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Abstract

This thesis investigates the optimization of the hot wire laser additive
manufacturing (HWLAM) process with a focus on Inconel 718 deposition. HWLAM is a
wire-based directed energy deposition technique that combines laser power with
resistive wire preheating to improve energy efficiency and deposition stability.
Compared to conventional wire laser additive manufacturing (WLAM), the introduction
of current as an additional process parameter significantly affects heat input, material
flow, and final part quality. In this study, four key process parameters (laser power,
current, scanning speed, and wire feeding speed) were systematically examined to
evaluate their influence on bead geometry, overall surface quality, and microstructural
characteristics. The objective of this work is to define stable process windows that

enable defect-free and dimensionally accurate bead production.

A mathematical model was first established to calculate the theoretical wire
linear energy required for complete melting of IN718 wire. Guided by this model, a
comprehensive set of experiments was performed using a robotized manufacturing cell.
In total, 142 parameter sets and around 450 depositions were tested, applying both
coarse and fine process mapping strategies. Each deposition was characterized in terms
of bead geometry, surface quality, and process defects, while microstructural analyses

provided additional insights into dilution, contact angle, and grain morphology.

The results show that successful manufacturing is achieved within a process
window centered around the calculated wire linear energy of 8.7 ]/mm. It is observed
that joule heating should be used as a supplementary source in terms of energy
proportions. Introduction of joule heating as additional heat source resulted in smoother
depositions. Additionally, much faster deposition rates were achieved using significantly
less laser energy than with the WLAM process. This reduces both energy consumption

and production time.
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Chapter 1

Introduction

1.1. Wire Additive Manufacturing Process

Additive manufacturing (AM), also known as 3D printing or rapid prototyping, is a
process of joining materials to make objects from a 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing technologies [1], [2]. As a result, this technology
eliminates the need for tools like molds and dies, making it a cost-effective solution for producing

customized, high-value, and intricate products in low to medium quantities [3].

To build the parts with AM, a feed material such as a liquid, solid, or powder is
transformed into a solid part with the desired shape using a source of energy. Different
classifications were made based on the choice of feed material, process, or energy source.
ISO/ASTM 17296-2 [4] offers a standard classification according to the process type, whereas
alternative classifications based on the type of feed material are also presented in the literature
[5], [6], [7], [8]- Figure 1 shows the classification of the different AM processes, organized by

process type and feed material state.

Classification by
Process
Metal Directed
Extrusion Energy PO"FVS;::E“ Binder Material Sheet VAT
Deposition (FEF) Jetling Jetting Lamination Photopolymerization

(DED)

Laser

.LEEET Beam
Wire DED or|
WLAM

Solid 4@ Liquid

Classification by
Material

Figure 1 : Classification of different AM processes.
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Directed Energy Deposition (DED) is a type of AM process where material is deposited
and simultaneously melted using a concentrated heat source. Wire or powder are commonly
used as a feedstock material [9]. Compared to powder-based feedstocks, wire offers a higher
deposition rate [10], [11], reduced material waste [12], lower overall material costs [13] and a
lower risk of contamination [14]. Given these advantages, wire-laser directed energy deposition
(W-LDED) has emerged as a promising manufacturing technique and is increasingly being
adopted in the aerospace, automotive, and energy sectors for the fabrication of large-scale

components [15].

W-LDED, also known as wire laser additive manufacturing (WLAM), a technique used for
building, repairing, or coating components (Figure 3). In this process (Figure 2), a moving laser
source generates a molten pool on the substrate, while a cold metal wire is simultaneously fed
and melted into the melt pool. WLAM enables the production of near-net-shape, complex parts
with precise material deposition. This approach reduces manufacturing time by eliminating the
need for tooling design and production, while also minimizing machining and finishing

operations [16].

Wire Feeder Laser Head

Re-Solidified Alloy L
aser

Substrate g Melting Bead

Travel Direction

Figure 2 : Schematic representation of the WLAM process [2].



Figure 3 : Geometries manufactured using manually controlled WLAM (a): Multiple-bead wall.
(b): Cutting edge deposited on a chamfered edge, (c): final shape is obtained after machining.
(d): An aero engine casing with three different bosses deposited on the surface [17].

To further improve this technique, researchers have developed a variant known as hot
wire laser additive manufacturing (HWLAM). In this method, the use of a hot wire preheated by
the Joule effect provides additional benefits by enhancing thermal control and increasing
productivity. Here, the energy delivered to the wire is no longer solely dependent on the laser
power, allowing for a reduction in laser usage, which in turn decreases both production time and

energy consumption. The HWLAM process is illustrated in Figure 4.

Laser
Wire Feedstock
{f
)
©
(=3
®,
I -
Hot wire
power
source _Vi)
Substrate

Figure 4 : Schematic of HWLAM process.



This study focuses on the HWLAM process, aiming to determine the optimum operating
conditions for producing parts of the desired quality. The quality and accuracy of the parts
produced using this technique are directly influenced by the process parameters. Unlike WLAM,
where current is absent, HWLAM introduces current as a new and Key parameter that
significantly affects heat input, material flow, and final part quality. Therefore, special emphasis
is placed on understanding the role of current, in addition to the other process parameters, and
these are investigated in Section 1.2. Then, a mathematical model is presented in Section 2.1 to
estimate the production window for HWLAM. In Chapter 2, the production cell as well as the
experimental tools and methods are described. Subsequently, the results and conclusions are

reported in Chapter 3 and Chapter 4, respectively.

1.2. Process Parameters of HWLAM

The HWLAM process parameters can be classified into five categories (Figure 5). While
numerous parameters influence this process, most are fixed and do not vary during
manufacturing. The literature and research primarily focus on four key parameters: laser power,
current, wire feeding speed, and scanning speed. This study will also focus on these four

parameters.

Energy Source

Laser Power
Laser Type
Laser Focal Distance

Laser Focal Spot Size

Laser Beam Profile
Preheating Current

Preheating Time

Feedstock Material Environment

Wire Material Temperature
Wire Diameter Gravity
Wire Length Shielding Gas
Substrate Material

HWLAM
Parameters

Feeding Strategy

Feeding Type Deposition Strategy

Feeding direction
Feeding angle Scanning Speed
Wire Feeding Speed Scanning Strategy
Distance : Head-Part

Part Orienation

Figure 5 : HWLAM process parameters.
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1.2.1. Wire and Substrate Material

Since the manufacturing process in HWLAM closely resembles welding, materials commonly

used in conventional welding are also well-suited for this technique [8]. This includes:

e Co-Cr based alloys
e Al based alloys

e Toolsteels

e Stainless steels

e Nibased alloys

e Titanium alloys

Material selection is governed by the specific performance requirements and regulatory
standards of the intended industry and application. For example, the aerospace sector demands
lightweight, high-strength materials such as titanium and nickel-based alloys due to their
excellent mechanical properties and resistance to high temperatures [18]. In contrast, the
biomedical field emphasizes biocompatibility and corrosion resistance, often utilizing materials
like cobalt-chromium alloys and medical-grade stainless steels [19]. In literature, commonly
used materials for WLAM and HWLAM are IN718, IN625, Ti-6Al-4V and stainless steel. Material
selection has a direct impact on the process parameters. Key material characteristics that affect
the process include melting temperature, viscosity, weldability, density, thermophysical
properties, and surface tension. Inconel superalloys are widely used in WLAM due to their good
weldability, high-temperature strength, and oxidation resistance [20]. Therefore, this material

was selected for the present work.

1.2.2. Wire Size

In the literature, wire diameters used in HWLAM range from 0.1 mm to 1.2 mm, with
most studies reporting values around 1.0-1.2 mm (Table 1). The choice of wire diameter may
depend on the required dimensional accuracy and the size of the component being produced.

Wire size also directly influences the overall process time.

1.2.1. Scanning Speed

Scanning speed (V;) is a HWLAM process parameter that refers to the speed at which the
laser head moves across the substrate during deposition. Low scanning speed with constant
laser power leads to high energy on the track, resulting in deeper melt pool and more energy
input per point on the track. Scanning speed has a significant effect on the bead’s shape and

characteristics, as discussed in detail in Section 1.3.



