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ABSTRACT

Dalaee M.T. Enhancement in deposition rate of laser DMD. Diss. ETH Zürich, 2020.
Direct metal deposition (DMD) has been developed as a manufacturing process to deposit
coatings on existing materials. Among several DMD technologies, powder-based laser DMD
proves advantageous in Additive Manufacturing (AM) of complex and precise components.
However, the typical productivity rate of this technique is still not sufficient economically in
the case of large parts fabrication. The intent of this dissertation is to address enhancement
in productivity through different routes. First, the effects of the main laser process parameters
on clad properties and build-up rate, as well as the strategy of process scaling, are studied.
The constructed processing map presents the optimum combination of parameters to obtain
depositing of well-bonded layers at the maximum deposition rate and powder melting
efficiency. The developed approach and equations formulate the critical laser parameters and
establish a link between the effect of these variables and clad geometry to generate
appropriate parameter quantities for depositing material at a higher rate. In the next step, the
coaxial hybrid Induction Heating DMD (IH-DMD) technique is presented. The elaborated finite
element simulation model of electromagnetic IH supports the hybrid process by identifying a
correlation between parameters and generated heating temperature. The results
demonstrate the vital role of the magnetic flux concentrator, coupling gap, and electric
current to achieve a required heating rate. By employing IH-DMD, the coating deposition
improved by a factor of three. Approaches are presented to re-characterize the laser
parameters to fabricate defects-free layers with this system. Finally, a combined method of
laser DMD and Plasma Transferred Arc (PTA) is introduced. The joining strategy of dissimilar
layers, as well as the microstructure, hardness, and tensile strength of the produced samples,
are examined. The specifications analysis shows that both processes are capable of being
integrated into one operating system to enhance the build-up rate. Accordingly, productivity
can be improved by 2–5 times. The Layer-wise deposition of both processes presents a dense
microstructure. The side-by-side deposition of layers requires proper joint strategy due to the
broader track in the PTA compared to the DMD. The DMD layers exhibit higher hardness and
tensile strength due to the smaller grain size.
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KURZFASSUNG

Dalaee M.T. Verbesserung der Aufbaurate von Laser-DMD. Diss. ETH Zürich, 2020.
Der Direct Metal Deposition (DMD) Prozess wurde als Herstellungsverfahren zur Abscheidung
von Beschichtungen auf bestehenden Materialien entwickelt. Unter mehreren DMDTechnologien erweist sich der pulverbasierte Laser-DMD Prozess als vorteilhaft für die
additive Fertigung von komplexen und präzisen Komponenten. Allerdings ist die typische
Produktivität dieser Technik bei der Herstellung großer Teile noch immer nicht wirtschaftlich
genug. Das Ziel dieser Dissertation ist es, die Produktivitätssteigerung auf verschiedenen
Wegen anzugehen. Zunächst werden die Auswirkungen der wichtigsten
Laserprozessparameter auf die Beschichtungseigenschaften und die Aufbaurate sowie die
Strategie der Prozess-Skalierung untersucht. Die daraus resultierende Prozesskarte stellt die
optimale Kombination von Parametern dar, um den Aufbau gut gebundener Schichten bei
maximaler Aufbaurate und Pulvereffizienz zu erreichen. Der entwickelte Ansatz besteht aus
analytischen Gleichungen, die die entscheidenden Prozess- und Laserparameter in Beziehung
setzen und deren Auswirkungen auf die Teilequalität vorhersagbar machen. Somit können
geeignete Parametersätze für den Aufbau von Material mit höherer Aufbaurate gewonnen
werden. Im nächsten Schritt wird die koaxiale hybride Induktionserwärmungs-DMD-Technik
(IH-DMD) vorgestellt. Das dazu ausgearbeitete Finite-Elemente-Simulationsmodell
unterstützt den Hybridprozess, indem es eine Korrelation zwischen den IH-Parametern und
der erzeugten Erwärmungstemperatur identifiziert. Die Ergebnisse zeigen die entscheidende
Rolle des Magnetflusskonzentrators, des Kopplungsspalts und des elektrischen Stroms, um
eine ausreichende Erwärmungsrate zu erzielen. Durch den Einsatz von IH-DMD kann die
Aufbaurate um den Faktor drei verbessert werden. Es werden Ansätze zur Charakterisierung
der Laserparameter vorgestellt, um mit diesem System defektfreie Schichten herzustellen.
Schließlich wird eine kombinierte Methode aus Laser-DMD- und Plasma-Transfer-Lichtbogen
(PTA)-Prozess vorgestellt. Die Strategie zur Verbindung ungleicher Schichten sowie die
Mikrostruktur, Härte und Zugfestigkeit der hergestellten Proben werden untersucht. Die
Analyse der Spezifikationen zeigt, dass beide Verfahren in ein gemeinsames Maschinen
integriert werden können, um die Aufbaurate zu erhöhen. Damit kann die Produktivität um
das 2–5-fache gesteigert werden. Beide Prozesse erreichen Schichten mit dichter
Mikrostruktur. Der Seite-an-Seite-Aufbau von Schichten erfordert aufgrund der breiteren Spur
beim PTA-Prozess eine geeignete gemeinsame PTA-DMD-Strategie. Die DMD-Schichten
weisen aufgrund der kleineren Korngröße eine höhere Härte und Zugfestigkeit auf.
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1.

INTRODUCTION

Additive Manufacturing (AM) of components is growing rapidly and has gained
increased interest in a variety of industries, such as the automotive, aerospace, navy, medical,
and many other sectors. AM is a revolutionary way of making metal parts in which industrial
components can be manufactured by melting metal, layer-upon-layer, starting off from
computer models. Heavy-industry companies such as shipbuilding and turbomachinery
manufacturing are also good candidates to benefit from AM and thus seek to apply this
technology in the production of their components, as stated in [86, 114]. Compared to
conventional manufacturing processes for large meter-sized components such as casting and
forging, AM allows completely new designs features with unique functionalities, and new
materials, that were not possible before. Accordingly, this method permits optimization of
various large industrial parts in terms of durability improvement, and weight reduction, saving
significant resources and energy consumption and preventing pollutant emissions upstream
and during manufacturing.
Among several technologies for AM of metallic parts, as reviewed and summarized by
Ngo et al. [73], the specification of some of them is desirable to be mainly employed for the
production of large structural components. The initial obstacle is in manufacturing, primarily
regarding the size of the AM machine. For instance, the application of the powder bed fusion
process for metals, which is the most established industry process for AM, is restricted to small
components due to the slow printing time and small build chamber. On the contrary, the
Direct Metal Deposition (DMD) is operating with a nozzle, in which materials are inserted into
the processing zone, which is capable of building complex and large parts with a relatively high
build-up rate, offering privileges of manufacturing time and cost reduction.
Powder-based laser DMD utilizes powder as feedstock and provides an advantage of a
wide range of materials compared to wire-based DMD, indicated by Weisheit et al. [131]. This
method has been applied in a variety of industrial applications to repair high-value tooling or
deposit coatings on existing materials against corrosion and wear, shown in several examples
in Figure 1.1. Due to its layer additive nature, this technique received a great deal of attention
in the 1990s in AM and continues to be explored. Nowadays, thanks to the advancements in
efficient high-power lasers, powder nozzles, and software tools for programming, the
industrial demands have arisen to utilize this technique in AM of unique and functional parts.
In AM of large metallic components, high productivity and quality issues are
significantly essential. However, processing these components with a typical laser DMD
method is still economically challenging due to the relatively low deposition rate, and thus,
high fabrication cycle times. Purchasing a high-power laser source, which can lead to a higher
1
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deposition rate, is currently very costly. Therefore, such applications require an efficient
technology that offers a high-quality level of laser DMD but also offers a high deposition rate.

