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Abstract: In this study, the deposition of martensitic stainless-steel (Metco 42C) powder on 42CrMo4
structural steel by direct laser deposition (DLD) was investigated. Clads were produced by varying
the laser power, scanning speed, feed rate, and preheating. The effect of these processing variables
on the microstructure and microhardness of the clads was analyzed, as well as their soundness,
yield (measured by dilution), and geometric characteristics (height, width, and depth). The complex
interaction of the evaluated processing variables forced the application of complex parameters to
systematize their effect on the clads. A genetic optimization algorithm was performed to determine
the processing conditions warranting high-quality clads, that is, sound clads, metallurgically bonded
to the substrate with required deposition yield.

Keywords: direct laser deposition; microstructure; EBSD; martensitic stainless steel; preheating;
optimization

1. Introduction

Direct Laser Deposition (DLD) is one of the laser-based additive manufacturing
(LBAM) processes investigated for additive metal part manufacture, repair, and reconstruc-
tion. DLD uses a laser beam as an energy source to melt metallic powders, manufacture
parts layer by layer, and repair or cladding components by depositing one or a few layers.
This technique has many advantages compared to conventional processes, such as arc
welding, due to the production of better bead/layers with the controlled thermal distribu-
tion, promoting a lower heat-affected zone (HAZ), less dilution, minimum distortion, and
better surface quality, which ensures a superior resistance to wear and corrosion [1–4].

The repair/remanufacturing of metallic components is one of the main applications of
DLD. The use of suitable addition materials and process parameters allows the production
of precise, durable, and high-quality repairs with properties similar or superior to those of
the substrate, contributing to sustainable industrial development. The deposited layers
have excellent metallurgical bonding, the heat-affected zone (HAZ) is small with adequate
heat transfer control, dilution is minimal (evaluated through the extension of the remelted
region with mixing between cladding and substrate materials) and allows localized repair
of parts in difficult-to-reach places [5–8]. Moreover, innovative material systems can be
used to produce complex components in which the chemical composition of the individual
layers is gradually changed, adjusting them to the desired properties of the component [9].

Due to its characteristics, DLD is one of the most attractive and competitive component
repair processes, being applied in industrial sectors as diverse as aeronautics, petrochemical
(offshore), energy, transport, and defense, among others. Examples of products that can be
repaired by DLD include gearboxes, gears, blowers, combustion engine parts, couplings,
pumps, shafts, turbine parts, and rollers [10].
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The geometry of the cladding (height, depth, and length) is directly related to phys-
ical phenomena, such as the Marangoni effect in the melt pool, which results from the
interaction of the laser beam with the powder and the substrate [10,11]. Several studies
correlated the thermal effects, in the melt pool and in the heat-affected zone (HAZ), with
the structure and the mechanical and tribological properties of the laser cladding [12–14].
Although theoretical and experimental studies have developed relevant information about
DLD, there are still many challenges, such as process optimization, 3D reconstruction of
highly complex structures, and substrate preheating, which need to be clarified.

The laser processing parameters, laser power, scanning speed, and feed rate, directly
correlate with melt pool geometry, strongly influencing claddings properties. Of the
most important processing parameters in DLD processes, the laser power has the largest
influence on melt pool size, with its size increasing almost linearly with laser power [15].
There is no formation of the melt pool for low laser power and high feed rate due to the
absorption of the laser beam energy by the powder particles. However, for low feed rate
and high laser power, significant melting of the substrate occurs, which compromises
the cladding properties [16–18]. The laser power also significantly affects the HAZ [19].
The scanning speed and the powder feed rate have an interactive effect on the melt pool
geometry and the HAZ, weakening the primary impact of laser power [15,19,20]. However,
the interaction among the processing parameters is highly affected by the characteristics of
the powder/substrate system.

