposition, which is the
approach that this work follows. In addition, another important
advantage is that a wire feedstock does not imply wastage, it allows to
get cleaner process environment without metal dust pollution [13].

A comparison of powder and wire-feed laser metal deposition
methods has already shown that the wire-feed can lead to better results
in terms of process efficiency [16,17].

In literature, wire-feed processes have received less attention than
powder-bed or powder-feed processes. Typically, wire-feed processes
have been implemented in welding application rather than in creating
stiffened components.

W-LMD is a production technology that is similar to welding with a
filler wire using a laser or an arc welding machine. Different teams
[18-20] have experimented with this technique by retrofitting welding
equipment. For instance, the microstructure of single beads of
Ti-6Al1-4V was investigated finding that by increasing the laser beam
power and the wire-speed, changes in grain dimensions in melted zone
and heat affected zone can be found [18]. In the second part of their
work [19], the same authors found that dimensional measurements
were good indicators of the thermal history. Larger dimensions suggest
an higher input due to increased melting and a wider heat-affected zone
(also with larger grain sizes as observed in Ref. [18]). Additionally, they
found that single bead hardness increases with the amount of base
material melted.

Gruger et al. [21] investigated several different engineering tests,
including bending tests, to evaluate the mechanical strength of test
specimens that were fabricated by conventional manufacturing
(machining), Laser Powder Bed Fusion (L-PBF) and Wire Arc Directed
Energy Deposition (WA-DED), an AM technique based on a wire feed-
stock employing a heat source based on electric arc (WAAM). They
found that the elastic load capacity of wire additively made specimens
was comparable to that of the conventional ones and that the mechan-
ical properties depend significantly on the manufacturing process.

Ge et al. [22] explored the multiple challenges in the hybridization of
traditional sheet metal forming processes with the use of AM. In



E. Fulco and D. Sorgente

Journal of Materials Research and Technology 33 (2024) 1276-1285

Table 1
Chemical compositions of substrate material and its Al-Si coating.
[Weight %] C Mn Si S P Ni Cr Ti Al B Mo Fe
22MnB5 base material 0.22 1.28 0.23 0.01 0.01 - 0.23 0.06 0.31 0.005 max 0.01 Bal.
Al-Si coating - - 11.12 - - - - - 87.73 - - 1.14
particular, they analyzed the AM-Deep drawing, AM-Flanging, bl
AM-Spinning and AM-Incremental forming from a technical and an Ta 6,2 . . .
. . . R . . Chemical composition of 316 L stainless steel wire.
economic point of view concluding that, according to the production
volume [23], the shape complexity and process optimizations, the hy- [Weight %] C Mn  Si Ni Cr Mo  Fe
bridization could lead to a reduction of the overall costs of the pro- 316 L 002 17 09 120 185 27  Bal

duction chain.

The present work explores the combination of the innovative wire
AM process (w-LMD) with the concept of sheet patchworks. In partic-
ular, AM is not employed for wear protection or repairing purposes [24],
but with the aim of strengthening an existing blank, exploiting the high
material deposition efficiency [13]. The aim of this study is to investi-
gate the feasibility of integrating AM into the manufacturing process of
patchwork blanks to apply reinforcements to an existing sheet metal
substrate. The previously aforementioned limits of the traditional
patchwork blanks could be effectively addressed through the integration
of AM technology, thus providing a comprehensive solution that offers
the advantages of both traditional and innovative manufacturing tech-
niques. In literature, there have been only a few studies about AM
process hybridization, most of them related on microstructure analysis,
but, to the best of our knowledge, none of them related to the strength
characterization of reinforcements obtained by w-LMD. In this work,
bending tests are carried out to assess the effect of additive process
parameters on the flexural mechanical behaviour of reinforced blanks.
In this context, the concept of wire-Laser Additively Reinforced Blanks,
w-LARB, is presented.

Furthermore, this novel hybrid process allows for the investigation of
a multitude of potential combinations of reinforcement material and
substrate, provided that they are capable of being welded together. Also,
this approach could eventually lead to reduce material waste related to
the manufacturing process.

