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Abstract

Multi-material Directed Energy Deposition (DED) Additive Manufacturing (AM) processes
enable the integration of different material properties into a single structure, addressing
the requirements of various applications and working environments. Laser-based Directed
Energy Deposition (DED-LB) has been employed in the past for surface coatings as well as
for the repair and repurposing of high-value industrial components, with the goal of ex-
tending product lifetime without relying on expensive and time-consuming manufacturing
from scratch. While powder DED-LB has traditionally been used for multi-material AM,
the more resource-efficient and cost-effective wire DED-LB process is now being explored
as a solution for creating hybrid materials. This work focuses on the critical aspects of
implementing multi-material DED-LB, specifically defining an optimal operating process
window that ensures the best quality and performance of the final parts. By investigating
the possibility of combining stainless steel and nickel-based alloys, this study seeks to
unlock new possibilities for the repair and optimization of naval components, ultimately
improving operational efficiency and reducing downtime for critical naval equipment. The
analysis of the experimental results has revealed strong compatibility of stainless steel
316 with Inconel 718 and stainless steel 17-4PH, while the gray cast iron forms acceptable
fusion only with stainless steel 17-4PH. Finally, during the experimental phase, substrate
pre-heating and process monitoring with thermocouples will be employed to manage and
assess heat distribution in the working area, ensuring defect-free material joining.

Keywords: multi-material additive manufacturing; directed energy deposition; laser-based;
repair; stainless; nickel-based; cast iron

1. Introduction

Multi-material metal Additive Manufacturing (AM) is the process of combining dif-
ferent materials in a unique structure [1-3]. The produced end parts are called bimetallic,
trimetallic, etc., components, depending on the number of materials used [2]. These compo-
nents are adopted increasingly from the industrial world since they can lead to economic
benefits (e.g., repair) and end-part performance advantages (e.g., coatings) [4,5].

In the past, multi-metallic components were developed through casting, explosive
welding, diffusion joining and powder metallurgy [6-8]. However, their process mech-
anisms have been linked with poor mechanical properties due to high residual stresses
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caused by continuous thermal cycles throughout the entire geometry, distortion and intrin-
sic defects, extensive post-machining and low flexibility in terms of geometry [2]. These
challenges have steered the industries to explore multi-material metal AM.

Although metal AM does not match the speed and cost efficiency of conventional mass
production methods, it provides a viable solution for low-production volume manufactur-
ing (replacement parts, casting parts) while it supports repair processes [1,9]. Compared
to traditional repair with arc-based welding, laser-based metal AM provides focused heat
input, contributing to narrow heat affected zone and controlled thermal cycles reducing
the thermal gradients and distortions [10]. Billions of dollars are spent annually repairing
and replacing metal parts due to corrosion or/and wear. Approximately 30% of the associ-
ated costs and downtime could be reduced by accelerating the adoption of metal additive
manufacturing [9].

The laser-based Directed Energy Deposition (DED-LB) processes can support repair
and repurpose processes by joining different materials with very similar material properties
and microstructure. In practice, multi-material processes can be achieved in several ways.
Powder-based DED-LB systems use multiple hoppers to feed different materials into the
melt pool, allowing either in situ mixing or discrete deposition [11]. The latter applies
also to wire DED-LB systems, switching the feedstock layer-by-layer or region-by-region,
based on the part’s specifications [12]. However, the in situ mixing of material introduces
challenges as it regards the process stability and the expected part’s properties [13].

Most of the recorded repair scenarios combine stainless steel and nickel-based alloys.
Both material families can cover significant requirements, being compatible with many
other metals. On the other hand, they are inserting significant challenges in conventional
material removal-subtractive processes. Steel alloys have been used mainly for repairing
mold dies and tools, vessels, crankshafts, driveshafts, engine pistons, etc. Nickel-based
alloys have been selected for the repair of gas turbines on the compressor seal, turbine
blades and airfoils, thin-curved fins of propellers, etc. However, the application of DED is
not limited in those materials, but it can be used in any weldable material considering the
appropriate choice of heat input type. For the repair of Ti-6Al-4v and Inconel 718 alloys,
stainless steel has been used while nickel-based alloys are also preferred for the repair of
components made by copper [2]. In an example that comes from the energy sector (wind
power equipment), a large-scale component that was made of steel is now being repaired
by adding Inconel 625, aiming to improve its surface properties and elongate its lifetime.