1.2.2. Wire Feeding Speed

Wire Feeding Speed (V) is the speed at which the wire is fed into the melt pool. In the
literature, a wide range of wire feeding speeds has been reported, depending on parameters such
as wire type and size, laser power, current, and scanning speed (Table 1). Too high or too low
wire feeding speed can directly cause defects in manufacturing and shape. The effect of wire

feeding speed on bead’s geometry and characteristics is discussed in detail in Section 1.3.

The ratio of wire feeding speed to scanning speed, often denoted as k (Equation 1.1),
determines how much wire is fed per unit distance traveled [21], [22]. Since it largely depends
on other process parameters, it is not accurate to define a fixed value for the k ratio. However,
studies show that it is commonly set between 1 and 4. Table 1 also presents the typical values

for this ratio.

1.1

=
I
SIS

In HWLAM, higher deposition rates can be achieved compared to WLAM [23]. The
deposition rate m is defined in Equation 1.2 [24] and is expressed in g/s. Here, 4,, denotes the
wire cross-sectional area in mm?.The ratio k makes it easier to represent the volume deposited
per unit length of travel (DVL), as shown in Equation 1.4 [25]. DVL is expressed in mm?, as it
represents the deposited volume per unit length. This parameter is useful for controlling both
the deposition geometry and the deposited volume, as it helps prevent overbuilding,

underbuilding, and inconsistencies in layer height and width between layers.

m=p-A, -V 1.2
mh
DUL 1.3
p-Vs
v 1.4
DVL=4, L=4, k
Vs

1.2.3. Input Energy

In HWLAM, two energy sources are used: a laser and resistive heating by the Joule effect.
Sufficient energy input from these sources is essential for producing high-quality deposits, as it
ensures complete wire melting and proper fusion with the substrate. Insufficient or excessive

energy can result in defects, hindering further fabrication [23]. That is why choosing the right



laser power and preheating current is crucial. A detailed discussion of these defects is presented

in section 1.4.

Laser power is responsible for both melting the wire and forming the melt pool on the
substrate, while joule heating specifically targets the wire, thereby reducing the laser’s
contribution to wire heating. Joule heating, also known as Ohmic heating, refers to the
generation of heat when an electric current flows through a medium (either solid or liquid) that
has finite electrical conductivity [26]. In HWLAM, a circuit containing a wire and substrate is
established to achieve joule heating. When the wire makes contact with the substrate, the circuit
is completed, allowing an electric current to flow, thereby heating the wire (Figure 6). During
the manufacturing process, joule heating must remain active to ensure the quality of the process.

This can only be achieved through continuous contact between the wire and the substrate.

l -

+

Wire preheating
power

Figure 6 : The schematic of the preheating wire [27].

In previous studies, a wide range value of laser powers and currents have been used
(Table 1). This variation is often influenced by other process parameters such as the material,
wire diameter, focal spot size and distance, wire feeding speed, and scanning speed. An

optimized combination of laser power and current is crucial to avoid manufacturing defects.

In the literature, the energy input to the wire is commonly represented as linear energy
(Eiw) in J]/mm, as shown in Equation 1.5. It describes the amount of energy supplied per unit
length of wire entering the melt pool. This approach relates the total power input (P;yt4;), Wwhich

includes contributions from both laser (P;) and Joule heating (P;), to the wire feeding speed.
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There is also another similar parameter called track linear energy (E;.). Unlike wire
linear energy, this parameter uses scanning speed instead of wire feed speed (Equation 1.6). It

represents the amount of energy applied per unit length of a deposition track.

Piotal _ (Pl + Pj) 1.6

E, . =
Lt Vs Vs

Wire linear energy mainly relates to melting the wire itself; it indicates how much energy
is delivered per unit length of wire fed, ensuring the wire melts properly to form the deposited
material. While the track linear energy is more about the interaction between the melted wire

and the substrate or previous layer. It governs the melt pool size, the fusion and bonding quality.

1.2.4. Laser Types

Laser systems are generally classified as either continuous-wave or pulsed (Figure 7),
and each type exhibits distinct behavior, particularly in relation to melt pool formation.
Continuous laser causes the melt pool to move along the deposition path, contributing to heat
accumulation over time. Conversely, the pulsed laser’s periodic energy delivery limits thermal
accumulation, thereby reducing residual heat in the material [28]. In most studies (Table 1) the

continuous laser was used due to its high deposition rate and high melt pool stability [29].
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Figure 7 : Comparison of pulsed and continuous laser [28].

1.2.5.Wire Feeding Types

In the HWLAM process, two wire feeding strategies are discussed: coaxial feeding and
lateral feeding (Figure 8). Depending on the choice of wire feeding strategy, additional
parameters such as wire tip position, wire feeding angle, wire feeding direction and wire stick-

out length [30] may be introduced or omitted.

Lateral Configuration Coaxial Configuration

Scanning
direction Head

Scanning
direction
Laser

Wire

Bead

Substrate

Figure 8 : Schematic of two different feeding strategies [8].
In lateral feeding, the wire can be supplied either front (in the same direction as the laser
head movement) or rear (opposite to the laser head movement), with the wire tip positioned at

the front, center, or rear of the laser beam (Figure 9) [12], [30].
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Figure 9 : Wire positions within a circular Gaussian-profile laser beam with wire feeding: a)
Process schematic, b) Different feeding types, c) wire placed at front edge, d) wire placed at the
center, and e) wire placed at the rear edge of the melt pool (top row is for rear feeding and
bottom row is for front feeding) [30].

The quality of the deposition can be influenced by the choice of wire feeding mode, the
position of the wire tip, and the feeding angle [31]. Mok et al. [32] found that front wire feeding
with 45° angle the best feeding orientation. Syed and Li [33] reported that instead of a single
optimal feeding strategy, different combinations of feeding orientations and angles could also
produce good results. They achieved good deposition in front feeding when the wire was placed
at the front of the laser beam, and in rear feeding, a good clad was obtained when the wire was
positioned at the rear of the laser beam. Liu et al. [12] found that the rear wire feeding with the
wire tip placed at the rear of the laser beam is the optimal position. Huang et al. [34] achieved
best deposition rate when the wire feeding angle was 45° with front feeding. Although front
feeding is promising, the optimal wire feeding strategy for achieving high-quality deposition

depends on other factors such as laser power, spot size, and wire material.

In lateral feeding, achieving a uniform deposit is challenging since multiple feeding
directions such as front, back, and side feeding may arise during complex component fabrication.
Thus, the lateral wire feeding method limits flexibility and makes controlling the fabrication of

complex components more difficult [35].

In coaxial configuration, unlike lateral configuration, the use of coaxial heads eliminates
the need for head rotation, wire feeding direction and spot, allowing material deposition in any
direction [36]. In this configuration, the laser beam is divided into typically three beams (though
it may be four or six) using a prism, and these beams are then directed onto the focal plane by
focusing mirrors (Figure 10) [35], [37], [38]. Here, wire is located in the center of multiple single

beams (donut shape).
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Figure 10 : Schematic of three-beam laser with internal coaxial wire feeding laser head [39].

Different configurations of the laser beam positions can be achieved by allowing relative
rotation of the laser head with respect to the substrate along the z-axis (Figure 11). Roch [8]
found that different beam rotation configurations influenced the geometry of the deposited
beads; symmetrical beam configurations produced more uniformly shaped beads, whereas

asymmetrical configurations led to irregular bead shapes.

Imadiance KWimmy

=
o

=

Figure 11 : Example of different beam position configurations [8]. The parameter o represents
the rotation of the robot head around its z-axis relative to the substrate. The scanning direction
is from right to left.
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1.2.6. Focal Spot Size

Focal spot size is an important process parameter that influences the size, depth, and
shape of the melt pool. It is found that the smaller laser spot size with a given laser power and
scanning speed can lead to an increment in depth of penetration [40]. Thawari et al. [41] showed
that increasing the laser spot diameter reduces the melt pool temperature. Additionally, while
smaller spot sizes produce narrower melt pools, they tend to be deeper due to more
concentrated energy. The authors also suggested that laser power should be increased for larger
spot sizes and decreased for smaller ones. It is important to adjust and optimize the spot size for
the application, as it affects the size and depth of the melt pool and dilution. This, in turn,
influences the metallurgical bonding, as well as the mechanical and microstructural properties

of the produced part.