Figure 1.1: A, repair of turbine blade on the crown by laser DMD [83]; repair and coating of a
compressor turbine blade (B), mold (C), and shaft (D) [111].
Motivated by the points mentioned above, it has been decided for this dissertation to
set up approaches to enhance the deposition rate through different routes. First of all, the
influence of the main process parameters of the laser DMD on the bead geometry of
deposited single tracks is investigated to determine the necessary combination of optimum
parameters concerning the build-up rate. This is the first and crucial step to enhancing
productivity since the achievable clad geometry in connection with the laser parameter
combination is set as an input data for Computer-Aided Manufacturing (CAM) tools to make
steps from a single track to AM of 3D parts. Applying higher laser power allows inserting more
powder mass flow. However, the dynamics of the melt pool changes by using the new
parameters, resulting in a new clad geometry.
Additionally, the potential integration of laser DMD technology with existing
technologies is studied to enhance the deposition rate. While the first approach will improve
productivity with the current laser DMD technology, the latter aims are establishing new ways
of AM. To achieve the defined goal, the state of research is summarized in the next chapter,
and then research gaps and detail of approaches are discussed.

2

2.

STATE OF THE ART

This chapter investigates the state of the art of DMD methods, which are capable of fabricating
large parts. It covers a section of wire-based DMD techniques by addressing their deposition
rates. Powder-based DMD is reviewed in the separated sections in detail, including laser DMD
and plasma DMD, supported by discussions in the specification, process variables, clad quality,
and deposition rates. Additionally, hybrid and combined DMD approaches are described. This
state of the research, as well as the list of references, facilitates the understanding of the
specifications and materials of DMD considerably and allows for going further into the content
of this dissertation.

2.1. Different methods of DMD
Selective Laser Melting (SLM) and electron beam melting techniques, which are
categorized as powder-bed AM, provide net shape components with high resolution.
However, deposition rates of these methods are relatively low, and part size is limited by the
enclosed build chamber. Hence, these methods are suitable for small components. In contrast
to them, powder-blown and wire-based AM methods deposit the materials via a nozzle,
popularly known as the DMD system. This method is significantly attractive for fabricating
large-scaled parts due to the possible integration of the nozzle with a multi-axis system and
the capability of multiple materials deliveries, as well as a closed-loop control system. There
are various types of DMD techniques, with a concentrated source of energy and a feedstock
of raw material, in which the provided power melts the introduced raw material, giving rise to
a melt pool formation.

Figure 2.1: Classification of direct energy deposition (DMD), modified according to [25].
Figure 2.1 shows the different DMD methods based on the types of feedstock and
energy sources. The laser is most frequently used as an energy source due to its precision.
3
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However, it has inferior energy efficiency compared to the electron beam, plasma, and electric
arc sources, according to Karunakaran et al. [55]. As shown in Figure 2.1, the feedstock can be
presented in the form of powder or wire. The wire can be coupled to all indicated energy
sources, but powder feedstock incorporates only with laser and plasma sources. This study
will focus on the powder-based DMD system. Nevertheless, first, the wire-based methods are
addressed briefly to compare their characters, and then powder-based systems are discussed
in detail.

2.2. Wire-based DMD
2.2.1. Electron beam source
Electron beam-based utilizes a high energy focused electron beam in a vacuum
working station, commercialized by Sciaky Inc [99]. The electrically conductive workpiece
absorbs the energy of the electrons, to form a molten area on the workpiece. A metal wire is
guided laterally to the melt pool, and molten due to heat conduction, as described by Stecker
et all. [108]. According to [98], the gross deposition rate ranges from 3.18 kg/h to 11.34 kg/h
for titanium alloys. Multiple wire feed nozzles can be utilized with a single electron beam gun,
which is ideal for creating “graded” or “alloy” parts. The required track width for larger wire
thicknesses can be achieved by oscillatory motion of the electron beam. A major challenge of
this method is the requirement of a high vacuum for the working environment.
2.2.2. Plasma source
Plasma-based DMD uses a nozzle with a non-consumable tungsten cathode in which
an arc is generated between the cathode and a copper anode called a pilot arc. The plasma
gas is passed through the arc, heated rapidly, and exits as a plasma at the tip of the nozzle.
Consequently, the plasma serves to transfer heat to the workpiece and wire feedstock. This
method, commercially being used by Norsk Titanium AS, was introduced as Rapid Plasma
Deposition (RPD), mainly to deposit titanium wire material with a deposition rate of 5 kg/h to
10 kg/h according to [74]. Compared to the electron beam source, this technique can deposit
material in an inert argon gas environment. Compared to the electric arc sources technique,
this method provides a higher energy density and better arc stability, according to Martina et
al. [69], since the pilot arc is not generated between the tool and the workpiece and hence
does not follow the surface contour of the workpiece. The process offers high built up rates
but at significantly higher track widths and layer thicknesses. The specified number on the
accuracy and track size is given in section 2.2.5.
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2.2.3. Laser source
A laser source is also employed to deposit wire materials. In this method, the wire is
guided laterally or coaxially into a melt pool. As reported by Heralic [46], the wire should only
completely be molten by heat conduction of the melt pool than by the direct energy of the
laser beam to maintain the melt pool and a continuous track. Therefore, a large spot diameter
needs to be set, and thus a wider track bead can be achieved. This opinion also supported by
Syed et al. [116], who studied the influence of wire feed angle on track quality. They also noted
that the wire should be introduced at the front of a melt pool in case of lateral feeding to
reduce the risk of melting of the wire by the laser beam behind the melt pool, which can lead
to the detachment of individual drops.
A coaxial wire feeding system was developed by Fraunhofer IWS [52], in which the
mirror optics of the laser head split the laser beam symmetrically into three parts, reflected
at about 60˚ angle, that focus together on the substrate. This method enables space for the
wire to be fed along the center axis of the head, allowing material deposition in complete
directional independence. The circular spot diameter of 1.8 mm to 3 mm and a typical wire
diameter of 1.8 mm to 3 mm can be used in this nozzle, according to Nowotny et al. [75].
However, thinner wires of about 300 to 600 μm in diameter can be employed, which can
potentially produce a finer track width as low as 200-300 µm, as presented by Shakhverdova
et al.[104]. Pajukoski et al. [80] have employed this type of nozzle and used a diode-pumped
Nd: YAG laser with 3.5 kW laser power for depositing Inconel 625 wire. They reported a
deposition rate of 2 kg/h while they preheated the wire material to 800˚C. The fabricated track
had a 3 mm width and 0.8 mm in height. It should be noted that they considered the area of
the melted surface of the substrate in their deposition rate calculation.
2.2.4. Electric arc source
Nowadays, the electric arc-based source is preferable compared to the other
techniques since the electric arc plus wire-based system possesses the properties of low
investment cost, no need for a vacuum environment, no laser reflectivity problems, and is
easy to handle, as reported by Yilmaz et al. [143]. The arc-based method can be subdivided
into Tungsten Inert Gas (TIG-based) and Metal Inert Gas (MIG-based). While in the TIG-based
process, the wire feedstock is applied laterally into the melt pool, the metal wire is used as a
melting electrode in the case of the MIG-based method. The challenges reported by the
authors in the electric arc-based processes are the stability of the electric arc and, in particular,
control of track width and layer thickness during deposition. Optical measurements for
detecting the arc length, as well as proportionality between noise emission and arc length or
between arc voltage and arc length, were proposed by the authors [9, 12, 141] to achieve
substantial process stabilization and control of the track width and thickness.
Various strategies for process management to reduce the heat input and spatter
amount were examined. For instance, the Cold Metal Transfer (CMT) technique innovated by
5
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Fronius International GmbH, is a modified MIG-based process. This technique has been wellreviewed by Selvia et al. [103]. The deposition rate up to 5 kg/h was reported with AISI 316L.
In this method, the wire feeding system is coupled with high-speed digital control in which
wire is retracted back while the wire tip makes contact with the melt pool. This strategy causes
the wire to transfer droplets of material, resulting in a significant reduction of spatter
generation and heat input that improves the weld bead’s geometrical accuracy.
2.2.5. Comparison of various wire-based DMD
According to the discussion above, Table 2.1 presents a simplified comparison between
properties of the deposited layer with the different wire-based DMD, including productivity,
geometrical accuracy, the capability of fabricating complex parts, and the likelihood of
distortion effects. In terms of productivity, the electron beam-based and plasma-based DMD
methods exhibit maximum rates due to the high coupling efficiency of the energy into the
components. However, the low focusability of the plasma leads to large track width and low
geometrical precision. Therefore, a higher deposition rate can be achieved By expending more
track width. This result was also indicated by Ion et al. [51], whose literature review concluded
in broad applications of wire-based DMD.
In the case of electric arc methods, a MIG-based approach offers a higher deposition
rate compared to a TIG approach. However, MIG is less stable since the electrical arc occurs
directly on the wire feedstock and generates more spatter and welding fumes. MIG and CMT
can offer enormous potential in terms of geometric complexity compared to TIG since the
lateral wire feeding of the feedstock limits the freedom of the working head. This drawback
can also occur in the electron beam-based approach, as the commercially available electron
beam AM systems have lateral wire feeders.
Table 2.1: Comparison of wire-based DMD processes
Specification