DLD still has a way to go for broader industrial sectors. The application of wear-
resistant steel beads on substrates of low and medium carbon steels is an aspect that may
be extensively used, either in component repair or in its cladding with a more resistant
layer. The use of steel entails a careful analysis of the processing conditions. The high
cooling rates that are characteristic of this process, due to the localized heat inputs by the
laser beam, are responsible for metallurgical defects associated with metastable phases
both in the deposited material and in the HAZ. Preheating (PHT) of the substrate is one of
the processes able to reduce the cooling rate. PHT decreases hardness in HAZ [9], reduces
the sharp thermal gradients [3], and increases the laser absorption rate by the substrate,
improving the stress distribution and preventing the formation of hard structures that are
harmful to the mechanical properties of the cladding [11]. As the best knowledge of authors,
few studies in the literature on these steel/steel systems correlate the process parameters
with the dilution, structure, and hardness of the cladding and base materials [21–27]. In
these studies, the influence of processing conditions on wear resistance and corrosion of
the clads produced was also analyzed.

In this study, martensitic stainless-steel powder, type AISI 431, was deposited on
42CrMo4 steel, varying the process parameters, with and without performing preheating.
42CrMo4 steel is often used to produce components, such as gears and main-shafts, and
martensitic steel powder 431 is used in the repair/remanufacturing of these components
by the SERMEC-Group. Single clad tracks were formed to evaluate the metallurgical and
mechanical characteristics of the deposits. The influence of several process parameters,
such as laser power, scanning speed, powder feed rate, and preheating, was analyzed to
achieve the desired clad quality without cracking and structural imperfections. A genetic
algorithm was used to optimize the height, depth, and dilution values and overcome the
complex nature of the effects of the involved parameters on each other. Strategies were
developed to guarantee the compatibility and the metallurgical bond between cladding
and substrate, taking into account avoiding the structural defects like cracks, and exploring
synergies between the properties of the utilized materials.

2. Materials and Methods

Water atomized martensitic stainless-steel powder (Metco 42C), similar to AISI 431,
was used for deposition. Scanning electron microscopy (SEM) images show powder
particles have an irregular (non-spheroidal) morphology with particles size range between
45 to 106 µm (Figure 1).
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Figure 1. Scanning electron microscopy (SEM) images of martensitic stainless-steel powder (Metco 42C).

42CrMo4 steel was utilized as the substrate for depositions. 42CrMo4 is medium
carbon steel with excellent fatigue and impact resistance, high mechanical strength and
toughness, and good machinability. This material is classified as a low-alloy structural steel
type and has a widespread application in manufacturing critical industrial components,
such as gears, automotive parts, drilling joints for deep wells, and wind generators [28,29].
Its mechanical and chemical properties are described in standard EN 10,269 [30]. Chemical
analysis of the Metco 42C powder and 42CrMo4 steel are shown in Table 1.

Table 1. Chemical composition of Metco 42C and 42CrMo4 steel (wt. %).

Materials C Cr Ni Mn Mo Si P S Fe

Metco 42C 0.18 17.3 1.9 - - 2.1 - - Bal.
42CrMo4 0.42 1.11 - 0.67 0.19 0.28 0.025 0.015 Bal.

Before deposition, the substrates were cleaned with pure acetone and preheated
to approximately 300 ◦C by oxy torch, to decrease the cooling rate in melt pool and
HAZ regions and eliminate moisture. The temperature was selected following welding
practices for 42CrMo4 steel and controlled with a digital pyrometer gauge. The effect of
preheating treatment (PHT) on microstructures, grain size, and formation of metastable
phases (martensite) was evaluated.

The DLD machine consists of a modular coaxial processing head (Figure 2) and
equipped with a fibre-coupled laser diode, model Laserline LDF 3000–100, with a nominal
beam power of 6000 W. The powder nozzle is mounted on a KUKA KR 90 R3100 industrial
robot, with six axes connected to the robot control unit.
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Figure 2. Coaxial configuration for powder feed.