1.2.7. Focal Spot Distance

The laser focal point is the specific location where a laser beam is focused to its smallest
diameter, resulting in the highest energy density. Focal position refers to the distance from the
laser’s focal point to the surface of the workpiece [42]. It is important to adjust this distance
since it decides the location of the focus. A high focal position causes the laser beam to focus on
the wire, potentially causing the wire to overheat before reaching the melt pool, whereas a low
focal position results in inadequate melting of the wire [43]. Since the wire must remain in
contact with the substrate to enable joule heating, excessive heating can cause the wire to drip,
leading to a loss of contact with the substrate. Moradi et al. [43] and i et al. [36] reported that
focal spot distance has direct impact on geometry, microstructure and mechanical properties of

the printed parts since it has direct effect on temperature and solidification rate.

12
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Figure 12 : Schematic of three-beam laser: a) transmission characteristic, b) beams at negative
defocus, ¢) beams at focal plane, and d) beams at positive defocus [37].

1.2.8. Literature Review on Parameter Selection

In the literature on HWLAM, the lateral feeding configuration is generally used (Table 1).
Additionally, current and laser energy sources are usually considered together rather than
separately as laser power and current. So, there is no detailed study in which each process
parameter is analyzed individually using a three-beam coaxial head configuration, nor has
experimental process mapping been performed under such conditions. This study investigates
the effects of current, laser power, wire feeding speed, and scanning speed parameters on bead
geometry, surface roughness, microstructure, and defects. At the same time, process mapping is
carried out to identify safe operating regions for each wire feeding speed values. Furthermore,
compared to the WLAM process, HWLAM aims to achieve lower laser energy consumption and
increase the wire feeding speed. In this way, both the energy and time spent in manufacturing

are intended to be reduced.

13



Experimental configurations and parameters recorded in literature.

Table 1

d156%

snonunuo) - c1-TL S8°L 09°€-080 €0-1T°0 0oo¢€ 04-0% SY ¢9peID 1L 91 SNV [¥<]
snonupuoy 086-076 9-9Y - ¥'5-6°0 6'0-2°0 0009-000¢€ - - AV-1V9-1L 91 AV-1V9-1L [es]
snonunuo) 0401 €€ ST 4 9'0 00S¥%-00S¢ - 9'81 6022 SS 1 6022 SS [zs]
snonunpuo)y SL6 0¢ 124 9-¥'S €0-8T°0 | 0009-000% - 0S [991S 9€V 1 T191€ [1s]
snonupuo) 00T 90T 4 6 680 0009 0o¢ - [991S €TH T [993S €TH [os]
snonunuo) - 4 |4 280 S0 004 0Z1-00T SY 8TLNI 1 8TLNI [6t]
snonunuo) 0401 91 € 7-€ §C-ST1 0052-0002 0Z1-00T SY [991S 1 SZONI [8]
snonunuo) - 0¢ 91 02-9 S'0-€0 0009-000S ¢0Z-¥91 SY [991S 1 SZONI [L¥]
snonunuoy 00T 9-¥ 9-¢ CL9E ZT-60 000%-0002 - SS [991S 9€V 680 SZONI [z1]
snonunuoy 00T 91 € S'S g€ 000% 0ST SY SST191€ A" 8TLNI [,2]
snonunuoy 7901 71 € S-¢ §E-GT 005€-0002 0ST-0 06 [993S SETZS T SZONI [97]
S29 [291S
snonunuoy 00T €T € §C9-ST°€ SL¥-S°0 | 009€-00%C 0Z1-0% SY SYOT ISIV 1 SZONI [st]
snonunuoy 901 €1 60 7'l 80T 0007 L 06 [991S T 8TLNI [v¥]
(ww) | (urw/w)
(wu) EVAL aey (urw/u) ()
yr3uspae iy jods 8uipasg paads (m) 19mod | (v)auaxn) | (,) 9[8uy Iajawielq
apnIy
adAJ, 1ase Jaseq] onery | Jaseq allM Suruueoss Jase] Suneayaad | Surpasy ajensqns Al Il
sIojowrered Surinjoejnuey [eLIgIe]

14



1.3. Bead Geometry and Characteristics

After describing the process and its parameters, it is important to understand the
terminology and characteristics of the produced parts, commonly referred to as bead (Figure
13). In Figure 13, the red area (A) is the area of the bead, the blue area (Ap) is the penetration
area, and 0 represents the contact angle. As mentioned, process parameters have a direct impact

on geometry, and their effects are discussed below.

W

f 3
\ 4

Figure 13 : General shape of beads [8].

1.3.1. Height and Width

[t is essential to understand how process parameters affect the height and width of the
bead to ensure the desired geometry is deposited. According to the literature, increasing the
laser power leads to an increase in bead width but a decrease in bead height. Additionally,
scanning speed is negatively correlated with bead height and width [12], [32], [34], [53], [55],
[56], [57]. However, regarding wire feeding speed, there are inconsistencies in the literature.
Some studies reported that an increase in wire feeding speed leads to an increase in both width
and height [34], [58], while others reported an increase in height but a decrease in width [57],
[59]. These differences may be due to material selection (such as the wetting properties) or the
choice of other parameters. For example, the energy input might be insufficient to fully melt the

wire when wire feeding speed increases, causing an increase in height but not in width.

In most studies, either only the effect of laser power is examined, or that of a combined
heat input. The effect of current alone is usually not investigated, as it is often considered merely

as a supporting factor to laser power. Kisielewicz et al. [52] showed that laser power is the most
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influential parameter affecting bead height and width. They also found that increasing current
improves penetration depth while maintaining bead geometry, thereby avoiding the typical
increase in width and decrease in height observed when laser power alone is increased. Caiazzo
and Alfieri [59] investigated the effect of the ratio k and found that it is directly related to bead

height and inversely related to bead width.

The ratio between bead width and height is referred to as the aspect ratio (A) in the
literature (Equation 1.7) [12]. A high aspect ratio indicates a flatter bead on the substrate,
characterized by a large width and small height. In contrast, a low aspect ratio corresponds to a

taller, narrower, balloon-like bead shape.

A= 1.7

=| =

The general effects of process parameters on bead geometry, as reported in the

literature, are shown in Table 2.

Table 2 : Effect of Process Parameters on the Bead Geometry.

Bead Geometry

Process Parameters H w A
P T l i) T
I 1 ? ? ?
Vs T i) T T
72 l 1 7

1.3.2. Dilution and Contact Angle

In HWLAM, dilution refers to the portion of the base material that melts and mixes with
the deposited material. The penetration height (P) (Figure 13), represents the melted base
material’s depth. Dilution is often expressed as a percentage (Equation 1.8):

A
Dilution (%) = —2—- 100 1.8
ilution (%) At4,

In general, low dilution is desired to maintain a homogeneous microstructure and stable
deposition [58], [60], [61]. In contrast, high dilution results in excessive melting of the substrate

or the previous layer, a larger heat-affected zone, and greater microstructural inhomogeneity.
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The contact angle of the beads is the angle formed between the tangent to the bead
profile at its toe and the surface of the substrate or previous layer [62]. This angle can be used
to characterize the bead shape: a low contact angle indicates a more spread-out bead on the
substrate, which generally means better bonding. In contrast, a higher contact angle may
indicate poor bonding or lack of fusion, often resulting in a bead with a balloon-like shape

(Figure 14).

a)
Bead N
Substrate
b)
Bead
Substarte

Figure 14 : Deposited beads: a) acceptable contact angle b) high contact angle.

In the literature, dilution increases with laser power and current but decreases with
higher scanning speed and wire feeding speed, whereas the contact angle shows the opposite
trend, decreasing with increasing laser power and current and increasing with higher scanning
speed and wire feeding rate[32], [55], [56], [57], [58], [60], [61]. The general effects of process

parameters on dilution and contact angle are summarized in Table 3.

Table 3: Effect of Process Parameters on the Bead Characteristics.

Bead Geometry

Process Parameters Dilution 0
p1 T \)
I 7 T \)
Ve 1T l T
Vs T l T
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1.4. Process Defects of HWLAM

As in every manufacturing process, there are process defects that need to be known and
described in HWLAM. These defects may arise mainly from selecting inappropriate process
parameters or from technological limitations. These defects must be avoided to achieve near net

shape geometries.

When excessive energy is supplied to the wire, a defect known as “dripping” occurs. This
happens when the molten wire at the tip forms a droplet that detaches from the wire without
properly transferring and fusing with the melt pool (Figure 15). This is one of the most critical
process defects, as it disrupts the continuity of deposition (Figure 16). Furthermore, since the
wire loses contact, joule heating can no longer take place in the system. Dripping generally

occurs when too much energy is introduced into the system.