Plasmabased

Electron
beam-based

Electric arc-based
TIG, MIG, CMT

Laser-based
Lat, Cox

Productivity [kg/h]
Track width [mm]
Precision
Geometrical complexity
Distortion effect
Ref.

3–10
6≤
Low
Medium
Medium
[14, 81]

3–11.5
2.5≤
High
Medium
Low
[14, 81]

1–2, 3–4, 2–3
2-5
Medium
Medium
High, Medium, Low
[14, 51, 81, 138]

2
3
High
Medium, High
Low
[14, 81]

The choice of wire-based techniques depends directly on the production rate,
geometrical resolution, and the type of materials to be used. For instance, titanium alloys tend
to less vulnerable to oxidation defects in a deposition with plasma-based than CMT method,
as presented by Ion et al. [51]. In another example, the deposition of a defect-free layer of
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aluminum alloy with CMT is significantly influenced by the arc mode, as reported by Wang et
al. [130]. However, CMT seems promising since this method can offer deposition of complex
components at the low level of heat input to the parts, and thus less warpage. The laser-based
wire DMD offers a similarly good or even better level of geometric precision, particularly with
a coaxial wire feeding system. However, laser power efficiency is much more lower (10–20%)
compared to the CMT welding power supply (above 70%). Besides, due to the low degree of
laser energy absorption, significantly higher power is required to provide the same amount of
energy to the process.
Nowadays, the focus of laser-based DMD is in the field of powder application. This is
primarily due to the fact that the deposition rates for the wire-based process are currently not
notably higher than powder-based DMD, but the powder-based process offers higher process
stability and a broader range of materials selection. Besides, some problems of wire-based
laser DMD have been reported, such as low bonding strength, porosity, cracks, low surface
quality, and drop transfer [121].

2.3. Powder-based DMD
In this section, laser DMD and plasma DMD are reviewed in detail. In a DMD nozzle,
the powder can be delivered laterally or coaxially to the melt pool. The coaxial powder feeding
system is mainly discussed in this part since this type of nozzle yields a higher degree of
freedom for materials deposition in various directions, hence capable of being used in AM.
2.3.1. Laser DMD
In this method, the laser beam melts the powder feedstock and a thin layer of the
metallic substrate and generates a melt pool of powder and substrate materials. Thus a layer
of metal is deposited on the substrate during relative movement between the substrate and
the laser nozzle. The powder particles are delivered into the melt pool by carrier gas, and the
melt pool is protected from oxidation by a shielding gas that flows coaxially with the laser
beam.
The literature review shows that different names have been given to this technique
such as laser cladding, Laser Engineered Net Shaping (LENS), DMD, Laser Direct Casting (LDC),
Laser Powder Fusion (LPF), Laser Metal Forming (LMF), and Laser Additive Manufacturing
(LAM). All of these terms describe the same concept of deposition of a layer of powder by
using a laser heat source, as presented by Toyserkani et al. [121]. Laser DMD has been used
frequently in three major sectors: firstly, in protective coating against corrosion and wear by
modifying the microstructure in the region close to the surface; secondly, in geometry repair
of secondary high-value components by removing damaged sections and restoring their
geometry; and finally, in AM of metallic elements, which have recently become more
attractive.
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In the following, the main associated parameters with the process and the relationship
between parameters and clad properties and deposition rate are introduced.
Processing parameters
The process parameters of laser-based DMD are well documented, as shown in Figure
2.2. The input parameters play a significant role in the process stability and physical
phenomena, which can lead to different output results of the microstructure, clad geometry,
and layer dimension. Major process parameters comprise the laser type and power output,
the laser beam spot size, the powder feed rate, the scanning speed, the carrier and shield gas
flow rates, and the clad angle. These diverse processing parameter sets incorporate in the
process with the complex physical phenomena and dynamic interaction between a moving
laser beam and blown powder particles, such as conduction of heat into the substrate,
convection due to the Marangoni effect, and diffusion. The Marangoni force, which is
generated due to the surface tension and temperature variation along with the melt pool, can
lead to more circulation of the melt pool. Consequently, the clad properties can be governed
by this phenomenon. For instance, a positive surface tension gradient can increase the melt
pool depth as well as the surface turbulence, which can potentially trap the gases, resulting in
the formation of porosity in the deposited layer, as stated by Dass et al. [25].

Figure 2.2: Summary of the process parameters and output results associated with laserpowder based DMD; redrawn and modified with credit to [121]
A laser type provides unique characteristics for material processing and clad quality.
The major factors are the absorptivity level of metals and laser beam-material interaction at
a different wavelength. The CO2 laser, the Nd:YAG laser, and the diode laser are the most
common laser types used in the DMD process that can provide the high energy density
required for the AM process. The primary differences between Nd:YAG and CO2 lasers are
their emitted wavelengths, which are 1.064 µm and 10.6 µm, respectively. The shorter
8
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wavelength of the Nd: YAG laser has a higher absorptivity level compared to the CO2 laser in
most of the metals (cf. Figure 2.3), thus improving melting efficiency. The absorptivity level of
metals also depends on the surface conditions (roughness), as well as the temperature of the
material, according to Seibold, who presented a comprehensive data on the absorptivity level
of different materials in his book [102].
In addition to the laser types and power, the laser intensity profile also influences the
quality of cladding since it affects the uniformity of heat input over the width of a clad, as
indicated by de Lange et al. [26]. The laser intensity distribution of the most laser sources is
Gaussian at the work plane. They noted that this type of laser profile can cause “burn-in”
overheating at the centreline of the track. They developed an optical system to turn the
Gaussian profile to a top-hat profile to avoid this disadvantage. However, the burn-in problem
can also be due to other parameters such as spot size and powder profile, which will be
discussed in chapter 4.
Travel speed and powder feed rate have a direct effect on the build-up rate. The clad
path and the deposition strategy also play a significant role in the reduction of the numbers
of deposition tracks to fabricate a part. There are generally several basic deposition patterns
in DMD including (1) Unidirectional, (2) Bidirectional, (3) Offset inward, and (4) Offset
outward. In AM, a combination of these approaches may be applied to create each element
of the components to prevent overfilling or underfilling of areas, as described in the study of
Jin et al. [53]. Accordingly, different parameters need to be applied to each pattern to optimize
the quality of fabricated layers, as reported by Eisenbarth et al. [31].