The data of experiments was aquired through changes in the following parameters:
laser power, scanning speed, powder feed rate, and preheating (PHT) as can be seen in
Table 2. The terminology M_P_SS_FR was used to identify the samples, being: M—powder
Metco 42C; P—laser power (kW); SS—scanning speed (mm/s); FR—feed rate (g/min).
Then, the feed-driven results from experiments were employed on the implementation of
the Genetic algorithm in order to the optimization of the process.

Table 2. Samples and parameters used to optimize the DLD process.

Sample P (kW) SS (mm/s) FR (g/min)

M_1_2_15 1 2 15
M_1_6_15 1 6 15

M_1.5_10_10 1.5 10 10
M_1.5_10_15 1.5 10 15

M_2_2_15 2 2 15
M_2_4_15 2 4 15
M_2_6_10 2 6 10
M_2_6_15 2 6 15
M_2_6_20 2 6 20

M_2_10_10 2 10 10
M_2_10_15 2 10 15

M_2.5_10_10 2.5 10 10
M_2.5_10_15 2.5 10 15

M_3_2_15 3 2 15
M_3_4_15 3 4 15
M_3_6_10 3 6 10
M_3_6_15 3 6 15
M_3_6_20 3 6 20

In all the tests, a spot size of 2.5 mm, and an offset in the Z-axis of 0.2 mm were applied.
High purity argon (99.99%), with a 5.5 L/min flow rate, was used as the shielding gas to
prevent contamination and oxidation of the melt pool during the DLD process. Samples
with and without PHT were cooled in air.

Samples from each deposition were cut for microstructural and mechanical charac-
terization using a metallographic cut-off machine with refrigeration, to avoid substrate
and cladding overheating. Samples were mounted in resin and polished down to 1 µm
diamond suspension, and Kalling’s No. 2 chemical etching (CuCl2—5 g, Hydrochloric acid
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—100 mL, Ethanol—100 mL) was used to reveal the microstructures. The measurements of
height, depth and width of the claddings produced by the DLD technique were performed
using a Leica DVM6 A 2019 digital microscope (DM) (Wetzlar, Germany). Leica DM 4000M
optical microscope (OM) (Wetzlar, Germany) was used for the microstructural characteri-
zation of samples. OM analysis at low magnifications allows a global characterization of
clads to evaluate, for example, the size of the heat-affected zone.

A scanning electron microscope (FEI Quanta 400 FEG ESEM, Hillsboro, OR, USA)
equipped with Energy Dispersive X-Ray Spectroscopy (EDX) (EDAX Genesis X4M, Oxford
Instrument, Oxfordshire, UK) and Electron backscatter diffraction (EBSD) (EDAX-TSL OIM
EBSD, Mahwah, NJ, USA) units, was used for higher magnification observation and phase
identification.

For EBSD evaluation, samples went through an additional polishing step, using a
0.06 µm silica colloidal suspension, for a superior surface finish and removal of polishing
induced plastic deformation. This additional polishing is essential for obtaining Kikuchi
patterns [31]. The EBSD allows obtaining information on microstructural characteristics
with a small volume of interaction and high resolution. For all raw data, a dilatation
clean-up routine was performed, with a grain tolerance angle of 15◦ and minimum grain
size of 10 points, to avoid any spurious results from the incorrectly indexed patterns.

Vickers microhardness tests made the mechanical characterization. The tests were
performed using a test force of 300 g for 15 s in a Struers Duramin 5 Vickers hardness tester.
Each hardness value corresponds to the average of three indentations.

3. Results
3.1. Microstructural and Mechanical Characterization

The deposited clads characterization started with a macrographic observation to eval-
uate the effect of the processing conditions on the substrate and, mainly, on the geometry
of the clad, its dilution, and eventual cracking (Figure 3). Different regions of this layer
can be observed in Figure 3, such as the cladding layer (CL), the fusion line (FL), and
the heat-affected zone (HAZ). The claddings produced must be strongly bonded to the
substrate and free of discontinuities and cracks and must not induce them in the HAZ of
the substrate.