2. Materials and methods
2.1. Materials

The experimental campaign was carried out on 22MnB5 boron steel
sheets with a 1.5 mm nominal thickness. This type of steel is widely used
in the automotive industry due to its excellent combination of me-
chanical strength and formability. Low boron additions to the compo-
sition provide high hardenability and improved mechanical properties
making it suitable for applications that require high-strength and
lightweight parts, resulting in up 50 % savings in weight compared to
conventional steel. 22MnB5 steel is commonly used in the hot stamping
process [25].

During the preparation step, the substrate was prepared by applying
an Al-Si coating. This metallic coating is generated in a continuous hot-
dip galvanizing process [26] in which the base material, that has been
cleaned to remove any residual trace of oxide, is immersed in a molten
pool of aluminum and silicon at elevated temperatures, forming a pro-
tective coating of Al-Si. This is necessary to prevent oxide scale for-
mation and decarburization on the surface of the austenitized sheet
metal during the hot stamping process [27].

Table 1 provides the chemical composition of the stainless steel and
its coating [27,28].

The deposited material was 316 L stainless steel, which is a versatile
and widely used material known for its excellent corrosion resistance,
high strength and durability. These properties make it suitable for ap-
plications in modern industries such as chemical production, nuclear
production, aerospace, train and ship manufacture [29]. The use of 316L
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Wire-added material

stainless steel as reinforcement can be expected to result in enhanced
durability and reliability for the stiffened component.

It belongs to the austenitic stainless-steel family with chromium-
nickel. The 316 L wire had a diameter of 1.0 mm. Its chemical compo-
sition is given in Table 2 [30].

22MnBS5 steel offers high mechanical strength, while 316L steel
provides good corrosion resistance. By using a combination of both, it
can be possible to optimize the overall performance of the patchwork
blank, providing both good mechanical strength and corrosion
protection.

2.2. Reinforcement deposition by AM

Fig. 2a depicts the experimental equipment, which includes a Meltio
M450 3D-wire printing machine capable of producing high-density
metal parts in a single-step process. The print envelope dimensions (W
x D x H) are 145 x 168 x 390 mm. The 316 L wire is front fed at an angle
of 90° to the horizontal. Additionally, an inert gas nozzle (Argon, 99 %
purity) is co-axially positioned with the wire to protect the working area
against oxidation.

The power source consists of 6 x 200 W direct diode lasers with a
wavelength of 976 nm, providing a total laser power of 1200 W under
the maximum working conditions. Fig. 2b) offers a schematization of the
laser head. To facilitate the deposition, the hot wire technique was used
during the printing process, an option that increases the printing speed
of the system by pre-heating the wire through the Joule effect before it is
melted by the six laser beams and enters in the melt pool. Hot wire works
by creating an electric current from the deposition head through the un-
molten wire to the build-plate which is grounded. The stainless steel has
the highest electrical resistance in the hot wire circuit, so it heats up
preferentially. The value of the electric current used for hot wire was 2
A.

The printing machine is also equipped with a 5 kW active water-
cooler chiller set at 16.0 °C, and an air filtering system.

The dimensions of the substrate material blanks, (W x H) 125 x 200
mm, were established according to the dimensions of the machine’s
workpiece table, (W x H) 150 x 200 mm. The thickness of the substrates
was of 1.52 + 0.004 mm. A sheet clamping system was built using two
drilled brackets positioned on the shortest sides of the substrate plates,
as shown in Fig. 3. The two brackets were necessary to clamp the plate
onto table below to prevent small displacements caused by the inertia
during of the table movements.

A single-factor experimental plan was developed in order to obtain
different deposition power configurations for each metal sheet plate. A
straight-line deposition geometry was considered for reinforced speci-
mens, oriented in the same direction of the longest side of the specimen
in order to match the direction of the neutral line during the bending
test. The blanks were cut with the rolling direction parallel to the longest
side (200 mm), resulting in the reinforcement being deposited in the
same direction.

Six equally spaced reinforcements were deposited on each substrate
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Fig. 2. a) Wire laser additive manufacturing laser head; b) schematization of the laser head and the printing process.

a) b)

Fig. 3. a) Sheet clamping system; b) schematization of the two brackets of the clamping system necessary to maintain the sheet in a fixed position on the work-
ing table.