Figure 2.3: Correlation of absorptivity and laser beam wavelength for different materials [120].
An Nd: YAG laser has a higher absorptivity level compared to a CO2 laser in all metals .
Besides the powder feed rate, the powder profile plays a significant role in the
interaction between powder particles and the melt pool, hence the process stability and
powder melting efficiency, as stated by Cortina et al. [20] and Mann et al. [68]. For instance,
a powder focus larger than the melt pool decreases the powder melting efficiency, since the
interaction impact between the particles and solid surfaces increases [121]. While the powder
9
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feed rate is a variable parameter, the powder profile relies mainly on a nozzle specification. It
has a direct impact on the stream angle of delivered powder to the melt pool, the powder
focus diameter, the velocity of powder particles, as well as the shielding gas stream.
Accordingly, the nozzle type should match the other process parameters. Nowotny et al. [76]
and Weisheit et al. [131] presented some available coaxial nozzles of laser DMD process that
correspond to the different laser power, powder feed rates, and powder grain sizes. Shia et
al. [105] investigated the influence of the powder stream on the deposition rate. They
examined two different nozzle types – a three-jet and a coaxial powder feeding nozzle – and
observed a higher clad height (18%) in the latter case at the same powder mass flow.
Energy distribution
In general, the laser power must be increased to increase the deposition rate since it
allows inserting powders with a higher mass flow. However, improvement of the process is
crucial to minimize the energy loss and maximize the energy toward the melting of the powder
feedstock. Figure 2.4 shows schematically how the initial heat source energy is distributed in
the process, which assists in understanding the phenomena. The total input energy of QIn is
absorbed by a substrate (Qas) and powder particles (Qap), and lost by the reflection from the
substrate (Qrs) and from powder particles (Qrp). The energy balance can be expressed by
equations (2.1–2.7), taking into account the latent energy of fusion (Ql) and the energy lost
(Qlost) by the general radiation, conduction, and convection in the process, according to [62,
121]:
𝑄𝐼𝑛 = 𝑄𝑎𝑠 + 𝑄𝑎𝑝 + 𝑄𝑟𝑠 + 𝑄𝑟𝑝 + 𝑄𝑙 + 𝑄𝑙𝑜𝑠𝑡

(2.1)

𝑄𝐼𝑛 = 𝐴𝑙 𝑃𝑡

(2.2)

𝑄𝑟𝑠 = (1 − 𝛽𝑠 )(𝑄𝐼𝑛 − 𝑄𝑎𝑝 )

(2.3)

𝑄𝑎𝑝 = 𝑄𝐼𝑛

𝐴𝑎𝑡
𝐴𝑙

𝑄𝑟𝑝 = (1 − 𝛽𝑝 )𝑄𝑎𝑝
𝑄𝑙 = 𝐿𝑓 𝜌𝑉
𝑄𝑙𝑜𝑠𝑡 = 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

(2.4)

(2.5)
(2.6)
(2.7)

where 𝛽𝑠 is the substrate-absorbed coefficient, 𝛽𝑝 is the powder particles’ absorbed
coefficient, 𝐴𝑎𝑡 is the attenuated area by the powder particles, 𝐴𝑙 is the laser beam area on
the substrate, ρ is the average density in clad area, 𝐿𝑓 is the latent heat of fusion, and 𝑉 is the
volume of the melt pool.
The energy absorbed by the powder and the substrate depends on the absorbed
coefficient of the materials, defined basically by the laser wavelength and material properties.
In addition to this item, the powder particle size, powder catchment efficiency (number of
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particles inserted into the laser beam area), and the interaction time between the materials
and laser beam are essential, which will be discussed in detail in chapter 4. Despite that, the
majority of laser energy is lost during the DMD process. Lia et al. [62] proved this statement
experimentally in their study. They measured the energy distribution of their experiment,
using a calorimetric measurement technique, during the deposition of Ti-6Al-4V and Inconel
625™ with a fibber laser source (wavelength of 1070 nm). They reported that approximately
60% of the total input energy was lost.

Figure 2.4: Balance of energy in laser powder-based DMD, redrawn and modified according to
[121]
Steen et al. [109] have presented a simplified energy balance:
𝜕𝑄 = 𝜑ṁ(𝐶𝑝 ∆𝑇 + 𝐿𝑓 )
𝜕=

(2.8)

(𝑄 − 𝑄𝑙𝑜𝑠𝑡 )
Q

where 𝑄 is absorbed laser power, 𝜕 is melting efficiency, 𝜑 is powder catchment efficiency,
𝐶𝑝 is the specific heat of the clad material, ∆𝑇 is temperature rise to melting point, and 𝐿𝑓 is
the latent heat of fusion of clad material.
According to this equation, they proposed the preheating of the substrate to reduce the
amount of energy required to cause the melting of the substrate due to the reduction of ∆𝑇
in equation (2.8). The influence of the preheating approach on productivity level is discussed
in section 2.4, which also motivated the author of this dissertation to conduct a detailed study
in chapter 5.
Clad dimensional characteristics
Figure 2.5 shows three types of clad cross-sections which may be deposited, as well as
the geometric properties of a clad. Melt pool depth b represents the depth of the substrate
layer, which is molten during the deposition process. Accordingly, 𝐴𝑐 and 𝐴𝑚 are the areas of
11
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the clad and the molten substrate, respectively. To profit from the maximum energy of the
laser beam and to increase productivity, a minimum level of metallurgical bonding between
the substrate and the clad layer is preferable. In other words, the highest fraction of energy
input must be consumed for the deposition of the powder feedstock rather than for melting
an unnecessary part of the substrate. To quantify the level of energy that is consumed for
substrate melting, a dimensionless factor called dilution can be defined:
𝐷𝑖 =

𝐴𝑚
𝐴𝑚 + 𝐴𝑐

(2.9)

Figure 2.5: A typical cross-section of a clad bead
High dilution (Figure 2.5-A) is not preferable due to low productivity. Besides, this type
of cross-section results in a large Heat Affected Zone (HAZ), which may lead to degrading
mechanical properties of the layer underneath. The optimum value of dilution is generally
between 10% and 30%, as reported by Dass et al. [25]. The clad angle θ is an important
character, as it influences the quality of the overlapping layers. This character can be linked to
a dimensionless parameter called the aspect ratio 𝐴𝑅 , which is a ratio between width w and
height h of a clad, as represented by:
𝐴𝑅 =

w
h

(2.10)