Figure 3. Optical microscopy image showing the morphology of a single-track clad produced by the
DLD technique depositing Metco 42C powder on a 42CrMo4 steel substrate. CL—Cladding Layer;
FL—Fusion Line; HAZ—Heat-affected Zone.
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DM images allow the measurement of the clad (AC) and melting (AM) areas using
ImageJ software. Tables 3 and 4 show the measurements made by DM of the length, height,
and depth of the clad layers, for conditions with and without PHT, respectively.

Table 3. Dimensional analysis and dilution of clads produced by DLD without PHT. AC—Clad Area;
AM—Melting Area.

Sample Width
(mm)

Height
(mm)

Depth
(mm)

AC
(mm2)

AM
(mm2)

Dilution
(%) Cracks

M1_2_15 3.420 2.360 0.000 6.76 0.00 0.0 No
M1_6_15 3.410 0.930 0.000 2.48 0.00 0.0 No

M1.5_10_10 3.200 0.520 0.120 1.16 0.22 16.0 No
M1.5_10_15 3.190 0.760 0.044 1.75 0.16 8.4 No

M2_2_15 3.510 2.860 1.330 9.47 3.00 24.1 No
M2_4_15 3.560 1.790 1.140 5.34 2.60 32.8 No
M2_6_10 3.370 0.880 1.170 2.20 2.29 51.1 No
M2_6_15 3.820 0.926 0.956 2.79 2.20 44.1 No
M2_6_20 3.580 1.083 0.970 3.07 1.74 36.2 No
M2_10_10 3.300 0.530 0.940 2.06 1.25 37.8 Yes
M2_10_15 3.350 0.790 0.680 1.19 1.64 58.0 Yes

M2.5_10_10 3.400 0.560 1.190 1.40 2.60 65.0 Yes
M2.5_10_15 3.340 0.770 1.050 1.91 2.11 52.4 No

M3_2_15 5.000 2.436 2.590 9.16 8.55 48.3 No
M3_4_15 4.950 1.282 1.673 3.64 4.14 53.2 No
M3_6_10 4.130 0.646 1.927 3.59 4.21 54.0 Yes
M3_6_15 3.870 1.061 1.910 2.17 6.15 74.0 Yes
M3_6_20 4.810 1.191 1.574 2.95 4.66 61.3 Yes

Table 4. Dimensional analysis and dilution of clads produced by DLD with PHT (300 ◦C). AC—Clad
Area; AM—Melting Area.

Sample Width
(mm)

Height
(mm)

Depth
(mm)

AC
(mm2)

AM
(mm2)

Dilution
(%) Cracks

M1_2_15 3.720 2.224 0.000 7.43 0.00 0.0 No
M1_6_15 3.910 0.936 0.000 2.41 0.00 0.0 No

M1.5_10_10 3.430 0.490 0.074 1.21 1.36 53.0 No
M1.5_10_15 3.590 0.700 0.130 1.81 0.27 13.2 Yes

M2_2_15 4.180 2.830 1.890 10.38 4.84 31.8 No
M2_4_15 3.910 1.610 1.520 5.06 3.79 42.8 No
M2_6_10 3.600 0.890 1.550 2.33 3.31 58.7 No
M2_6_15 4.050 0.968 1.369 2.86 2.91 50.5 Yes
M2_6_20 3.780 1.241 1.312 3.52 2.83 44.5 Yes
M2_10_10 3.490 0.550 1.210 1.90 1.53 44.6 No
M2_10_15 3.460 0.760 0.880 1.39 2.38 63.2 Yes

M2.5_10_10 3.460 0.590 1.510 1.49 3.29 68.8 Yes
M2.5_10_15 3.460 0.790 1.320 1.92 2.58 57.4 Yes

M3_2_15 4.960 2.540 3.263 9.15 10.25 52.8 Yes
M3_4_15 5.190 1.342 2.289 4.66 8.18 63.7 Yes
M3_6_10 3.810 0.815 2.287 3.72 5.92 61.4 Yes
M3_6_15 3.860 1.105 2.018 2.29 6.24 73.1 Yes
M3_6_20 4.890 1.123 1.929 3.13 5.17 62.3 Yes