Scope of This Work

In this work, the existing knowledge from well-documented materials in the field of
metal AM is used to guide the selection of working parameters for various materials based
on their thermophysical properties and their chemical composition. For this experimental
work a wire laser-based Directed Energy Deposition (DED-LB) system is used. The laser
power, wire feed rate, deposition head speed and the substrate temperature vary, and their
effect on the penetration depth, wetting and porosity as well as on the formation of pores
and cracks is evaluated. The combination of parameters that are used for the deposition
of stainless steel 316 (SS316) on a substrate of the same material guide the selection of the
process parameter values when Inconel 718 (IN718) and stainless steel 17-4PH (S517-4PH)
are deposited on S5316 substrate. All the materials have been provided by the MELTIO
(Linares, Spain) company. The same methodology is followed when the base material is a
gray cast iron (GCI). In the latter case, apart from the three mentioned feedstock materials,
the 55316 is also deposited. These combinations of materials have been selected based on
the needs of naval industry.
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The structure of the current work is presented hereafter. Section 2 presents the ex-
perimental set up while Section 3 delivers the methodology towards the selection of the
process parameter values based on the material characteristics while also introducing the
combination of the investigated parameters. The results are discussed in Section 4 while in
Section 5 the methodology is evaluated based on an actual case-study from naval industry.
The conclusions and future remarks are included in Section 6.

2. Experimental Set Up

A MELTIO (Linares, Spain) DED-LB head system with six off-axis, infrared laser beams
(976 nm) and coaxial wire feeding mechanism is used. The laser spot size for each of the
beams is 0.4 mm. The shape of the laser beams at the surface can be simulated to a hexagon,
with more than 50% overlap between the beams. The Stand-off Distance (SoD) is set to
6 mm, being defined as the distance between the tip of the wire nozzle and the substrate
upper surface. Throughout the experimental work, the inert gas (Argon) was maintained
at a constant rate of 8 L/min. The feedstock diameter for all the studied materials was
measured around the nominal value of 1 mm (0.1 mm). The system is equipped with a
heated table. A resistance for heating covers the lower surface of the working table. The
temperature is controlled based on the feedback from the thermocouples which are located
close to the working area and at the substrate. Probe-based, type J, thermocouples were
preferred to capture the temperature across the working area instead of the wire-based
thermocouples that record the temperature on a spot. Data acquisition and denoising
was executed via a LabJack DAQ (T7 PRO) platform. Then, the data were transmitted via
USB port to a computer which was interacting via Transmission Control Protocol/Internet
Protocol (TCP/IP) with the robot and DED controller.

Throughout this work, three substrate plates were used. Two of them were made
by S5316 and the third one was made by GCI. The substrate thickness was 10 mm. The
experimental set up is depicted in Figure 1. The discussion about the material choice for
the feedstock and the substrate is provided in Section 3. Lastly, an Insize (Derio, Spain)
ISM-DL301 optical microscope was used to reveal bead dimensions after etching.

DAQ (LabJack T7) |

Thermocouples

\ B
Stainless steel |4
base plate

Figure 1. Experimental set up and substrate materials.

3. Experimental Work

The end-users are interested in achieving improved performance by leveraging the
laser-based DED process mechanism and the customized mechanical properties of the
fabricated parts [9-16]. However, as regards the repair processes, significant challenges
occur during the investigation of compatible feedstock and base materials.

In the literature, compatibility matrices of various metals can be found. In practice,
during the process planning of a repair or repurpose scenario, the engineer should identify
the appropriate filler material after performing metallography analysis of the base material.
Moreover, the engineer selects the processing parameters after performing a multi-purpose
experimental workflow in single tracks to extract the level of penetration. The penetration
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depth appears after time-consuming polishing and etching. Single tracks are deposited
throughout this investigation to reduce the number of geometrical-dependent parameters,
while enabling fast-executed experiments.

Although this workflow can provide a variety of working parameters, the challenge of
combining two different materials can appear when multi-layer parts are being fabricated.
The challenges are linked to their thermophysical properties and their behavior during
thermal cycles. However, these details are geometry dependent, exceeding the scope of the
present work.