1 P 6 N

Fig. 4. A schematic representation of the six equally-spaced specimens onto the 22MnB5 base sheet material.

plate using different power deposition values. The nominal dimensions improvements under this simple condition, and also to minimize ther-
of the reinforcements set in the toolpath generator software (Horizon, mal distortions. The power range considered was between 700 W and
Meltio) were 20 mm in length, 2 mm in width (two passes) and 1 mm 1200 W, in increments of 100 W. On a single plate, two replications of
thick. the same power can be found. In Fig. 4 a schematic representation of the

In the experimental plan, only one layer was deposited to observe printing geometry is presented. The beads were printed in a clockwise
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Table 3
Specifications of laser welding system.

Laser Power  Printing Speed
[W] [mm/min]

Deposition feed rate
[mm/min]

Inert gas flow
(Argon) [l/min]

700 + 1200 450 450 10

order from the first to the sixth and final reinforce to control the thermal
load and avoid substrate distortions.

The printing parameters are listed in Table 3.

After the additive deposition of the 316 L stainless steel, sections
were performed on the sheet metal plate in order to obtain the bending
specimens.

2.3. Bending tests

Bending specimens were rectangular with the following dimensions:
80 + 0.5 mm in length, 20 + 0.4 mm in width, as shown in Fig. 5, and
the same thickness of the substrates.

The three-point bending tests were conducted using an Instron 5982
universal testing machine, as shown in Fig. 6. Flat specimens, with
previously reported dimensions, were used according to EN ISO
7438:2020 [31].

Specimens were extracted by a metallographic cut-off machine from
the blanks and on each single specimen the reinforcing bead was

a)

z1
—
T
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measured to evaluate its effective dimensions.

The punch had a diameter D of 10 mm and its travel speed was set to
2 mm/min. A maximum stroke of 12 mm was used for all specimens. The
lower anvils were placed in order to have a span, [, of 40 mm. In all the
tests, the reinforcement was placed on the opposite side of the punch, i.e.
below. Furthermore, the specimen was centered between the anvils with
reference to the length of the reinforcement. The outputs of the bending
test were the force measured by the load cell of the machine, F, the
flexural stiffness, K and the modulus of elasticity, E. The first quantity is
directly acquired by the load cell signal with a frequency of 10 Hz.
Flexural stiffness and modulus of elasticity were calculated as follows:

e Flexural Stiffness, K: it expresses the resistance that an element op-
poses to the deformation imposed by bending. It is a function of the
Young’s modulus, E, the second moment of area, I, and the flexural
displacement of the beam, &. It is calculated as the ratio between
force and displacement in the elastic section of the force-
displacement curve, so as a direct consequence of force and
displacement measured during the test;

K:E (@)

b)

dIC————7]

Fig. 5. a) Reinforced specimen before bending; b) reinforced specimen schematization with nominal dimensions of b = 20 mm, L = 80 mm, and d = 1.5 mm; ¢)

dimensions of the elliptic-reinforce: T major axis, z minor semi-axis.

a)

b)

¢D

—

O,

—————J

!

Reinforce

Fig. 6. a) Three-point bending tools; b) schematization of the bending set-up in which the reinforce has been positioned on the opposite side of the punch and

centered between the anvils.
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Fig. 7. Front view of the morphology of 316 L bead reinforcements.

700 W

Fig. 8. Section view of the morphology of the 316 L bead reinforcements.

e Modulus of Elasticity: for a multi-material section, which is defined )
as a combination of two or more different materials, the modulus of M= — EIQ (2)
elasticity E has to be considered as an equivalent modulus, Eq. It can dx?
be determined starting from the Flexural Stiffness. From a mathe- where x is the distance along the beam.
matical point of view, according to the Euler-Bernoulli beam theory, For a three-point bending test, the deflection of a beam with a
the flexural displacement of the beam can be evaluated by the double centered load can be expressed as follows:
integration of the moment-curvature equation:

— 700 W
— 1200 W

Fig. 9. A comparison of the cross-sectional view between a specimen reinforced at 700 W and one reinforced at 1200 W. When increasing the laser power, an
increase in the reinforce width can be seen.
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Table 4
Major and minor dimensions, aspect ratio of the reinforcements for different
power values.