The microstructure of a clad deposited by the DLD process (Figure 4) is typical of
this laser process, showing a thin zone of planar growth composed of equiaxed grains
(EG) close to the fusion line that are replaced by dendrites (D) in the central region of the
clad area. This microstructure is directly related to the process and thermal convection
phenomena: the planar zone forms due to the high-temperature gradient, which reduced
with deposition, increasing the solidification rate (super-cooling), and the microstructure
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evolves to a dendritic/columnar type, as reported in other studies [22,31]. The PHT affects
the size of dendrites, and samples with PHT showed dendrites of greater thickness.

Figure 4. Optical microscopy image showing the solidification structure in the M2_6_15 sample.
D—Dendrites; EG—Equiaxed Gains; FL—Fusion Line; HAZ—Heat-affected Zone.

The localized cooling rate in the DLD process promotes significant microstructural
alteration in the HAZ region with the formation of Martensite (M). PHT at 300 ◦C reduced
the temperature gradient (and the resulting cooling rate) and induces microstructural
changes at HAZ, allowing the martensite laths to have larger dimensions and the formation
of a higher amount of ferrite.

To evaluate the PHT effect, mechanical and microstructural analyses were concen-
trated in the interface region between CL and HAZ. The microstructure in these regions
was characterized by SEM observations. The clad is mainly composed of martensite, with a
random crystallographic orientation, and vermicular δ-ferrite surrounding the martensite
laths (Figure 5). A low percentage of retained austenite was detected by the EBSD analysis.

The effect of δ-ferrite is already known and widely studied by researchers linked to
the welding process, but not much researched in laser material processing. According
to Niessen et al. [32], the presence of the δ-ferrite phase promotes a severe reduction of
toughness and ductility. This phase increases ductile-to-brittle transition temperature
(DBTT), deteriorating impact properties, and the formation of brittle cracks in the marten-
sitic matrix [33]. This can be a determining factor in clad cracking (Figure 6), which is
dependent on the processing conditions, mainly on the laser power, being more frequent
and more extensive in samples with PHT (Figure 7).



Metals 2021, 11, 672 8 of 18

Figure 5. Electron backscatter diffraction (EBSD) images showing the microstructure of M2_6_15
samples (A) with and (B) without PHT.

Figure 6. SEM images of cracks formed in the M2_6_15 sample with PHT.
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Figure 7. OM images of cracks formed in the centre of the cladding in M3_6_10 samples (A) with and (B) without PHT.

The influence of the PHT in microstructure has a direct consequence on mechanical
behaviour. Microhardness profiles were determined to evaluate this influence on the
mechanical response. Figure 8 shows microhardness evolution across the clad and substrate,
including HAZ.

Figure 8. Microhardness profile of M2_6_15 samples with and without PHT.

PHT reduces the hardness of both the clad areas near the substrate and HAZ. In fact,
in HAZ a maximum hardness of 652HV0.3 and 524HV0.3 were measured in the samples
without and with PHT, respectively, showing a significant decrease in hardness due to
substrate preheating. This hardness variation can be explained by the lower cooling rate
of PHT samples and its effect on microstructure, mainly increasing the quantity of ferrite
formed and allowing martensite tempering. A smooth hardness gradient in HAZ is crucial
to increase the substrate crack propagation resistance.

The presented microstructures in Figures 4 and 5 are representative of all produced
clads and it was difficult to select the best processing conditions based on microstructural
or mechanical analysis.
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3.2. Influence of Processing Conditions

According to the information described in Tables 2–4, all the processing parameters,
such as laser power, scanning speed, powder feed rate, and preheating strongly influence
the production, bonding, and quality of the cladding. The selection of processing conditions
that ensures a clad without defects, bonded to the substrate and with good material
yield, is an essential and challenging task because the various variables interaction. Their
simultaneous optimization is difficult because they often act in opposite directions.