3.1. Material Characteristics

Throughout this work, stainless steel and nickel-based alloys are investigated with
regard to being used by naval, energy and aeronautical sectors as well as mold-making
industries. Good corrosion resistance and excellent mechanical strength are achieved by
refining the grain structure and reducing residual stresses with the aid of heat treatment.
As an example, the aging cycles of parts made or repaired by SS 17-4PH dictate its hardness
and tensile strength [17,18]. The heat treatment cycles and the treated area should be
determined based on the desired part’s mechanical and surficial properties as well as the
thickness of the deposited material. Below, few characteristics of the selected materials
are introduced.

o IN 718: It is a Nickel-Iron—-Chromium-based-alloy which maintains its material prop-
erties up to 700 °C, presenting very good corrosion resistance. It is used in turbine
engines, components of vessel engines as well as in nuclear engineering [16-18].

e  55316: Itis an austenitic Chromium-Nickel-Molybdenum alloy known for its excellent
corrosion resistance, which maintains good mechanical properties up to 600 °C. It is
used in chemical processing, marine components and medical devices, etc. [9,17].

e S5 17-4 PH: It is a precipitation-hardening martensitic stainless steel that offers a
combination of high strength, good corrosion resistance and excellent dimensional
stability. It can maintain these properties up to temperatures around 480 °C and is
widely used in aerospace, energy and tooling applications.

e GCL It is a ferrous alloy characterized by the presence of graphite flakes in its mi-
crostructure, giving it excellent damping capacity, good machinability and compressive
strength. However, it exhibits poor weldability due to its high carbon content. GCI is
used in engine blocks, machine bases and structural components. Tailored heat treat-
ments can help reduce residual stresses and improve microstructural integrity [17,18].

The combination of materials is depicted in Figure 2, dividing the filler and substrate
material. The material combinations studied are made up of four combinations for the GCI
and three for the SS substrates.

Stainl::(s; Steel casien 5' Process Variables

Baseplate

( Laser Power ] [ Wire Feed Speed ]

] K{ Deposition head J[ N J i
L speed ;

Wire
(RN

Figure 2. Combination of substrate and filler material.

3.2. Design of Experiments

The variable process parameters are those with the most prominent effect on part
quality (Figure 2)—laser power (P), deposition head speed (v), wire feed rate (WFR) and
substrate preheat temperature. The rest of the parameters remained constant across all
experiments (shielding gas flow rate, spot size, working distance and beam shape). WFR
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value depends on v to always match the ratio 1.5:1 (WER to be 1.5 times v), as it is proven
to be a ratio that consistently provided good results in previous experiments [19].

Due to the absence of documentation on multi-material AM in wire DED-LB and
complex-to-model thermodynamic phenomena, the selection of process parameters is
based on successful parameter sets of SS316 wire and substrate and they are adjusted based
on the thermal properties of the material that is used as feedstock and base. The investigated
thermal properties are the liquidus temperature, thermal conductivity, specific heat capacity,
thermal diffusivity and coefficient of thermal expansion. For each combination, the energy
input and the linear energy density are adjusted based on the effect of these properties on
heat absorption as it is documented in the literature [20]. As an example, if the liquidus
temperature, specific heat capacity and thermal diffusivity of the investigated material
exceed those of 55316, the linear energy density (more heat input over a specified length)
should also be increased, while if the thermal conductivity is increased, the energy density
should be reduced (less heat input over a specified length). Preheating is mandatory in the
case of depositing on metals with high thermal expansion coefficients or in metals that are
susceptible to cold cracking (e.g., GCI). Conversely, the hot cracking cannot be avoided
with pre-heating since it is directly linked to the material chemical composition. Preheating
the substrate is also beneficial in reducing porosity and cold cracking, as it reduces residual
stresses [20]. Reflectivity can also influence the heat input. A more reflective surface
requires higher energy density to achieve the same effect as a less reflective surface. The
reflectivity of SS316 is noticeably higher than gray cast iron; thus, decreased energy density
is required when using the latter.

The tested parameters are summarized in Table 1. For each material combination
12 experiments were conducted, 6 experiments with pre-heated table and 6 experiments
at room temperature. The pre-heat temperature of the bed was set at 200 °C. In total, five
combinations were tested (Figure 2) resulting in 60 experiments in total (Table 1).

Table 1. Combination of process parameters for multi-material AM investigation.