Figure 16 : Manufactured single layer beads: a) good manufacturing, b) severe dripping and c)
moderate dripping.
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On the contrary to dripping, the defect known as “stubbing” occurs when insufficient
energy is applied to the wire. In this case, the wire contacts and stubs the substrate without
melting properly (Figure 17). If stubbing is excessive, the wire may leave the track, bend or
damage the substrate due to the pushing force exerted on it. If the stubbing is less severe, the
wire may oscillate, and this oscillatory motion can result in non-uniformities in the deposition
shape (Figure 18). Here, the joule heating remains active because the wire does not lose contact

with the substrate.

Figure 17 : Stubbing defect while manufacturing.

Figure 18 : Manufactured single layer beads: a) good manufacturing, b) moderate stubbing c)
excessive stubbing.

Low energy input does not only cause stubbing. If the laser power is insufficient for a
given scanning speed and wire feeding rate, the defect called “lack of fusion” can occur (Figure
19). In this case, the bonding between the deposited wire and the substrate is inadequate, which

may lead to surface defects and joining cracks in the deposited material (Figure 20).
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Figure 19: Lack of fusion defect while manufacturing.

Figure 20: Manufactured single layer beads: a) good manufacturing, b) lack of fusion.

The defects previously presented can be easily detected through visual inspection.
Conversely, some defects, such as inner cracks and porosities, require more detailed
examination due to their small size, which can be observed in parts manufactured using HLWAM.
Porosity refers to small voids or pores trapped inside the built material, leading to decreased
density and weakened mechanical properties such as fatigue properties, strength and ductility
[63], [64]. Porosities occur inside the molten pool due to material property and alloy
composition of wire, moisture, hydrogen, trapped shielding gas [64], [65]. Since some process
parameters affect the solidification rate, they indirectly influence porosity as well. For example,
Fu et al. [66] found that porosity in the beads decreased by preheating the wire in HWAAM
process in aluminum alloys. Kobryn et al. [67] showed that gas porosity decreased as scanning

speed and laser power increased.

Cracking is a defect that can occur in additive manufacturing processes. There are several
types of cracking mechanisms which are hot cracking (solidification cracking), cold cracking
(hydrogen induced cracking) and stress relaxation cracking [68]. Hot cracking can occur in the
last stage of solidification due to rapid solidification [69]. Hydrogen induced cracking takes place
after the material has solidified and is a significant issue, particularly when welding carbon
steels and high-strength low-alloy steels [70]. Utilizing high energy density in laser processing
leads to a steep temperature gradient, which enhances the possibility of crack formation in the

fabricated components due to increased residual stresses [71].
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Chapter 2
Methodology

2.1. Mathematical Model

Since the main idea of the HWLAM is to melt the wire, it is crucial to calculate the linear
energy needed to melt the wire. In this study the material of the wire is IN718. As written in
Equation 2.1, the energy required to melt the wire (E) can be calculated by summing the energy
needed to raise the wire temperature to its melting point and the latent heat of fusion. Dividing
the total energy required to melt the wire by its length gives the wire linear energy (Equation
2.4). Here, T, is the melting temperature, T is the room temperature, ¢, is the specific heat
capacity, 6H is the latent heat, p is the density, r is the radius and L is the length of the wire. The

values of those parameters for IN718 are shown in Table 4 and Table 5.

™m

2.1
E = (f cpdT + 6H) -m
To

™m
E=(f cpdT + 6H) - pV

To

2.2

™m

2.3
E= (f cp,dT + 8H) - pr?L
To

™
Ey = (f cp,dT + SH) - prr?

To

2.4

Table 4: Thermophysical and dimensional properties of Inconel 718 wire [72].

Tm (°C) To(°C)  8H(J/g9) p(g/cm®) 1 (mm) L (mm)
1336 25 196.85 8.2 0.6 11
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Table 5: ¢, values for IN718 [73].

T(°C) ¢p(T) [kgLK]
0<T<600 0.13-T + 411.54
600 <T <1000 0.11-T 4+ 496.97
1000 < T <1200 0.22-T +319.21
1200<T< T, 658
E =8.75]/mm 25

The linear energy needed to melt the IN718 is calculated by substituting the values in
Table 4, table 5 into the Equation 2.4. The result is shown in Equation 2.5. This value was also
calculated and validated experimentally by Roch [8]. By combining Equation 2.5 and Equation
1.5, the theoretical calculation is expressed in terms of the process parameters (Equation 2.8)
where [ is the current, R is the electrical resistance, 4,, is the cross section, p, is the electrical

resistivity of the wire and n is the energy absorptivity constant.

P P
8.75 = — 4+ L 2.6
Vi Vs
n-P, I%-R
8.75 = — - + 2.7
Ve Ve
L
]2 . pL 2.8
n-p A .
8.75 = — + w
¥ Ve

The value n was simulated and measured as a function of h by Roch [8] for IN718 wire,
(Figure 22). The value of h depends on the relative distance between the wire section and the
substrate (z;) as well as the laser intersection point (D) (Figure 21 and Equation 2.9). Since the
wire is not perfectly perpendicular to the substrate and has an approximately 7.5° incline in
reality, he plotted the n values for both wire types, such as inclined and straight at different h
values. In this work, D was set to -2 mm, corresponding to the n value of approximately 1.2.
Additionally, the value of p. was set to 1.35 x 10™® Q-m [73], [74] and was assumed to remain

constant throughout the process, neglecting the temperature dependence.
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Figure 21: Diagram of the laser-wire interaction with the working distance and heights
relative to the intersection plane and the substrate [8].
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Figure 22: Evolution of the value n as a function of h for a straight inclined wire [8].
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2.2. Robot Cell

The experiments were conducted at the Laboratory for Research in Automated Production

(LURPA) at ENS Paris-Saclay. The cell (Figure 24) includes:

e An orange ABB IRB 6640-185/2.8 robot fitted with a machining spindle
e A white ABB IRB 4600-45/2.05 robot equipped with the laser-wire additive
manufacturing head

e An ABB IRBP A-250 positioner, which supported the vice holding the substrate
The cell and the components are shown in Figure 24, Figure 25, and Figure 26 .

A coaxial laser head was used for the process. The head is equipped with an IPG™ YLS-4000
fiber laser of 4000 W continuous power, with a wavelength of 1070 nm. Its operating range is
between 400 W and 4000 W. An optical fiber carries the beam to the head, and it divides the
original laser beam into three separate beams that are arranged in a conical pattern, while
feeding the wire through the center axis of the cone. The optical components that split and align
the beams are rigidly mounted within the head. By adjusting the position of the laser head and
its optics, both the beam size and power can be controlled. The configuration of the laser beam
which was used for experiments is not axisymmetric, noting that asymmetric configurations can
cause uneven energy distribution in the melt pool. Roch [8] investigated various configurations
and their impact on weld bead quality. In this study, the “standard” setup is applied, where two
beams are placed behind and one beam ahead of the scanning direction, promoting symmetrical

deposition and reducing defects.

The wire is fed to the center of the nozzle from a DINSE™ spool with a maximum speed of
6m/min. This spool is located outside of the cell and pushes the wire using its own rollers. The
wire is protected and connected to the HWLAM robot head with a flexible plastic sheath. For
heating the wire, DINSE DIX HW 300 PULS power source was used with a DIX CM 592.HW
cooling module. To cool down the laser head, a SMC thermo-chiller (model HRR018-AF-20-MT)

was used, using water circulation as the cooling medium.

Proper centering of the wire and precise height adjustment, both of which are done
manually, are essential to ensure symmetric energy distribution and consistent production.
Adjustment screws on the head are used to correct the wire's position and make sure it is
properly centered within the laser beams, as the wire can sometimes shift away from the center
of the laser spots. For the height adjustment, the tip of the nozzle is automatically positioned at
the planned point for production, which is 11 mm relative to the substrate. Then, the wire is

manually fed until it reaches the substrate. When contact is detected, the feeding must be
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stopped, and this is recorded in the system. The wire making contact is important to precisely
achieve the 11 mm distance and to benefit from the joule heating effect. Excessive contact causes
the laser head to be pushed backward and results in the wire length being recorded in the system
as longer than 11 mm which also affects the position of the focal point. Additionally, after each
production, the wire tip is cut and filed to be smooth (Figure 23). This is important to ensure

that the contact area is as flat as possible.