Dilution, which assesses the contribution of the substrate (area of the substrate that is
melted by the laser) to the total area of the clad, is an important aspect of DLD clads. It
allows the control of contamination of the clad by the substrate and affects the deposition
yield. High dilutions can compromise the quality of the clad and increase distortion [34],
but some dilution is necessary to ensure the metallurgical bond of the cladding to the sub-
strate. With the measured clad and melting areas (Tables 3 and 4), dilution was determined
using Equation (1). The dilution values are also shown in Tables 3 and 4.

Dilution (%) = AM/(AC + AM) × 100 (1)

These results show that a laser power of 1 kW is enough to melt the powder and
produce a clad. However, it is not sufficient to guarantee the metallurgical bonding of the
clad to the substrate (dilution equal to 0%). The results in Tables 3 and 4 evidence that
dilution increases with laser power.

However, the increase in laser power must be carefully performed because of its
negative effect on clad soundness. Overheating, caused by an excessive energy input per
unit area of the substrate, which is preheated, leads to an increase in residual stresses
favouring the appearance of cracks in the cladding [34]. This also facilitates the formation
of eutectic compounds resulting from the segregation of elements, such as silicon, for grain
boundaries, and interdendritic regions [35]. In short, the thermal stresses generated by the
PHT at 300 ◦C, high laser power and the presence of δ-ferrite most often cause cracks in
samples with PHT, as evidenced in Tables 3 and 4.

Analysis of these data shows that keeping all other parameters equal, an increase in
the feed rate causes an increase in the cladding height and usually a decrease in its depth.
A higher feed rate implies a more significant amount of powder ejected from the coaxial
nozzle in the same period; the powder particles will form a denser cloud, absorbing more
of the beam energy of the laser resulting in a higher deposition rate (higher clads).

For the same feed rate, PHT produces clads with greater height and depth in most
cases. This effect can be explained by the forced thermal convection phenomenon, with
the samples with PHT having a higher internal heat and, consequently, allowing greater
powder melting. Another contribution of PHT is the increase in the laser absorption rate
by the substrate [36], making the melt pool more fluid, which allows a more significant
deposition of the powder and increases the penetration depth, thus increasing the dilution.

Scanning speed affects the morphology of claddings produced by DLD, depending on
the specific energy of the laser and the interaction with powder cloud. When the scanning
speed is small, the mass of deposited powder per unit of length, and consequently the
volume of the formed clad, is quite large due to the interaction for a more extended period
between the laser beam and the powder. However, if the speed is higher, the interaction
between the laser beam and the powder cloud will be less, decreasing the amount of
deposited material. Increasing the scanning speed decreases the powder, and the energy
deposited per unit length and melt pool volume [18].

Tables 3 and 4 show that lower scanning speed typically produces coatings with
greater heights and depths. The greater depth is due to the more extended interaction of
the laser beam with the substrate. PHT also increases the depth due to the Marangoni
convection effect. This effect is caused by the surface tension gradient, which becomes
more evident with increasing substrate temperature [11].

Although this detailed analysis of the individual effect of these three variables (scan-
ning speed, laser power, and feed rate) is essential to clarify their role in the deposition
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of Metco42C on a 42CrMo4 steel substrate, the effect of each is difficult to isolate. It is
necessary to apply combined parameters to obtain a more accurate relationship between
processing and clad characteristics.

Powder Deposition Density (PDD) is a widely used parameter that can express the
combined influence of feed rate, scanning speed, and laser spot size (ϕ) [37,38]. The
powder deposition density is defined by Equation (2). Figure 9 shows that the cladding
area increases linearly with the increase in the PDD parameter and that PHT has a negligible
influence on this relationship.

PDD
(

g/mm2 = FR/(SS ϕ) (2)

Figure 9. Relationship between the cladding area and the value of the PDD parameter.

A similar analysis was performed in which the three analyzed processing parameters
(Laser power—P, Scanning speed—SS, and Feed rate—FR) were merged in an empirical
combined parameter P*SS/FR [16] and correlated with the dilution (Figure 10).