In a thick clad, the 𝐴𝑅 is low, a clad angle θ becomes large, and dilution begins to be
poor, as shown in Figure 2.5-C. This type of clad shape may not be suitable since many authors
reported that low 𝐴𝑅 and dilution might lead to porosity between overlapped layers called
inter-run porosity [45, 115]. This type of porosity typically has a large and angular appearance,
positioned on the sides of the tracks in multiple layers or near to the substrate. It occurs due
to a lack of sufficient energy input to fully melt the powder and the clad layer near the thick
clad interface. Steen [110] observed that for Stellite® 6 powder material, the 𝐴𝑅 should be
greater than five to avoid inter-run porosity. This was also confirmed by Vilar [127], as his
literature review presented that the clad angle should not exceed 80˚ to establish sufficient
adherence between overlapped tracks.
The other type of porosity reported in the literature is clad porosity, which is usually
spherical in shape and can be observed in a random location in the solidified layer. The
formation of this type of porosity is linked to the gas absorbed due to several facts such as
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hydrogen trapping from the atmosphere, reported by Liu et al. [64], and moisture and
inherent porosity inside the powder particle, observed by Cunningham et al. [21] and Rabin
et al. [85]. Besides, high laser power can cause local overheating and vaporization of the
deposited material.
Process-clad geometry relationship
Investigations have been done by authors to drive a correlation between laser
parameters and clad geometry. In general, four laser DMD parameters, including laser power
𝑃, laser beam spot size s, powder feed rate ṁ, and scanning speed 𝑣 play a vital role on the
shape of the melt pool, thus on the geometry of the clad bead.
The proper combination of these four parameters can provide a balance between the
thermal field of the melt pool and materials to be molten, and can form an integrated clad of
the desired layer thickness, as discussed by Ion [51]. Steen presented a term of energy balance
based on these parameters. He stated that the combined parameters in the form of 𝑃/(ṁ ∗
𝑠) represents the excess energy to melt the powder and 𝑃/(𝑣. 𝑠) expresses the minimum
heat essential for the deposition before the track starts to be discontinuous [110]. For
instance, in the case of Colmonoy® alloy, this value was found to be 2500 Jg-1mm-1 and 22
J/mm-2, respectively. In another study, he indicated that a combined parameter of (𝑃. 𝑣. 𝑠)/
ṁ2 can be used to estimate aspect ratio [109].
The terms of minimum energy (called “specific energy” in this dissertation) can be
correlated with dilution. According to Wolf et al. [137], a lower value of specific energy leads
to less dilution, meaning more tendency of a bonding error between layers, and a high value
of specific energy points to a high dilution and more propensity to porosity. However, this
term of energy does not take into account the role of powder feed rate ṁ, and thus for fixed
specific energy, the value of ṁ can result in different clad geometry. It is due to the fact that
by increasing the ṁ, the attenuated area 𝐴𝑎𝑡 increases due to the number of powder particles
(cf. equation (2.4)), which shields the substrate from the laser beam. Consequently, less
energy remains available to melt the substrate. This topic and the relation between the
parameters and the clad geometry is further investigated in chapter 4, which discusses process
scaling.
Several analytical and numerical models have been developed by authors to predict
melt pool dynamics and, subsequently, the layer geometry after solidification. For instance,
Colaco et al. [18] developed a simple lumped model to estimate the correlation between
width and height of clads with process parameters such as powder feed rate and travel speed.
In another model, Liu et al. [65] studied powder flow distribution in high-power laser DMD.
Their result demonstrated that higher carrier gas flow rates and smaller powder particles
increase powder catchment efficiency. More recently, Wirth et al. [134] developed a 3D finite
element simulation model using COMSOL Multiphysics software to predict the height and
width of the deposited weld tracks, which is mostly the aim of process optimization.
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In a combination of input parameters, the cooling rate and solidification condition of
the deposited layer define the final grain structure, which is discussed in the following section.
Process-microstructure relationship
According to Dass et al. [25], the microstructure of deposited layers depends strongly
on two factors of thermal gradient G , and solidification rate R , given in:
𝐺 = 𝛻𝑇
𝑅=

1 𝜕𝑇
𝐺 𝜕𝑡

(2.11)
(2.12)

where T is temperature and t is time. Liu et al. [63] and Song et al. [107] described the
relationship between these two factors and thermal process maps and presented the
columnar to equiaxed transition (CET) of grain structures. Liu et al. developed a numerical
model to predict the CET of grain structures in Inconel 718 material
Figure 2.6 shows the relation between G and R, and transition from low nucleation to
high nucleation versus melt pool circumference (MPC). As shown in Figure 2.6-a, the CET of
AM metals is critically controlled by the undercooling/supercooling in the melt pool.
Increasing scanning speed reduces the temperature gradient and increases the solidification
rate, thus leading to high nucleation. It should be noted that the initial cooling and the
microstructure of the deposited layer can be changed in the number of deposited layers due
to the accumulation of thermal energy in part. This fact has been shown in the study of Kistler
et al. [58], in which a martensite structure, formed in the first layers, slowly turns to a
Widmanstaten microstructure in the build-up direction during the deposition of Ti-6Al4V alloy. Increasing the laser power raises the thermal gradient G, which leads to a decrease
in R, thus resulting in a higher amount of columnar structure in part, as shown in Figure 2.6-b.
A dimensionless factor called the Peclet number 𝑃𝑒, developed for the SLM technique,
can be used in the laser DMD process relationship. It represents the relative heat transfer by
convection and conduction, defined as:
𝑃𝑒 =

𝑈𝐿
𝛼

(2.13)

where U is characteristic velocity, L is the characteristic length (the spot diameter or the melt
pool width or depth), and α is the thermal diffusivity of the alloy. As stated by [72], the
convective heat flow inside the melt pool controls the G/R ratio. In Pe > 1, convection
dominates the heat transfer within the liquid melt pool.
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Figure 2.6: The relationships between thermal gradient G and solidification rate R, with the
transition from low nucleation to high nucleation in the melt pool circumference (MPC). (a),
graph of undercooling/constitutional supercooling vs. MPC. (b), the effect of process
parameters on the trend of the columnar to equiaxed transition (CET). (c), The variation of
the G/R ratio concerning the MPC length. (d), The MPC length as defined from the bottom to
the top [25, 63].