Journal of Materials Research and Technology 33 (2024) 1276-1285

Table 5
Moment of Inertia values at different power levels; comparison with the nominal
moment of inertia evaluated with the nominal geometry.

Power [W] T [mm] z [mm] Aspect Ratio z/T
700 3.065 0.954 0.3112
800 3.240 0.966 0.2981
900 3.633 0.900 0.2478
1000 3.538 0.928 0.2624
1100 3.657 0.865 0.2364
1200 3.848 0.854 0.2219
FL?
5 ®)
48E, I

So, the equivalent elastic modulus can be written in the following
form:

KL®

B =281

@
Where the ratio F/§ has been written as K.

3. Results and discussion

3.1. Macroscopic morphology of the deposited beads

Fig. 7 shows the morphology of the reinforced 316L beads by varying
the power source from 700 W to 1200 W.

Figs. 7 and 8 show how the top view and the cross-section of the
reinforcing beads change in function of the deposition power. Higher
power results in wider beads, while lower power results in narrower and
thicker beads. Fig. 9 presents a comparison of the different profiles
(obtained by analysis of the images of the cross sections) of the re-
inforcements made with 700 W and 1200 W.

This different behaviour can be attributed to the different heat input
in each power case. When depositing at higher powers, the temperature
difference between the material and its surroundings is greater than the
one that obtained when depositing at lower powers. Because of the
highest peak temperature [32], both surface tension and viscosity
decrease resulting in wider and thinner reinforcement beads. Cooling
occurs more rapidly for reinforcements deposited with less power, so as
the surface tension will be higher, beads will be thicker. Xu et al. [13]
found a similar effect, where a higher heat input resulted in a lower
aspect ratio for the bead.

Reinforcements were measured by optical microscopy to identify
quantitative dimensional differences between the different laser power
inputs. The average dimensions and the aspect ratio measured for each
power level are listed in Table 4.

T and z dimensions, respectively, represent the major axes and the
minor semi-axis of an ellipse that was used to approximate the irregular
section-shape of the reinforcing material, Fig. 5 c). Also, the cross
section-view in Fig. 8 can be explicative about the results provided in
Table 4.

In the experimental plan, three other configurations below 700 W
(400-500-600 W) were tested to further decrease the energy demand of
the process. However, these configurations are not reported due to poor
quality of the reinforcement, which resulted in dripping of wire and, as a
consequence, discontinuous deposition. At 400 W, the adhesion of the
reinforcement to the substrate material was only partial and could cause
the detachment of the reinforcement when a load is applied.

The average dimensions of the beads were used to calculate the
moments of inertia of the reinforced sections in order to evaluate the
modulus of elasticity of the reinforced specimens.

In addition, the moments of inertia calculated using this method
were compared to the nominal moment of inertia of the section, which
was determined by the bead dimensions selected during the design stage
and adopted into the slicing software. The results are listed in Table 5.
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Power [W] Effective Moment of Inertia Deviation (Effective vs
[mm*] Nominal)
700 8.609 0.046 %
800 8.930 3.777 %
900 8.695 1.046 %
1000 8.992 4.497 %
1100 8.274 —3.847 %
1200 8.597 —0.093 %
1.6 ¢
14 F
12 f
— L0 [
2
= 0.8 |
) E
2 C
o 0.6 |
& N
N - = =1000 W
04 F - = 900 W
F - =800 W
02 —_ 700 W
N Unreinforced
0.0 & L L L I . . L L L L L L L
0 o) 10 15

Punch Stroke [mm)]

Fig. 10. Force-displacement diagram for all powers of reinforcement and a
specimen in as-received conditions (Unreinforced).

1.2

® Reinforced
1.1 _ Unreinforced
1.0 F T
09 F

0.8

—

Slope [KN/mm)]

0.7

0.6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
600 800 1000 1200
Power [W]

Fig. 11. Comparison of the slope of the elastic region between different power
of deposition and the average value for not reinforced specimens.