Figure 10. Dependence of dilution on the value of complex parameter P*SS/FR.
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As shown in Figure 10, PHT promoted a greater dilution compared to samples without
PHT. As discussed above, this influence is mainly controlled by the Marangoni convection
effect caused by the surface tension gradient.

It was more challenging to find a complex parameter that would allow the processing
conditions to be associated with the appearance of cracks. This relationship was achieved
when using P4·SS2/FR as a complex parameter (Figure 11). The limit values of 2000 and
5000 (kW)4·(mm/s)2/(g/s) allow the production of sound clads in samples with and
without PHT, respectively.

Figure 11. Relationship between the processing parameters expressed by the P4·SS2/FR complex parameter in the formation
of cracks.

3.3. Optimization of Processing Conditions

The complex interaction between the processing parameters, which implied the need
to use complex parameters that must be adjusted to each process, makes it essential to
apply an optimization algorithm. Optimization is an approach towards the best state
among possible solutions that involves selection among many responses. Since there are
constraints in real problems, generally just a better response is selected instead of the
best one.

The interaction and interdependence of the different process variables led to applying
a Genetic Optimization Algorithm to select a response in which the objective functions
obtain the best-desired response. This multi-objective optimization problem is dynamic
and is supported and validated with the experimental results [39,40].

In this study, the Response Surface Model (RSM) was used to calculate the ideal
combination of laser power and scanning speed that minimizes the values of the height
and depth of the clad and ensures a 10% dilution while guaranteeing sound clads with
bonding to the substrate. These conditions make it possible to produce strands with a
good wettability (minimizing height) and maximizing the yield of the deposition process
(minimizing depth and dilution). The presented results are for a constant feed rate of
15 g/min. This feed rate was selected as the best after the first series of experimental results.

In the Response Surface Model (RSM), objective functions are derived considering
different laser powers (x) and scanning speeds (y) as inputs, and using genetic algorithms,
optimum values for these functions are specified, considering the constraints. Two polyno-
mial models were defined, without and with preheating condition, the objective functions
are shown in Equations (3)–(5) and Equations (6)–(8), respectively.

Without preheating:
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objheight(x, y) = 2560 + 1770∗x − 723.6∗y − 434.2 ∗ x2 − 190.7∗x ∗ y + 70.4 ∗ y2 + 41.1 ∗ x2∗y + 2.976 ∗ x ∗ y2 − 1.851 ∗ y3 (3)

objdepth(x, y) = −1774 + 2597∗x − 145.2∗y − 258.7 ∗ x2 − 368.8∗x ∗ y + 92.09 ∗ y2 + 43.44 ∗ x2∗y + 12.62 ∗ x ∗ y2 − 6.433 ∗ y3 (4)

objdilution(x, y) = 791.3 − 1806 ∗ x − 4.99 ∗ y + 1424 ∗ x2 + 7.405 ∗ x ∗ y − 463.8 ∗ x 3 − 2.844 ∗x2 ∗ y + 54.08 ∗ x4 + 0.3654 ∗ x3 ∗ y (5)

With preheating:

objheight(x, y) = 2117 + 2917 ∗ x − 1046 ∗ y − 670.3 ∗ x2 − 470.2 ∗ x ∗ y + 184.8 ∗ y2 + 104.7 ∗ x2 ∗ y + 3.83 ∗ x ∗ y2 − 8.149 ∗ y3 (6)

objdepth(x, y) = −2352 + 3157 ∗ x − 199.2 ∗ y − 226 ∗ x2 − 248.2 ∗ x ∗ y + 82.54 ∗ y2 − 29.85 ∗ x2 ∗ y + 26.23 ∗ x ∗ y2 − 7.545 ∗ y3 (7)

objdilution(x, y) = −35.85 + 34.75 ∗ x − 10.71 ∗ y − 1.294 ∗ x2 + 15.89 ∗ x ∗ y + 0.1334 ∗y2 − 4.257 ∗ x2 ∗ y + 0.2834 ∗ x ∗ y2 − 0.08753 ∗ y3 (8)

The fitted curves for Equations (3)–(5) are shown in Figures 12–14, respectively. Data
validation is verified using the Matlab software and curve-fitting toolbox. When variables
are selected, the mentioned toolbox can calculate validation statistics such as Root Mean
Squared Error (RMSE), and the best fitting has the least amount of RMSE. The same
approach was used to fit the curves for the condition of without preheating.