Process control and monitoring
Due to the numerous parameter involved in laser DMD, the process is very susceptible
to disturbance. A small change in absorbed laser power or mass flow of the powder can
fabricate layers with significant variation in the clad geometry or can lead to part defects such
as porosities or cracks. This issue is more critical in the fabrication of large parts since failures
in manufacturing, due to the process disturbance, contribute to the relatively high cost of
materials and operating times.
The critical parameters which influence the clad quality were listed in Figure 2.2 under
input and process boxes. These factors can be categorized into two groups, intrinsic and
extrinsic, according to [121]. The intrinsic group is coupled to material properties (e.g.,
physical properties, absorptivity level, etc.), which in general cannot be controlled directly.
The extrinsic group is related to the hardware and setup configuration (e.g., laser spot, powder
feed rate, velocity, nozzle position, etc.). Based on the literature reviews, research in the laser
DMD process control focuses on direction of closed-loop control systems, in which different
approaches and sensors have been employed to control the clad geometry (width and height),
clad quality (porosities and cracks), and melt pool condition (temperature, size, and
solidification rate).
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Non-contact sensors such as infrared radiation (IR) pyrometer, acoustic and ultrasonic
pyrometers, cameras, and phototransistors have been used to measure the temperature and
the size of the melt pool during deposition. For instance, Gaja et al. [36] employed an acoustic
emission sensor to detect and classify defects in real-time. They reported that type of defects
can be explicitly distinguished with the signal energy, as pores produce acoustic emission
signals with high energy, shorter decay time, and less amplitude when compared to cracks. In
another attempt, Koester et al. [59] used In-situ acoustic monitoring and establish correlations
between acoustic emissions and process noise to detect defects and cracks during the process.
Gegel et al. [38] used a laser scanner repetitive process controller to optimize layer height
during the laser DMD process. In other work, Hu et al. [48] employed an IR camera to regulate
heat input by adjusting the laser power during the deposition of the part. However, the
performance of the IR sensor was limited due to the wavelength detection range (typically
below 1 µm), or the low accuracy of the detected data due to the light reflection and
brightness from powder and substrate. Rodriguez et al. [88] proposed a mid-wavelength IR
(MWIR) sensor (with spectra range 1-5µm) and reported that this sensor enables to capture
IR data at a lower temperature of the object (down to 100˚C), and thus improve monitoring
of the dynamic range of the temperatures in the melt pool area. They employed this sensor
to perform real-time automatic control of the laser power during the process.
Deposition rate
Due to the AM application of large scale components, the increases in the deposition
rate in laser DMD is highly motivated and has been coming more into the research focus over
the last few years. If a large area is to be fabricated, the aim is to maximize the travel speed
and powder feed rate. However, optimizing these parameters must satisfy the requirements
of power intensity and interaction time.
Witzel el al. [136] examined different parameter combinations of the laser power
(between 2–5.2 kW) and scan speed (between 1.5–4 m/min) and attempted to set the powder
feed rate correspondingly to deposit defects free layers with a maximum build-up rate. They
employed a Yb:YAG disk laser source to deposit IN718 material, and reported a maximum
deposition rate of 1.77 kg/h for a track width of 2 mm and 4.75 kg/h for a track width of 4 mm.
In other work, Tuominen et al. [124, 125] investigated the productivity of a coated layer of
Inconel 625 using a 15 kW fiber laser source with a rectangular beam shape and an off-axis
square-shaped powder nozzle. They reported a deposition rate of approximately 15 kg/h and
a powder capture efficiency of about 77% with a track width of 19 mm and a height of 3 mm.
However, an off-axis nozzle is not a suitable approach for AM, since deposition head needs to
be rotated around a vertical axis frequently during bidirectional scanning, escalating the
processing time and complexity level of programming.
The Fraunhofer Institute (IWS) [52] developed a powder nozzle with a rectangular
beam (COAX 11 V3 nozzle), with which powder is fed into the melt pool from channel openings
on two sides of the head. In this design, deposition can be performed bi-directionally with a
track width of approximately 16 mm. According to the nozzle provider and Rütering et al. [94],
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relatively low scanning speeds can be selected using this type of nozzle compared to a circular
spot beam nozzle, making it helpful for the cladding of critical materials susceptible to crack
formation at relatively higher scan speed. They reported a deposition rate of 14.25 kg/h with
the laser power of 20 kW, a scan speed of 1540 mm/min, and a powder feed rate of 250 g/min
in the coating application of a metal pipe.
Zhong et al. [144, 145] studied the relation of power to both factors of powder mass
flow and scan speed to make a process map for depositing Inconel 718 material. With a coaxial
nozzle and high-power diode laser (max 12 kW), they achieved a deposition rate of 4.69 kg/h
at a spot diameter of 9 mm. However, the micrographic image of the deposited layers
exhibited relatively high porosity, which affects the mechanical properties. Zhong et al.
conducted an additional study to improve the material defects and microstructure properties
and applied the Hot Isostatic Pressing (HIP) process, which could significantly reduce the
amount of porosity [146].
Another recently developed method for the coating application of large components
is described by Schopphoven et al. [97], called ultra-high-speed laser cladding. Due to the
higher interaction time of laser radiation and powder particles through the optimization of
the deposition nozzle, powder particles are molten before reaching the substrate, thus
minimizing the time for the powder to melt in the melt pool. This novel approach results in
faster deposition speed (up to 200 m/min), and a deposition rate up to 1.5 kg/h of Inconel 625
with a thin layer of 10–250 µm. However, this technique is more suitable for coating
applications than AM.
2.3.2. Plasma DMD
Plasma DMD is well-known as the Plasma Transferred Arc (PTA) process, considered as
a part of the welding family of coating processes. However, this method has become more
and more attractive in AM recently due to the inherent process specification such as
deposition of the layer through a melt pool formation and free-form fabrication systems. The
Materials and Electrochemical Research (MER) Corporation was one of the first company
extended this technology to AM commercially. This company developed PTA-Selective FreeForm Fabrication (PTA-SFFF) equipment to fabricate 3D metal parts from Ti6Al-4V and the
refractory alloys (Mo-Re and Ta-W), as reported by Withers et al. [135]. More recently,
Mercado et al. [70] developed an in-house AM system for research purposes, using a Starweld
PTA 300 M from Stellite, equipped with a Kennametal Excalibur torch, and a Computer
Numerical Control (CNC) interface to control the table movements. They fabricated simple 3D
parts (e.g., a cylinder with a 50 mm diameter and 30 mm height, respectively) from a nickelbased metal matrix to evaluate the capabilities of the system for AM.
As shown in Figure 2.7, in powder-based plasma DMD, similar to wire-based, an electric
arc is generated between a tungsten electrode and the copper nozzle, called the pilot arc.
Plasma gas (argon or a mixture of argon and helium) is passed through the arc, heated rapidly
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by the arc, and provides a low-resistance path to initiate the plasma arc between the electrode
and the substrate, called a transferred arc. In this process, the substrate is part of the electrical
circuit; thus, it must be an electrically conductive material. The alignment of the electrode and
copper nozzle is crucial to obtain stable and symmetric arc. Metal powder is fed coaxially into
plasma, generating a melt pool of powder feedstock and the substrate, as stated by [123]. A
single direct current or two-stage power supply can be used for generating the pilot arc and
transferred arc with relatively low circuit voltage (less than 100 V). Typical powder melting
efficiency is above 95%, and powder particle size is in the range of 50-200 µm. Shield gas is
necessary since the plasma gas is not sufficient to protect the melt pool from the reaction with
the surrounding air. Three different PTA nozzles can be employed in the deposition of the
layers, based on the output power used. They are categorized into three groups, Micro PTA,
Regular PTA, and High power PTA, according to [29]. The specification of each group, as well
as processing parameters and clad properties, are discussed in the following sections.