During production, the cell remains closed to ensure safety, so cameras are installed inside
the cell. A Xiris XVC-1000/1100 welding camera is used to record the process. Thanks to this
camera, errors, issues, and other events occurring throughout production can be observed. Real-
time monitoring is essential to determine whether the process is running smoothly or if any

problems arise.

Additionally, a coaxial E-MAQS camera captures images of the molten pool by looking
through the laser’s optical path. This camera is connected to the LompocPro software, which
monitors the molten pool temperature. Based on the images, the software calculates the average

temperature of the melt pool.

Figure 23: Wire tip: a) before the start of production, b) after the production.
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Figure 25: Components of the additive manufacturing robot and cell.
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Figure 26: Components in Section A in Figure 25.

2.3. Experiments and Measurements

2.3.1. Experiments

The experiments can be divided into two categories. The first set of experiments was
conducted to map the process, while the second set focused on evaluating the effect of process

parameters on the bead characteristics.

The values for the process mapping experiments are presented in Table 6 and the
composition of the wire and substrate are presented in Table 7. In these tests, four different V¢
were selected: 2, 3, 4, and 5 m/min. Throughout all experiments, the parameters k and
preheating time were kept constant at 2 and 0.2s, respectively. Preheating time represents the
time that wire is heated by joule heating before the start of the process. After this period, the
laser is activated, and both the laser head and wire begin to move. The P; and I values were
varied according to the mathematical model with an upper limit of 2000 W and 250 A,
respectively. The reason laser powers above 2000 W were not tested is that Roch [8] used a
2200W laser power in the process he described as optimal for cold wire laser additive
manufacturing at low wire feeding speeds. In the HWLAM process, however, the aim is to

operate with lower laser power.
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Table 6: Parameters for process mapping experiments.

Parameter Value
P, 750-2000 W
I 20-250 A
Vs 2,3,4,and 5 m/min
k 2
Preheating time 0.2
Shielding Gas Argon (%99.9999)
Substrate IN718 (90 x 90 x 13 mm)
Wire IN718 (#1.2 mm, L = 11 mm)

Table 7: Chemical compositions of IN718 wire and substrate (wt%).

Part C Cr Mo Ni Ti Al Nb Fe B Co Cu Mn P Si

Wire 0.04 19 3.05 525 09 05 513 Bal - 05 - - - -

Substrate 0.052 184 3.03 52.6 1.02 0.53 492 Bal. 0.004 0.52 0.06 0.24 0.009 0.09

For process mapping tests, each recipe was repeated 3 or 4 times to determine whether
it was classified as good or bad. The deposition was considered "good" if the deposition was
smooth, exhibited sound bonding between the melted wire and the substrate, and showed
consistent geometrical continuity. If defects such as dripping, lack of fusion, or extreme stubbing
occurred, the deposition was classified as "bad". In cases where moderate stubbing was
observed, the deposition was labeled as "moderate”. Recipes were defined as good only if they
achieved at least 75% success in the repeated tests, which corresponds to a 3 out of 3 or 3 out of

4 success rates.

In the process parameter effect tests, all other parameters were kept constant while only
the parameter of interest was changed to observe its effect. This was done to all 4 parameters

Vs, Ve, P, 1),

Each deposition is 65 mm in length. At the beginning and end of each deposition, a gap
of 15 mm and 10 mm, respectively, is left from the substrate. These gaps are used both for
numbering the depositions and for clamping the substrate. The deposition starts from the right
side of the substrate and ends on the left side (Figure 27). After each deposition is completed, as

described in Section 2.2, the tip of the wire is flattened, and height and centering adjustments
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are made for the next deposition. The new deposition begins 5 mm below the previously

produced deposition. In total, 17 depositions are made on one side of the substrate.

Figure 27: a) Overview of HWLAM depositions with the target geometry and deposition
strategy. b) Manufactured tracks.

2.3.2. Manufacturing Planning

To avoid random process parameter selection and to prevent wasting time and
resources, it is essential to plan a manufacturing path. First, a method referred to as the coarse
approach was applied. In this approach, the upper and lower limit points of the desired working
region were selected (Figure 28). Based on the results of these points, new points were
determined accordingly. If two points resulted “bad”, no additional points needed to be tested
between them, as they were also expected to be bad. Similarly, if two points produced “good”
results, no further testing was conducted between them, as good results were anticipated. This
approach helped eliminate unnecessary testing. Following the coarse approach, a method
involving testing more points was implemented, referred to as the fine approach. Figure 28 is an
example of how coarse approach point selection and the chart version of Equation 2.8 looks like.
Since some parameters in the mathematical model were assumed to be constant or neglected,
isolines for 11 J/mm and 7 | /mm were also included, in addition to the required 8.7 | /mm energy
line for wire melting. In all charts, the upper and lower white isolines represent wire linear
energy values of 11 J/mm and 7 ]J/mm, respectively, while the red line represents the

theoretically calculated value at Section 1, which is 8.7 ] /mm.
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Figure 28: Example of selected points (shown as black) for coarse approach when Vy=2m/min.

2.3.3. Measurements

After manufacturing, the height and width of the acceptable beads were measured using
an Alicona IF-SensorR25 optical 3D microscope. Each track was measured once at the beginning,
middle, and end points. Since each recipe was repeated 3 to 4 times, a total of 9 or 12

measurements were obtained per recipe.

For surface roughness and profile analyses, a Taylor Hobson Surtronic 25 stylus
profilometer was used. A 25 mm measurement was performed from the end to the beginning of
the track using a 2 um stylus tip. Each track was measured three times from different starting
points, resulting in 9 or 12 measurements per recipe. A cutoff of 0.8 mm and 2.5 mm was applied

to extract the roughness and waviness values, respectively.

For porosity, microstructure and dilution analyses, the tracks were cut at their midpoints
using Electrical Discharge Machining (EDM), exposing the bead cross-sections in the build plane
(ZY plane). A brass 0.25 mm diameter wire was used for cutting, with a wire speed of 10 m/min
and a feed rate of 1 m/min. After cutting, the cross-sections were polished using SiC abrasive
papers of 320, 800, 1200, and 2000 grit, followed by polishing with 3 pm and 1 pm diamond
suspensions to achieve a mirror-like surface finish [76]. Finally, a chemical-mechanical polishing
step was carried out using OP-S NonDry colloidal silica suspension for 10 minutes to reveal the
microstructure. Image] tool is used for calculation of dilution, penetration area and contact

angle.
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Chapter 3

Results and Discussion

3.1. Manufacturing Results

Results of the fine approach method for different V values are listed below. In Figure 27,
when both laser power and current values are low (on the left side of the 7 ]/mm line), Lack of
fusion was observed. When the current increases while keeping laser power low (on the left side
of the 11 J/mm line), dripping occurs. This is not surprising, since the required linear energy to
melt the wire was theoretically calculated as 8.7 ] /mm. Conversely, at relatively high laser power
levels, good depositions were observed even along both low and high energy lines. Since current
is directly applied to the wire, whereas a portion of the laser power is reflected, it is considered

that current has a more direct and sensitive effect.

The wire linear energy lines shift upward due to the increase in wire feeding speed, as
can be seen from Figure 29 to Figure 32. The upward shift of these linear energy lines indicates
that higher current values are being applied. This results in a reduced number of good track
outcomes. At current values above 200 A, dripping was always observed. When the wire
contacted the substrate, it melted very quickly. One possible explanation is that at high current
levels, the thermomechanical effects, which were often neglected in the mathematical model,
may become more influential. This suggests that at higher V; values, lower laser powers and
selected upper limit value (2000W) are not suitable. Laser powers above 2000 W should be

tested to decrease the contribution of current.