For the lowest levels of the deposition power, the discrepancy be-
tween the nominal and the effective value of the moment of inertia is
negligible. For the calculation of the quantities of interest in the
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600 800 1000 1200

Power [W]

Fig. 12. Modulus of Elasticity by varying the reinforcement power.

90

following section of this work, the effective moment of inertia will be
used as it is more representative of the specimen tested in bending,
particularly those corresponding to a laser power between 1000 and
1200 W.

3.2. Bending test results

Bending tests were carried out according to the parameters shown in
section 2.3. The results of each test were presented in the form of a force-
displacement diagram, which was useful for comparing the different
strengths of specimens when they were reinforced with different power
values. As illustrated in Fig. 10, an elastic first section is clearly evident,
as well as a plastic one.

The curves show a comparable behaviour in the elastic range be-
tween different reinforced blanks achieved at different laser powers. An
increase in the elastic load capacity can be seen when reinforced spec-
imens are compared with unreinforced ones.

The slope of the elastic region obtained while varying the laser power
were found to fluctuate with no observable trend, as shown in Fig. 11. To
confirm this, an Analysis of Variance (ANOVA) was conducted first be-
tween reinforced specimens and then between reinforced and unrein-
forced ones. The results suggested that the variation in power did not
have a significant effect on the observed slope of the elastic behavior of
reinforced specimens, with 95 % confidence. However, reinforcing the
specimen had a significant effect on the slope, if the comparison is done
with unreinforced specimens.

Regarding the modulus of elasticity, E, which depends on both the
bending stiffness, K, and the moment of inertia of the section, I, different
values of E are expected depending on the moment of inertia, which
varies with the geometry of the section and the reinforcing power used.

According to Fig. 12, it is not possible to identify a clear trend in the
equivalent modulus of elasticity, E,, when the laser power is varied.
Nevertheless, the difference between power levels is statistically sig-
nificant at a 95% confidence level, both when considering differences
only within reinforced specimens and when comparing reinforced with
unreinforced ones.

The E,q values obtained for the reinforced specimens were lower than
the typical modulus of elasticity value for the two adopted steels, which
is 197 GPa for 22MnB5 [33] and 193 GPa for AISI 316 L [34]. This result
can be explained by considering that the two different steels (substrate
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1.7
1.5 f {
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é 1.1 F I
S ® Reinforced
5 09 i
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0.7 |
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Power [W]

Fig. 13. Maximum force values over different conditions of reinforcement
power deposition and a non-reinforced specimen.

Table 6
Force between reinforced and non-reinforced specimens.

Laser Power [W] Force increase

700 54.08 %
800 51.22 %
900 53.14 %
1000 65.75 %
1100 82.21 %
1200 87.19 %

and additional reinforcing layer) are characterized by their own stiff-
ness. Consequently, the combined displacement of the system for a given
force is greater than that of any single material, resulting in a reduced
overall stiffness. In fact, the equivalent moduli of elasticity of the rein-
forced specimens are lower than the modulus of the single material.

Fig. 13, provide an overview of the results in terms of maximum force
achieved in the bending tests for different laser power values. For a
better understanding of the strength enhancement, Table 6 presents a
summary of the increase in load resistance of reinforced specimens in
comparison to the not reinforced ones.

The mass increment was calculated by evaluating the length of wire
extruded through the nozzle of the AM machine. For each reinforce-
ment, 0.303 g of wire was required, which is the 1.6 % of the starting
mass of the substrate, 18.96 g. Reinforced specimens can withstand
significantly more force than the not-reinforced ones, with an increase
ranging from 51 % (800 W) to 87.19 % (1200 W), a considerable in-
crease given that the mass increment does not exceed the 2 %. Therefore,
it can be concluded that, with the use of w-LMD, the goal of producing
excellent performance reinforcements by adding small amounts of
reinforcing material can be successfully achieved.

When specimens with similar reinforcement power are compared, no
relevant differences can be seen. However, when specimens of 1200 W
are compared with those of 1000 W and 700 W, an increase of 12.93 %
and 21.49 % respectively can be observed.