Figure 2.7: Schematic of Plasma-Transferred Arc (PTA) deposition [1]
Processing parameters
The main process parameters in PTA are plasma arc current, pilot arc current, nozzle
operation distance, plasma gas type and flow, powder mass flow, traverse speed, oscillation
mode, and frequency. The plasma power is given by applied current and voltage mainly for
the transferred arc. The plasma arc temperature depends primarily on the type of plasma gas,
plasma arc current, and nozzle diameter, according to Keränen [57]. The typical plasma gas
velocity is 60–200 m/s. Applying a high value of gas plasm velocity leads to more columnar
and directional plasma flow from the nozzle to the substrate, as reported by Wilden et al.
[132].
According to Fauchais et al. [33], the intensity of the plasma arc is influenced by nozzle
diameter and working distance. The bigger plasma nozzle diameter and longer operating
distance can lead to the lower intensity of the plasma arc. However, a small variation in
operation distance does not have a significant effect on plasma intensity. Fauchais et al.
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reported that increasing the plasma arc current results significantly in the arc radius and the
plasma velocity. As a consequence, the latter factor has an impact on the flow of the molten
metal. By increasing the operation distance, plasma velocity decreases, and thus the
movement of melt pool declines. The plasma arc efficiency is described as part of the total
heat load, which can be transferred from the plasma arc to the component to be deposited.
In contrast to laser DMD, in which power efficiency depends on material properties, the
physical properties of a material have no effect on plasma arc efficiency.
Som et al. [1] studied the role of powder feeding scheme (external or internal powder
feeding to the plasma arc) in the deposition of steel 10Kh18N10T. They reported that powder
losses are 4-5 times lower at the internal scheme of a powder feeding system due to more
effective powder heating in this type of nozzle. Their criteria for the powder loss calculation
were the geometry of the deposited bead, and the productivity of the process. In the next
section, the effects of the process parameters on the coating properties are discussed.
Process- Clad properties relationship
Figure 2.8 shows the typical cross-section of a single clad in plasma DMD, which is
relatively wide compared to laser DMD due to the flow of molten material and oscillatory
movement of the nozzle. As was discussed in the previous section, the nozzle uses oscillatory
movement in most plasma DMD applications, to reduce the local heat flux and produce a
flatter clad.

Figure 2.8: Typical cross-section of a regular PTA bead
Fauchais et al. [33] presented a comprehensive discussion on the effect of process
settings on coating properties, in which their key points are summarized in Table 2.2. They
pointed out that the current of the pilot arc has no influence on the clad shape. However, the
transferred arc current (plasma current) directly affects clad geometry. By magnifying this
factor, the width and the dilution of the clad are enlarged. It stems from the fact that higher
applied current leads to elevation of the thermal load and energy density of the plasma beam.
Wilden et al. [132] developed an analytical model of the PTA process and validated the
experiments to estimate parameter operating conditions for the deposition of nickel on steel.
They reported that increasing the plasma arc results significantly in dilution: it grew from 24%
to 42% when the current changed from 90 A to 150 A. However, Halen et al. [44] argued that
this fact can be balanced by increasing the powder mass flow. They reported that by increasing
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the current from 150 A to 250 A, the dilution remains below 10% if the powder feed rate
increase from 6kg/h to 10 kg/h, respectively.
Increasing the track width by a raising of the plasma current is due to increasing the
lateral spread of substrate surface melting. The effect of plasma gas flow depends on the other
parameters, particularly current and travel speed. Deuis et al. [28] discussed in their review of
PTA technology that the melt pool can flow on the side at a high plasma gas flow rate, which
causes the increment of the dilution. They pointed out that porosities and oxides on a
deposited layer can be formed at a high plasma gas flow rates. On the other hand, expanding
the operation distance may lead to a downtrend in the dilution due to the plasma power
dissipation.
The authors reported mixed results about the effect of travel speed on the dilution.
For instance, authors in [61, 132] reported minimizing the dilution by increasing the travel
speed. On the contrary, Tahaei et al. [117] observed a relatively constant dilution with a
smooth upward trend when they increased the travel speed from 85 cm/min to 100 cm/min
in the coating of nickel-base powders on D2 tool steel. They highlighted the role of the track
thickness behind this result and argued that, although the increase in the travel speed brings
down the heat input to the substrate, it leads to a reduction of the clad thickness on the other
hand. Hallen et al. [43] reported that the plasma arc attachment is in front of a melt pool at
an optimum travel speed. Fast travel speed can result in a lack of fusion bonding, and low
travel speed can result in increased porosity.
Table 2.2: Effect of increasing process parameters value on coating geometry according to the
discussion in [33]

Track width
Track thickness
Dilution

Plasma arc
current

Powder
mass flow

Travers
speed

++

-

-

-

++

--

+++

---

--/+

The track width is also strongly influenced by the nozzle oscillation distance and its
speed. The adjustment of this factor depends on the other parameters in the PTA, particularly
plasma current. Shielding the melt pool during oscillatory movement is crucial to prevent
exposure of a part of the melt pool to the air environment. Deshmukh et al. [27] investigated
the influence of plasma arc current, welding travel speed, powder feed rate, as well as the
welding oscillation speed on the clad shape. They studied the deposition of Stellite 6 powder
on stainless steel 316 L and reported that the combined parameters of current 100–120 A,
travel speed of 120–140 mm/min, the powder feed rate of 12–14 g/min, and an oscillating
speed of 450–550 mm/min results in a robust metallurgical bonding with minimum residual
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stress and better deposition characteristics. They correlated these parameters to the clad
width and clad reinforcement (height) and drove regression equations.
Due to the typical coating application of PTA, the materials which are employed by the
researchers were mainly Ni and Co-base alloys, which are commonly used for high wear and
corrosion-resistant coatings. For instance, the effect of plasma current and torch oscillation
on the microstructure, porosity, and hardness were discussed in [10, 11, 35, 37, 40]. In the
case of stainless steel material, the experiment was conducted by Mandel et al.[67] to deposit
stainless steel 304L powders on the SS316 substrate. They examined the effect of process
parameters on the dilution and bead geometry. However, they did not investigate the
microstructure of the deposited layers.
The deposition rate and typical bead size in different classes of the PTA process are
discussed in the next section.
Deposition rate
As was discussed in the previous sections, the PTA process is classified into three
different groups: Micro PTA, Regular PTA, and High-power PTA. For micro PTA layers can be
fabricated with deposition rates of 0.1–2 kg/h with a clad width as small as 0.5 mm up to the
range of 3 mm, which is typically used for coating of small components. This class of PTA
recently became attractive for researchers to test it in AM applications due to the small bead
size and low heat input. It should be noted that there is frequently no oscillation used in micro
PTA, which allows the deposition of a layer with a small bead width.
Table 2.3 presents the deposition rate, clad geometries, and typical operating values
of these three classes. As can be concluded from Table 2.3, increasing the arc current permits
inserting the powder feedstock with higher mass flow, resulting in a higher deposition rate of
up to 20 kg/h. However, the size of the melt pool (bead width) increases accordingly. Certainly,
the size of the deposited track depends on the operation parameters and oscillation width,
but the typical bead width in the regular PTA is 10 mm in most applications. The focusing
nozzle diameter is different in each class, as it is smaller in micro PTA (1–2 mm) compared to
Regular and High power PTA. Therefore, a proper PTA torch needs to be selected from the
equipment brochure of a torch manufacturer.
Research in Regular and High-current PTA has focused on the area of surface
modification of industrial components to build protective layers on the parts against corrosion
or wear. The study of the High-current PTA was reported by Hallen et al. [43]. They used a
plasma current of 290 A, travel speed of 9.8 cm/min, and oscillation width of 40 mm for
deposition of Ni-Cr-W-C on roll steel mills. They reported the deposition rate of 12kg/h. In the
other work, Bouaifi et al. [13] achieved a deposition rate of 8.4 kg/h at a 400 A current and a
travel speed of 14 cm/min to build a wear-resistant coating on the casting guide rollers.
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Table 2.3: Overview of deposition rate, clad geometry, and typical operating parameter of
three classes of PTA process
Micro
PTA

Regular
PTA

High-power
PTA

Deposition rate [kg/h]

0.1–2

2–10

10–20

Bead width [mm]

0.5–3

2–40 (10*)

>10

Bead thickness [mm]

0.5–3

0.5–6

Arc current [A]

5–50

100–300

Nozzle diameter [mm]

1–2

2–4

Operation distance [mm]