Based on the tests conducted, it was observed that the 8.7 J/mm linear energy line
yielded the best results when V; was equal to 2 and 3 m/min. Additionally, for a detailed
examination of the proportions of laser and current in the total wire linear energy delivered to
the system, all test results are compiled into a single graph (Figure 34). Here, the current wire
linear energy (J]/mm) refers to the linear energy supplied to the wire by the electrical current,
while the laser wire linear energy (J/mm) refers to the energy delivered to the wire by the laser
power. More successful productions are achieved when the ratio of laser to current energy is
balanced (close to one) or when the laser proportion is higher. In cases where the current energy
is higher, dripping occurs, while stubbing and lack of fusion are observed when both current and

laser energies are low. The maximum number of good recipes is achieved when the ratio of laser
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wire linear energy to total wire linear energy is between 0.4 and 0.6 (Figure 35). This is likely
because most tests were carried out within the 0.3-0.6 range. Notably, all recipes resulted in
good outcomes when the laser ratio was equal to or higher than 0.5. This supports the idea of
using joule preheating as a supplementary heat source, while maintaining the laser power as the

primary source of energy.

With WLAM, Roch [8] achieved maximum wire feeding speed of 4.2m/min while using
4000W laser power. In contrast, with HWLAM, a wire feeding speed of 5 m/min was achieved
using only 1900W of laser power and 195A of current. This demonstrates that HWLAM can

achieve higher deposition rates with lower overall energy consumption compared to WLAM.

By connecting the good points, a safe operating window was established for all V values,
with one example shown in Figure 33. The safe zone was widest when V; was 2 m/min, as the
required current at this wire feeding speed is lower than at other speeds. Consequently, new
parameter recipes were chosen within this safe window to investigate the influence of process
parameters. The results of all tested points along with their corresponding process parameters

are presented in Figure 57 (Appendix A).
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Figure 29: Fine approach process mapping test results when V=2 m/min and k=2.
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Figure 30: Fine approach process mapping test results when V=3 m/min and k=2.
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Figure 31: Fine approach process mapping test results when V=4 m/min and k=2.
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Figure 32: Fine approach process mapping test results when V=5 m/min and k=2.
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Proportion of Energy in Terms of Laser and Current
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Figure 34: The distribution of laser and current wire linear energy values. Green dots
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yellow dots represent productions where lack of fusion and stubbing are observed.
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3.2. Bead Geometry Results

Based on experimental measurements of good beads (85 recipes in total), an empirical
correlation was developed to relate the bead geometry to the process parameters. The bead
height and bead width were expressed using a power-law form. The power-law model
coefficients were obtained by applying linear regression on the natural logarithm of the
experimental data. The resulting correlations enable prediction of bead geometry for a given set

of process parameters, thereby facilitating process optimization and control.

w (mm) = 0.506 - VS—0.172 . Vf0.046 . PlO.197 . 10.065 31

H (mm) = 2.466 - VS—0.737 . Vf0'78 . Pl—0.162 . 1—0.044 39

The power-law model predicts bead geometry with a mean error of 2.2% and a
maximum error of 8.5% (Figure 58), demonstrating strong correlation and predictive reliability

for process parameter effects HWLAM.

3.2.1. Laser Power and Scanning Speed

Figure 36 and Figure 37 show the effects of laser power and scanning speed on bead
geometry. Increase in laser power increases the bead width but decreases the height. This means
that higher laser power expanded the melt pool laterally, causing the bead to spread out and
become wider. Since the wire feeding speed is constant, the volume of wire which is fed into the
melt pool does not change, resulting in a wider but flatter bead. When the scanning speed
increases, both the width and height of the bead decrease. This is because at higher scanning
speeds, less wire volume is fed, and the laser spends less time at each point on the substrate
surface. The obtained results showed the same trend as in previous HWLAM / WLAM studies
(Table 2).
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Figure 36: Effects of laser power and scanning speed on bead height with varying P, and V,
while the other parameters were kept constant: V,=2m/min and /=100A.
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Figure 37: Effects of laser power and scanning speed on bead width with varying P, and I,
while the other parameters were kept constant: Vs=2m/min and /=100A.

3.2.2. Wire Feeding Speed

Different wire feeding speed values were tested while keeping the other process
parameters constant. The results are shown in Figure 38 and Figure 39. It is observed that as the
wire feeding speed increases, the bead height also increases; this is due to more wire being
transferred into the melt pool. However, it is observed that the bead width remains largely
constant, showing only a minimal decrease, as the wire feeding speed increases. This may
suggest that the chosen laser power was not sufficient to fully melt and spread the additional

wire material laterally. As a result, the extra material accumulates vertically, causing an increase

37



in bead height rather than bead width. Previous studies in literature have reported two distinct
trends regarding the effect of wire feeding speed on bead width (Table 2). The results obtained
in this study align with those reports that observed changes in bead height but not in bead width

with variations in wire feeding speed [57], [59].

Effect of Wire Feeding Speed on Bead Height
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Figure 38: Effect of wire feeding speed on bead height with varying V;, while the other
parameters were kept constant: P,=1600W, V;=1m/min and /=100A.
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Figure 39: Effect of wire feeding speed on bead width with varying V, while the other
parameters were kept constant: P,=1600W, V;=1m/min and /=100A.

3.2.3. Current

The effect of current and scanning speed is shown in Figure 40 and Figure 41. Here, the
main focus is current, since the effect of scanning speed was already discussed in Section 3.2.1.
When the current is increased from 60 A to 115 A while keeping the other parameters constant,
both the height and width of the beads remain the same, with only small variations observed.

This is likely because the laser power dominates melt-pool formation and geometric control. The
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current only provides heat to the wire and the additional heat that may contribute to the melt
pool is small compared to the laser input (Figure 35). The results are also in correspondence
with findings of Kisielewicz et al. [52]. They found that current had limited to no impact on bead

width and height, while laser power had considerable effect on bead geometry.
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Figure 40: Effects of current on bead height with varying I and I}, while the other parameters
were Kept constant: P,=1600 and Vy=2m/min.
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Figure 41: Effects of current on bead width with varying I and V;, while the other parameters
were kept constant: P,=1600 and Vy=2m/min.
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3.3. Surface Roughness Results

Surface profile results are presented below. Measurement uncertainties for each track
are provided in Table 11 (Appendix C). Ra and Rz were used to represent the roughness
measurements of the profile, while Wt, Wq, and Wsm were used to represent the waviness
measurements. The Ra parameter provides the average deviation of the profile and is the most
commonly used for roughness measurements. However, in all the tracks, the surface roughness
along the profile was not constant during the measurements. Beginning of the track showed
rougher profile, likely due to the time required for the process to stabilize (Figure 42 and Figure
43). For this reason, the Rz parameter was also used, as it provides a more sensitive
representation of surface variations across multiple sampling lengths. Wq was used to provide
a statistically robust measure of the average waviness amplitude, while Wt represents the total
peak to valley height, indicating the extreme waviness. Wsm describes the spacing between
waviness peaks, showing the periodicity of the surface waviness. Thus, with these three
waviness parameters, the surface waviness can be fully characterized in terms of average

amplitude, extreme height, and spacing.
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Figure 42: Roughness profile of track 104 where V5 = 1 m/min, P, = 1900 W, V; = 2 m/min and

I=100A.
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Figure 43: Waviness profile of track 104 where V; =1 m/min, P, = 1900 W, V; = 2 m/min and
I=100A.
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3.3.1. Laser Power and Scanning Speed

Table 8 presents the results of roughness and waviness for different V; and P, values. For
clarity, tracks are grouped according to their V; values, and the corresponding laser power
values are shown in the adjacent column for ease of comparison. For all V; groups, the roughness
values decrease when the laser power increases from 1000 W to 1300 W, and then increases
again, with the highest roughness value observed at 1900 W for each V; value. To understand
the reason for this behavior, Alicona images of the tracks were examined. While porosity was
observed on the surfaces of the tracks with low laser power, no porosity was observed on the
surfaces of the tracks with high laser power (Figure 44) or with WLAM, where only high laser
power was applied and no current was used. The reason for the high roughness values of the
tracks with low laser power is the surface porosity. These porosities may occur because lower
laser power results in less heating of the track, causing faster solidification that traps gases
before they can escape. For the tracks with high laser power, the high roughness values may be
due to the high energy creating an uncontrolled/unstable melt pool, resulting in surface some
defects, rougher texture, spatters, etc. The highest waviness values were also observed in the
tracks with high laser power, which again supports the idea of an uncontrolled and unstable melt
pool. Similarly, tracks with lower V; exhibited higher roughness and waviness, consistent with
the same reasoning about energy input and melt pool dynamics. At high laser powers, excessive
energy input can lead to melt pool oscillations and rapid surface evaporation, which further
destabilize the molten pool and contribute to rougher textures, spatters, and increased surface
waviness. This phenomenon has also been reported in previous studies [62], [77], [78], where
high laser power caused surface ripples and splatters that increased the surface roughness and

waviness.
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Table 8: Roughness and waviness values of different tracks with varying laser power and
scanning speed, where Vy=2m/min and /=100A.