Parameters/Combinations

S$S316/SS17-4PH  SS316/IN718  GCI/SS17-4PH GCI/IN718 GCI/SS316

P (W)
v (mm/s)
WEFR (mm/s)

750 £ 100 * 950 £ 100 * 750 £ 100 * 950 £ 100 * 750 =100 *
8.3/10** 8.3/10** 8.3/10** 8.3/10** 8.3/10 **
12.5/15 ** 12.5/15 ** 12.5/15** 12.5/15 ** 12.5/15 **

* The parameter varies between three levels, ** The parameter varies within two levels.

4. Results and Discussion

After the deposition, the specimens were labeled and sectioned at the middle where
the bead geometry is stabilized [20]. The two sides of the section were measured, providing
identical values. The specimen’s cross section was polished and etched by using aqua regia
etchant for S5316 substrate and Nital etchant for GCI revealing the penetration depth, the
wetting, as well as some inclusions.

Failure Criteria-Performance Indicators

The quality of the deposited bead is assessed using the width-to-height (W /H) ratio.
This ratio evaluates the shape of the bead above the build plate. In the literature, an optimal
ratio around three has been identified [20]. In addition to geometric considerations, wetting
is a critical criterion which determines structural integrity by indicating the fusion between
the deposited material and the substrate. The presence of macro-porosity or/and cracks on
the bead is considered unacceptable, regardless of its size. Each of these defects are seen in
Figure 3 while in Figure 4 the effect of pre-heat on bead quality is presented.
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Lack of
penetration

Lack of wetting Porosity

Cross-sectional Surface

Figure 3. Failure criteria, lack of wetting, porosity, lack of penetration.

) ) Heated Criteria Cross-section measurements Best p set
Baseplate | Wire Material Baseplate | Porosity | Wetting | Penetration | Width |Height | Depth | W/H ~ H/D PO:\:’;_E(IW) Wx;:nl;:j:ef)ate R:’:;‘;;;Z:d
Stainless Steel NO YES LOW LOW 1.890 [0.897 [0.154 |2.107 |5.825 850 15 10.0
316L YES YES GOOD LOW 2.305 |0.953 |0.157 |2.419 ]6.070 850 15 10.0
Grey Cast [Stainless Steel NO YES GOOD GOOD _ [1.660 |0.809 [0.178 |2.052 |4.545 850 12.5 8.3
17-4PH YES NO GOOD GOOD  [1.712 [0.842 (0.245 [2.033 [3.437 650 15 10.0
Inconel 718 NO YES LOW LOW 2.330 |1.085 0.256 |2.147 ]4.238 950 12.5 8.3
YES YES GOOD GOOD _ [2.451 |0.920 [0.305 |2.664 |3.016 1050 12.5 8.3
Stainless Steel NO NO GOOD GOOD _ |2.007 |0.730 [0.174 |2.749 ]4.195 850 12.5 8.3
Stainless 17-4PH YES NO GOOD GOOD  [2.096 [0.693 [0.226 |3.025 |3.066 850 12.5 8.3
Steel 316 Inconel 718 NO NO GOOD GOOD _ [1.985 |0.721 [0.185 |2.753 |3.897 950 125 8.3
YES NO GOOD GOOD _ [2.191 |0.757 [0.332 |2.894 |2.280 950 12.5 8.3

Figure 4. Measurements and comparison of the best track for each metal combination.

The experiments provided valuable insights into the compatibility of the investigated

materials. Specifically, the tracks deposited on GCI plate present uneven interface between

the substrate and deposited feedstock. Macro-pores along the interface line were detected.

This is probably due to the inclusions and impurities found in GCI, forming gas bubbles

within the melt pool while the waviness can be attributed to the difference in density of the

two metals [20]. It is noted that preheating is beneficial for the GCI substrate experiments

since it contributes to reduced thermal gradients, effectively reducing porosity, cracking

tendency and achieving greater penetration depth.

GCI-S5316: In this combination, low wetting and penetration depth as well as com-
plete lack of fusion in the case of low energy density (P: 650 W, v: 10 mm/s) experi-
ments with and without preheating has been identified. Preheating has contributed to
improving the wetting and W/H ratio. However, macro-pores were detected.
GCI-5517-4PH: One acceptable parameter set was identified (P: 650 W, v: 10 mm/s),
demonstrating the compatibility of these two materials. Table pre-heat contributed to
higher penetration depth and thus to a successful set of parameters. Both scenarios are
pore-free. This set will also be tested in solid structures with various path planning
strategies, following the guidelines for the cold welding of GCI [20].