Starting from the analysis of the moment of inertia of different
specimen sections, a higher force value should be expected when
decreasing power. When a beam is subjected to a given applied force, the
bending resistance will be greater for elements with a higher moment of
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a) b)

Fig. 14. After bending cross-section for a) 700 W and b) 1200 W reinforcements.

inertia. The experimental results of this study indicate that specimens
reinforced with a high value of power exhibit the highest values of force.
This can appear in contrast with the previous observation that specimens
with higher moment of inertia also exhibit the highest values of force. To
identify the underlying causes of this behavior, reinforced specimens
were sectioned after bending. Fig. 14 shows the after bending cross-
section view for the lowest, 14 a), and highest, 14 b), power of
deposition.

Fig. 14 a) demonstrates that the 700 W reinforcement exhibits a
significantly reduced resistant section. It appears to be strongly
damaged and, although the moment of inertia was greater, the reduced
resistant section resulted in the specimen failing more easily under lower
force values than those found for the 1200 W specimen. In contrast, in
Fig. 14 b), the cross section of the 1200 W specimen appears to be
perfectly intact after bending.

The ANOVA revealed that the results obtained from the bending tests
in terms of bending force, differed significantly from each other at a 99
% confidence level. The p-value obtained was of the order of 1071°,
indicating a high level of significance. These differences remained sig-
nificant even when comparing only the reinforced specimens at different
deposition powers, this time with a p-value of the order of 10~°.

The ANOVA was also conducted to verify the repeatability of the
process by comparing the results of specimens reinforced with the same
power. The results suggested that the different strength values found
within each power class were not statistically significant, demonstrating
that the process is repeatable with a 99 % confidence interval.

In their investigation about the use of LMD with a powder feedstock
to reinforce metal sheet, Unsal et al. [24] attempted to bend reinforced
specimens with an angle of 180°. No macroscopic cracks were observed
on the outer surface of the specimens. This conclusion was corroborated
by microscopic analysis.

In the current work, the bending angle was of 117° which corre-
sponds to a deflection of 12 mm, as previously stated in section 2.3. With
this bending angle and the w-LMD technology, there were no failures or
cracks from a macroscopic point of view, with the exception of one
specimen reinforced with a power of 700 W where the resistant section
was completely damaged after bending. This result suggests that rein-
forcing at lower laser powers may provide an energy benefit and a
higher moment of inertia, but does not guarantee sufficient load car-
rying capacity of the reinforcement.

Further investigations will include other possible solutions to revive
the potential for manufacturing patchwork blanks through the appli-
cation of an innovative technology, such as AM with a metal wire. It
would be beneficial to investigate new reinforcement geometries that
aim to increase the strength of components with custom-formed beads
while minimizing the amount of added mass.

Furthermore, future work will be required to verify the performance
of reinforcement following a stamping process, as well as to verify the
feasibility of reinforcement applied to an already formed sheet metal
substrate.
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Future works will also include the production of multi-layer re-
inforcements, with an investigation about thermal distortions, the
microstructure at the interface between the base steel and the steel
added by w-LMD, as well as new material combinations. As an example,
a 22MnBS steel that has already been hardened could be considered as a
substrate for future experimental works.

4. Conclusions

The following conclusions can be drawn according to the results of
the experimental work reported in this work.

e W-LMD technology allowed to produce stronger components than
the base material by adding just the 1.6 % of mass: from an increase
in load of 54.08 % at 700 W, to an increase of 87.19 % at 1200 W;

The equivalent moduli of elasticity of the reinforced specimens were
lower than the modulus of the single material due to the combination
of two different steels;

A significant increase in the elastic load capacity and in the slope of
the elastic region can be seen when reinforced specimens are
compared with unreinforced ones;

Higher deposition laser power results in wider beads, while lower
values results in narrower and thicker beads;

Lower reinforcement powers result in a notable decline in the quality
of the reinforcement during bending: at 700 W a highly damaged
cross section was observed with a significant reduction of resistance;
at 1200 W, the reinforcement section appeared to be in good
condition;

The process was found to be repeatable with a 99 % repeatability rate
when using the same deposition power, a promising result for the
application of this innovative AM technology in the industrial
manufacturing process of patchwork blanks.
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