Figure 12. (A) The best curved surface (R-square: 0.9908; Adjusted R-square: 0.9539; RMSE: 0.1347) and (B) contour plot for
the height (in micrometers) of deposited clad regarding the combination of the laser power and scanning speed.
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Figure 13. (A) The best curved surface (R-square: 0.9904; Adjusted R-square: 0.952; RMSE: 0.1674) and (B) contour plot for
the depth (in micrometers) of deposited clad regarding the combination of the laser power and scanning speed.



Metals 2021, 11, 672 15 of 18Metals 2021, 11, x FOR PEER REVIEW 16 of 20 
 

 

 
 
 

(A) 

 

(B) 
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tive functions simultaneously for samples without preheating and with 300 °C preheating, 
respectively. 

Figure 14. (A) The best curved surface (R-square: 0.9728; Adjusted R-square: 0.8641; RMSE: 0.347) and (B) contour plot for
the dilution (in %) of deposited clad regarding the combination of the laser power and scanning speed.

Figures 15 and 16 illustrate derived Pareto frontiers [38] minimizing the three objective
functions simultaneously for samples without preheating and with 300 ◦C preheating,
respectively.
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Figure 15. 3D Pareto frontier of the three objective functions including depth, dilution, and height of clads, with a feed rate
of 15 g/min and without pre-heating.

Figure 16. 3D Pareto frontier of the three objective functions including depth, dilution, and height of clads, with a feed rate
of 15 g/min and with 300 ◦C pre-heating.

In this study, L3 norm Minimization technique [41] is used to minimize the distance
from the Pareto set to an ideal solution, utopia point. Table 5 shows the best values for
minimized outputs based on the inputs. For a feed rate of 15 g/min, the best processing
conditions are a scan speed of 10 mm/s and a laser power of 1.5 and 1.7 kW for sam-
ples with and without preheating, respectively. These values correspond to 3340 and
2025 (kW)4·(mm/s)2/(g/s), which are in accordance with those determined by using the
empirical complex parameter P4·SS2/FR.

Table 5. Optimized value of the inputs and outputs for a feed rate of 15 g/min.

Conditions Laser Power
(kW)

Scan Speed
(mm/s)

Height
(µm)

Depth
(µm)

Dilution
(%)

Without preheating 1.70 10.000 719 348 28.3
With preheating 1.49 9.999 734 123 16.7
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4. Conclusions

The present study analyzed the effect of laser power, scan speed, and feed rate on
the deposition of AISI 431 steel powder (Metco 42C) on a 42CrMo4 steel substrate. The
analysis of the clads revealed a martensitic structure with delta ferrite. This structure is
susceptible to the appearance of cracks in the cladding area, this cracking being more
common when the substrates were preheated to 300 ◦C. The metallurgical bonding of the
clad to the substrate requires a power greater than 1 kW. Laser powers greater than 2 or
1.5 kW, for samples without or with preheating, respectively, induce dilutions greater than
30% with the consequent decrease in the yield of the deposition process. The increase in
laser power and scan speed increases the possibility of cracking. The use of experimental
complex parameters made it possible to define the conditions that prevent cracking and
guarantee a sound clad with good deposition yield. The values obtained are 2000 and
5000 (kW)4·(mm/s)2/(g/s) in samples with and without PHT, respectively. The use of a
genetic optimization algorithm indicated that the best processing conditions were obtained
with speeds of 10 mm/s, feed rate of 15 g/min, and laser powers of 1.5 and 1.7 kW for
samples with and without preheating, respectively. These conditions agree with the ones
resulting from the application of the complex parameters.
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