Track Number P,(W) Ra(pm) Rz(um) Wt(um) Wq(um) Wsm (mm)
113 1000 1.48 7.66 23.99 5.60 5.12
® £ 114 1300 1.33 6.62 26.85 6.00 5.35
Z g 115 1600 1.21 6.06 32.37 7.50 7.50
116 1900 1.70 7.96 59.21 13.64 6.79
101 1000 1.49 7.61 29.49 7.38 8.59
- £ 102 1300 1.25 6.44 31.34 7.39 6.89
& S 103 1600 1.37 6.62 31.68 7.44 7.62
104 1900 1.39 6.57 43.51 9.74 5.21
107 1000 1.29 6.41 26.07 5.60 4.84
o £ 108 1300 1.14 5.74 24.10 4.91 5.60
E S 109 1600 1.37 6.43 21.81 4.99 5.39
110 1900 1.70 7.61 37.24 8.53 6.67

3.5

Figure 44: Alicona images of two different tracks with the following varying parameters: a) V;
= 0.8 m/min, P, =1000 W and b) V; = 0.8 m/min, P, = 1900 W . The remaining parameters were
kept constant: V¢ = 2 m/min and /= 100A.
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3.3.2. Wire Feeding Speed

The results of roughness and waviness for different wire feeding speed values are
presented in Table 9. Both roughness and waviness values increase with an increase in Vy. As V¢
increases, the wire linear energy decreases. The increase in roughness and waviness may be
caused by some small stubbing or faster wire addition may disturb the melt pool dynamics.
Although no visible stubbings were observed during production, some small vibrations might
cause irregularities on the surface.

Table 9: Roughness and waviness values of different tracks with varying wire feeding speed,
where V;=1m/min, /I=100A and P;=1600W.

Track Number Ve (m/min) Ra(um) Rz (pm) Wt(um) Wq(pm) Wsm (mm)

137 1.5 1.17 6.01 28.34 6.96 5.90
138 1.75 1.25 6.17 28.87 6.53 6.74
139 2.25 1.35 6.40 31.86 6.92 5.40
135 2.5 1.63 7.74 30.80 7.46 5.61
136 2.75 1.61 7.30 34.40 7.94 6.83

3.3.3. Current

The results of roughness and waviness for different current values are presented in
Table 10. Both waviness and roughness values tend to decrease when the current increases.
Increasing the current increase the wire temperature before it enters the melt pool, resulting in
the wire melting faster and more smoothly when it reaches the melt pool. This may improve the
melt pool stability. A higher wire temperature reduces the thermal gradient between the wire

and melt pool, and this may result in more uniform melting and fluid flow.

Although no study has directly reported the effect of current on surface roughness in the
HWLAM process, Sang et al. [79] found that surface roughness (Ra) decreased 30% when the
wire is heated compared to the cold version. This indicates that the introduction of joule heating

can lead to smoother depositions.
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Table 10: Roughness and waviness values of different tracks with varying current, where
Vs=1m/min, V;=2m/min and P;=1600W.

Track Number I (A) Ra(pm) Rz (pm) Wt(um) Wq(pm) Wsm (mm)
105 60 1.52 7.42 32.23 7.21 6.52
103 100 1.37 6.62 31.68 7.44 7.62
106 115 1.31 6.44 30.74 6.84 6.07

3.4. Dilution and Contact Angle Results

3.4.1. Laser Power and Scanning Speed

When the laser power increases, the penetration area also increases (Figure 45).
Conversely, higher V; values result in lower penetration depth, since the time the laser stays on
a specific point of the surface is shorter. However, in the case of dilution and contact angle
calculations, the situation is not this straightforward. When the laser power increases, the
dilution also increases (Figure 46). This is because the penetration area increases, and since the
wire feeding speed was kept constant, the volume of wire fed into the melt pool remains the
same. For I, the situation is somewhat different. V; directly affects both the time that laser stays
on a certain point of the substrate and the volume of wire fed to that point. Therefore, no clear
trend could be identified. When the laser power is low (1000 W), the dominant factor that
determines dilution may be the wire feeding volume, and therefore the bead area. When the
laser power is high (1900 W), the dominant factor that determines dilution may be the laser
power, and therefore the penetration area. This idea is supported by the fact that, at low laser
power, the dilution results with varying V values follow the same trend as the wire feeding
speed (Figure 49). The obtained results are consistent with previous HWLAM/WLAM studies
(Table 3).
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Effects of laser power and scanning speed on dilution with varying P; and I, while
the other parameters were kept constant: Vg=1m/min and /=100A.

Effects of laser power and scanning speed on contact angle is shown in Figure 47. At low

Vs values, the contact angle values are higher. This is most likely due, as previously discussed, to

the robot head staying longer at a specific point on the substrate, resulting in more material

being fed. When the laser power is increased, however, the contact angle decreases, indicating

that the wire flattens on the surface due to more melting.
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Figure 47: Effects of laser power and scanning speed on contact angle with varying P, and 1,
while the other parameters were kept constant: Vy=1m/min and /=100A.

3.4.2. Wire Feeding Speed

Since the total energy supplied to the system remains the same, increasing the wire feed
speed results in more wire entering the melt pool being relatively cooler than at lower feeding
speeds. This is because, at lower wire feed speeds, each portion of the wire is exposed to the
laser for a longer time and absorbs more heat, resulting in a hotter melt pool with greater
penetration depth and area. At higher wire feed speeds, the wire is exposed to the laser for a
shorter time, absorbs less heat, and produces a less deep melt pool (Figure 48). Since the bead
area was also smaller at lower wire feed speeds (Figure 38 and Figure 39), combination of these
two resulted in a higher dilution percentage (Figure 49). Feeding more wire with the same
energy leads to higher contact angle values and caused the beads to take on a more balloon-like
shape (Figure 50). These results are consistent with previously reported HWLAM/WLAM
studies (Table 3).
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Effect of Wire Feeding Speed on Penetration Area
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Figure 48: Effect of wire feeding speed on penetration area with varying V¢, while the other
parameters were kept constant: P,=1600W, V;=1m/min and /=100A.
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Figure 49: Effect of wire feeding speed on dilution with varying V;, while the other parameters
were kept constant: P,=1600W, V;=1m/min and /=100A.
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Figure 50: Effect of wire feeding speed on contact angle with varying V¢, while the other
parameters were kept constant: P,=1600W, V;=1m/min and /=100A.
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3.4.3. Current

Figure 51 shows the effect of current on penetration area and dilution. When the current
increases, the penetration area and dilution increase. The increase in penetration area at higher
currents occurs because the wire is heated more, creating a hotter melt pool that leads to greater
penetration depth and area. Since current has almost no effect on bead area (Section 3.2.3), the
increase in penetration area results in increased dilution. Since current almost has no effect on
bead height and width, the contact angle is expected to not be affected by current. No obvious
trend is observed in the contact angle with changes in current (Figure 52). Some fluctuations are

seen, but these might be due to the manufacturing process.

The results shown in Figure 51 are consistent with those of Kisielewicz et al. [52], who
also reported that increasing the heating voltage leads to greater dilution and penetration. They
reported a significant increase in dilution and penetration area when current heating was
introduced to the cold wire process. However, beyond a certain voltage, further increases
resulted in only minor improvements. In other words, the trend showed a sharp initial rise

followed by a more gradual increase.

a) Effect of Current on b) Effect of Current on Dilution
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Figure 51: Effects of current on a) penetration area and b) dilution with varying I and 1§, while
the other parameters were kept constant: P,=1600W and V;=2m/min.
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Effect of Current on Contact Angle
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Figure 52: Effects of current on contact angle with varying I and V;, while the other
parameters were Kept constant: P;=1600W and Vy=2m/min.