GCI-IN718: No acceptable parameter sets were found. Extreme porosity and surface
waviness is present in all tracks with and without preheat. Preheating has increased
penetration depth and bead width while it has led to improved wetting.
5S316-S517-4PH: Adequate compatibility was achieved. Two acceptable parameter
sets without preheated table (P: 850 W, v: 8.3 mm/s, P: 850 W, v: 10 mm/s) and three
with preheated (P: 750 W, v: 8.3 mm/s, P: 850 W, v: 8.3 mm/s, P: 850 W, v: 10 mm/s)
were found. These results are expected due to the relatively close material properties
and chemical composition of the studied materials.

S5316-IN718: Two acceptable parameter sets have been identified in the case of not
preheating the table (P: 950 W, v: 8.3 mm/s, P: 1050 W, v: 10 mm/s) and two more sets
when the table has been preheated (P: 950 W, v: 8.3 mm/s, P: 1050 W, v: 8.3 mm/s).
Preheating leads to increased bead width and penetration depth.

Finally, the optimal combinations of parameters for the various combinations of

materials and the relative bead dimensions and shape are given in Figure 5.
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SS316/IN718 *SS316/IN718 *SS316/SS17-4PH

+ Power=950W, * Power=950W, + Power=850W, Power =650 W,
* Wifr=12.5mm/s, « Wfr=12.5mm/s, * Wfr=12.5mm/s, Wir =15 mm/s,
* Speed =8.3 mm/s * Speed= 8.3 mm/s * Speed=28.3 mm/s Speed = 10 mm/s

*Pre-heat, substrate material / added material

Figure 5. Successful set of parameters for the investigated combination of materials.

5. Case Study in Naval Industry

The naval sector relies on components that must withstand high loads while working
continuously in tough conditions (e.g., high temperature, corrosion, etc.). To demonstrate
the effectiveness of the presented workflow, a repair case was examined. Figure 6 depicts
the shaft from a vessel’s fuel pump system made from duplex stainless steel. The exact
chemical composition and the name of the used base material were not extracted since the
thermal properties of the several duplex stainless-steel alloys are almost identical and an
average value can be used as indicative throughout our workflow.

Phase 1: Examine  Phase 2: Disparity Phase 3: Repair

g Process parameters M Etching process the defect map process

Evaluation on
sample geometries

Figure 6. Combination of duplex stainless steel and 55316 in an actual repair case study [9].

The similarity of the thermo-mechanical and chemical properties of the base material
are similar to those of SS316, indicating the latter as a prominent solution for the repair
process with wire DED-LB process. Due to this similarity the process parameters developed
for SS316 were also used. Nonetheless, to ensure adequate joining between subsequent
tracks and interlayer, as well as to avoid porosity and residual stress-induced cracking, the
heat input was carefully adjusted through fine-tuning of the laser power and the substrate
temperature. The repair process followed a three-step methodology. At first the initial
part was inspected to identify the defect magnitude. Secondly, reverse engineering was
employed to generate the deposition path after surface cleaning. A disparity map was
created to visualize material loss, ensuring targeted material addition. After that step, the
appropriate process parameters were selected through testing sample geometries with
etching-based quality inspection; P was set at 900 W, WFR at 15 mm/s and v at 10 mm/s.
Overlap was selected to be 30% and the tool path was unidirectional with variable starting
point (90 deg offset in each track). Finally, the defect-free joining of these two materials and
the implementation of the repair scenario validates the applicability of the workflow in
various materials.

6. Conclusions and Future Work

This work delivers a structured workflow on the identification of working parameters
for a combination of materials based on the understanding of their material properties.
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Five material combinations were studied. At least one successful set was identified for
the cases where the 55316 is used as substrate and only one filler material was found (SS
17-4PH) to be compatible with the GCI plate. The workflow was validated in a case study
from the naval industry by depositing SS 316 on duplex stainless steel. The findings of this
work can be used to guide future research on this topic with significant industrial adoption,
especially in the repair and repurposing application area:

e  Microstructure investigation (grain size and morphology) at the interface between the
bonded metals to provide further insights about the grains and their morphology.

e  Development of thin walls and solid structures to evaluate the effect of the thermal
cycles on the interface microstructure.

e  Study the effect of preheating methods (e.g., coils, laser) on bead shape and geometry.

e  The addition of a third intermediate layer (tri-metallic joining) with a metal of higher
compatibility with the other two metals to improve joining.
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