3.5. Microstructure Results

Inner porosity was also examined for the beads tested for dilution in Section 3.4, and no
inner porosity is observed in any of them. An example of optical microscope image is shown in
Figure 53, where the observation plane corresponds to the Z-Y plane (build direction). The
orientation of the grains is perpendicular to the remelted zone line and directed toward the top
of the bead. This corresponds to the direction of the temperature gradient during solidification.
Generally, beads show columnar dendritic microstructure. Higher energy or linear energy input
into the system results in coarser columnar grains, while lower input leads to finer columnar
grains or the absence of columnar grains, (Figure 54 and Figure 55) . In Figure 54, sample (a)
exhibits finer columnar dendrites due to lower heat input, indicating a higher cooling rate and
stronger thermal gradient during solidification. In contrast, sample (b) exhibited coarser and
more elongated dendrites due to the greater heat input and slower cooling. This demonstrates

how increasing laser power or heat input promotes coarser solidification structures.
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Figure 53: Optical microscope image of Bead 138 where V;=1m/min, V=1.75m/min, /=100A
and P;=1600W.

Figure 54: Optical microscope images of beads with a) P,=1000W and b) P,=1900W, with all
other parameters kept constant: V;=0.8m/min, Vy=2m/min, [=100A.

In Figure 55, the lower regions with equiaxed grains correspond to the substrate, while
the upper regions are deposited bead with a distinct separation of diffusion line. Sample (a)
clearly showed more columnar grains growing in the build direction, whereas sample (b) had
much less elongated columnar structure. The calculated wire linear energy is 12.93 J/mm for
sample (a) and 10.97 J/mm for sample (b), indicating a higher energy input per unit length of
wire in sample (a). This difference in total energy input directly influences the solidification rates

thus the microstructure as shown.
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Figure 55: Optical microscope images of beads with a) ,=1600W, V;=1m/min, V;=1.5m/min,
[=100A and E; ,= 12.93 ] /mm and b) P,=1600W, V;=1m/min, Vy=2m/min, I=115A and E , =
10.97 J/mm.

The proportion of the energy sources has a significant impact on microstructure, even
when the total wire linear energy is kept the same. In Figure 56, bead (a) was deposited using
only laser power of 2200W, whereas bead (b) was produced with a laser power of 1000 W and
an additional current of 105 A. Although the total wire linear energy in both cases is 7.9 J/mm,
the microstructures are notably different. In bead (a), the grains are elongated, columnar, and
oriented upward from the fusion line toward the bead surface. This columnar structure is
characteristic of high thermal gradients and strong directional solidification, driven by the high
2200 W laser input. The high laser power creates a deep, hot melt pool that maintains both the
pool and the substrate at elevated temperatures for long periods, resulting in slow cooling rates
and high thermal gradients (G). The combination of high G and low solidification rate (R)
produces a high G/R ratio, which favors elongated columnar growth with a dominant (001)
texture oriented along the primary heat flow direction. In contrast, bead (b) exhibits finer, less
elongated columnar grains with more random orientations. The lower laser power leads to a
smaller, shallower melt pool, while the substrate remains relatively cooler, promoting faster
solidification. The resulting lower G/R results finer, less elongated grains with more varied

crystallographic orientations [80].
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Figure 56: EBSD results of two beads produced with the same wire linear energy E; ,,= 7.9
J/mm , but with different energy proportions : a) P,=2200W and no current; b) P,=1000W and
I=105A. Other process parameters were kept constant: V;=1m/min, Vr=2m/min,
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Chapter 4

Conclusion and Future Work

4.1.1. Conclusion

In this work, the process-structure-integrity relationships of deposited IN718 beads were
investigated for HWLAM. The presented mathematical model was used to perform an extensive
experimental process mapping, covering 142 different parameter sets and a total of 450
depositions. A minimum success rate of 75% was chosen as the criterion for a successful recipe.

The detailed results and analyses are presented and listed below.

e The wire linear energy value of 8.7 ]/mm, obtained from theoretical calculations, was
experimentally validated. The highest number of good production results was observed
in the 8.5-9.5 ]/mm range. It was found that current preheating should be considered
more as a supplementary energy source instead of main one. In good productions, the
laser provides 50% or more of the total energy, which explains this effect. At high wire
feeding speeds (4-5 m/min), the number of good productions decreased, which can be
attributed to the high current values. Additionally, some thermal properties of the wire
were assumed to be constant in the model; at high currents, this assumption may no
longer be valid due to the increased sensitivity of these properties.

e Since laser power is used as the main energy source, it becomes the dominant parameter
controlling the bead geometry. Increasing the energy increases the bead while reducing
its height, indicating more melting and a flatter bead on the substrate surface. Compared
to laser power, current intensity has minimal to no effect on width and height of the bead.

o Highest surface roughness and waviness occurred at higher laser power and wire
feeding speed, coupled with lower scanning speeds. An increase in current resulted in a
decrease in both roughness and waviness while keeping the laser power intermediate.

e [t was determined that penetration area is directly proportional to laser power and
current intensity, and inversely proportional to scanning and wire feeding speed. Lowest
dilution values are seen when the total energy input is low.

e In general, as the wire’s linear energy increases, the melt pool temperature rises, which
leads to longer solidification. As a result, more elongated and coarser dendritic grains
are observed in the microstructure. EBSD analysis showed that when the molten pool

and substrate remain hotter for longer, solidification is slower, promoting elongated and
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coarser columnar grains. In contrast, faster cooling favors finer grains with more random
orientations. No internal porosity was observed in any of the beads examined with an
optical microscope.

e When the HWLAM process is compared with WLAM, the addition of the current
parameter enabled achieving higher deposition rates. Wire feeding speeds of 4-5 m/min
became attainable. Moreover, these deposition rates were achieved with almost half the
laser power compared to WLAM, indicating that the HWLAM process can enable faster
production with lower energy consumption compared to WLAM. In addition, the
introduction of current resulted in tracks with reduced roughness and waviness values
without affecting the bead geometry, ensuring a smoother deposition without affecting
the bead geometry. However, it should be noted that in depositions where laser power
played a minor role in energy distribution, surface porosities were observed. As
mentioned earlier, joule heating should therefore be employed as a supporting energy

source.

4.1.2. Future Work

I n this study, detailed temperature control and analysis were not performed for the wire
or the melt pool. To address this, a simulation model of the process should be developed in which
all thermal material properties vary with temperature, since some were treated as constant in
this work. This would improve the accuracy of the model and help reduce production errors. The

model can also be validated using experimental recipes from this study.

Only single-layer depositions of 65 mm length were produced in this work. Future
research should focus on applying the HWLAM process to more complex and larger components.
Instead of employing a single constant current value throughout the entire process, varying
current levels may be investigated. Additionally, when producing larger and more complex
parts, the issue of wire tip deformation must be addressed. As discussed, after deposition the
wire tip is not flat but becomes more spherical in shape, which alters the contact area between

the wire and the substrate for joule heating.
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Figure 57: Table of all tested recipes with their process parameters and results.
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Appendix B
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Figure 58: Experimental and model-predicted bead geometry values with associated error
percentages. The yellow column indicates the bead track number, the blue columns represent
the measured (real) height and width, the pink columns show the model-predicted height and

width, and the grey columns present the corresponding percentage errors.

56



Appendix C

Table 11: Measurement uncertainty for roughness and waviness parameters. The values
shown represent the expanded uncertainty (1) at the 90% confidence level for each parameter.
Corresponding main measurement values are reported in Section 3.2 of the main text.

Track Number Ra(um) Rz(um) Wt(um) Wsm (mm) Wq (um)

105 0.14 0.54 7.79 2.04 1.62
103 0.11 0.29 5.73 1.85 1.37
106 0.12 0.55 4.79 0.67 0.89
137 0.05 0.25 5.88 1.12 1.57
138 0.11 0.53 2.78 1.43 0.67
139 0.10 0.42 3.84 0.66 0.74
135 0.37 1.47 5.94 0.61 1.63
136 0.09 0.24 5.34 2.71 1.40
113 0.10 0.53 2.21 1.24 0.49
114 0.07 0.28 2.95 0.39 0.57
115 0.10 0.48 3.99 0.87 1.01
116 0.43 1.69 16.06 2.14 3.63
101 0.13 0.58 448 2.19 1.08
102 0.09 0.41 2.89 1.35 0.65
103 0.11 0.29 5.73 1.85 1.37
104 0.20 0.92 5.07 0.86 1.09
107 0.09 0.39 3.58 0.86 0.88
108 0.10 0.39 1.93 1.03 0.48
109 0.17 0.71 2.33 0.78 0.50
110 0.23 0.92 5.70 2.04 1.16
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