5–10

10–20

15–20

Travel speed [cm/min]

14–21

7–10

up to 23

Powder feed rate [kg/h]

0.1–2

2–10

10–20

Oscillation width [mm]

-

10–20

20–40

Oscillation frequency [Hz]

-

0.5–1

0.3–1

[33, 95]

[33]

[33, 43, 44]

Ref
* (In most applications)

200–400

Based on the results published in the literature today, research in the field of AM
applications remains little and limited to the Micro PTA class. Wang et al. [129] studied the
fabrication of three-dimensional parts (cylindrical shapes) with the plasma arc current range
of 10–15 A. They built parts from WC-reinforced tool steel material with a deposition rate of
0.14 kg/h. The constructed parts consisted of 40–80 layers with an average layer thickness of
0.35–0.42 mm. More recently, Alberti et al. [3] studied the potential of PTA in AM and
fabricated a thin wall (2 mm) from a nickel-based alloy. They used a low current of 18–26 A to
be able to manufacture a nearly uniform wall thickness with five overlaying of the single tracks
without oscillation. In the other work, Mercado et al. [70] used a maximum current of 48 A to
produce 3D parts made of DURIT 6030 nickel alloy. However, they did not present the
deposition rate of the fabricated layer.

2.4. Hybrid and combined AM
Hybrid additive manufacturing (H-AM) has been recently considered as a solution for
improving the part quality, functionality, and productivity by assisting or combining two or
more technologies. In this section, possible hybrid technologies that can improve the
deposition rate are discussed. Several of the hybrid and combined AM methods were
reviewed by the study of Sealy et al. [101]. For instance, Shi et al. [105] investigated in a
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combination of SLM and WAAM to obtain complex and large part fabrication. In their
research, complicated features of a component are fabricated by the SLM technique. In the
next sequence, they used the fabricated elements as substrates and completed the rest of the
element by WAAM. Merklein et al. [71] reviewed the combination of AM into the production
chain of conventional manufacturing, such as milling or sheet metal forming, which is also part
of the recent research to improve productivity. In the following section, types of secondary
sources that can be coupled to the DMD process are discussed.
2.4.1. Coupling of a laser beam with arc and plasma sources
Coupling different heat sources are helpful approaches in the AM field to increase
productivity and to overcome the disadvantages of each individual process. This idea can be
linked to research in the field of laser welding processes. In this technique, a primary laser
source is combined with a secondary heat source (e.g., an electric arc, a laser beam), and both
heat sources are in a common process zone, called hybrid laser beam welding. The different
type of hybrid welding techniques has been reviewed and classified comprehensively by
Mahrle et al. [66] and Bagger et al. [5], and more recently by Acherjee et al.[2]. This
combination can be due to different purposes, such as improving the process stability,
changing the mechanical properties of the built layer, pore and crack reduction, increasing the
welding speed, and increasing the penetration depth of the melt pool. The latter property (the
possibility of deeper penetration of the melt pool) can potentially improve productivity since
higher power delivered to the substrate allows applying feedstock with a higher feed rate. The
hybrid welding technologies have been employed for many applications in automotive and
shipbuilding industries, particularly in cruise and passenger ships. For instance, Aker Yards Oy
has implemented hybrid laser welding (6 kW fiber laser and MAG sources) into the production
of ship panel welding [79].
Barroi and Hermsdorf [6-8] have done extensive research on using the hybrid method
for coating and additive layer manufacturing. In a hybrid design by them, an oscillating diode
laser was positioned in front of two consumable wire-based Gas Metal Arc (GMA) torch. With
this tactic, they could build a dense layer (with a small area of bonding error) at a deposition
rate of 7.5 kg/h, using stainless steel ER 316L (1.4430). However, they did not report process
parameters. In another work, Stempfer et al. [112, 113] patented a hybrid PTA wire feeding
method to increase the deposition rate by employing two gas-transferred arcs. The first PTA
torch is used for preheating and forming a melt pool in the deposition area on the substrate,
whereas the second PTA torch is applied to melt the wire feedstock. They indicated that with
wire diameter 2.4 mm, grade 5 titanium, a deposition rate of 9.7 kg/h achieved with this
method. The supplied current was around 250 A and 300 A on the first and second PTA
torches, respectively.
Qian et al. [84] proposed hybrid plasma-laser deposition manufacturing (PLDM)
technology in which an assisting laser beam is introduced into the plasma arc beam to
decrease the melt pool diameter and to improve the plasma arc stability. They observed
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improvement in the geometrical accuracy of deposited layers with this technique. Lately, a
similar hybrid approach was described by Brunner et al. [16] as they arranged a laser beam,
located ahead of the PTA nozzle, to reach a plasma arc at the angle of 31˚. They reported a
deposition rate of 2.14 kg with a bead width of 4.58 mm when using powder material of Metco
41C on the stainless steel 316 L substrate. They listed the combined parameters of the laser
power of 0.4 kW, the plasma power of 5.38 kW, the travel speed of 1500 mm/min, and the
powder mass flow of 52g/min. In other research by them in 2019 [17], they integrated a
mobile PTA system into a Trumpf TruLaser Cell 7020 laser processing system equipped with a
2 kW Yb:YAG disk laser. They applied the plasma current of 300 A to the process and could
reach the processing speed of 10 m/min at the powder feed rate of 6.6 kg/h, using
NiCrBSi+60%WC powder on mild steel type S235 substrate.

2.4.2. Coupling of a laser beam with Electromagnetic Induction Heating
Preheating the substrate can enhance the build-up rate of laser DMD, as it was
discussed in section 2.3.1. Electromagnetic Induction Heating (IH) is a well-suited secondary
heat source for this purpose since this method is a non-contact heating process, which can
heat the components locally without contaminating the foreign matter, as described by
Haimbaugh [42]. The technique is commonly used in different industrial applications,
including heat treatment, hot forming, and joining processes. Inductors as a heating source
can be coupled to a programmable machine (e.g., a robot or a CNC machine) to heat desired
areas of the workpiece more accurately [4]. Heat treatment cycles are relatively short, in the
order of seconds and minutes, and can be monitored and controlled.
According to [91], IH is based on eddy current heating and hysteretic heating.
Hysteretic heating refers to energy dissipation by the magnetic hysteresis losses in the
ferromagnetic material while altering the magnetic field. In eddy current heating, the
electromagnetic field generated by the coil induces an eddy current on the workpiece, which
consequently heats the substrate according to the Joule effect. The heat effect attributed to
hysteresis losses is approximately 6–8% compared to the eddy current losses if the surface
temperature of the heated workpiece is above Curie temperature. However, in some IH
applications such as stress relieving in which heating cycle is typically below Curie
temperature, hysteresis losses can be quite significant compare to eddy current losses
(approximately 20%).
The advantages mentioned have motivated researchers to utilize this technique in
coating applications to increase the productivity level and improve the quality of the coated
layer. For instance, Zhou et al. [147] analyzed a microstructure of a coating layer of a Ni-based
WC composite alloy on preheated A3 mild steel substrate material by lateral laser induction
hybrid rapid cladding. They observed lower susceptibility of cracking in the coated layer
compared to deposited layers without preheating. Jonnalagadda et al. [54] performed
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induction assisted laser DMD setup using the Fraunhofer COAXpowerline nozzle system, in
which a quarter-turn induction coil was coupled laterally to a laser nozzle. They deposited
W2C-Ni Matrix on steel substrate and could increase the powder feed rate of 1.85 times higher
than the standard laser DMD process. A similar setup was presented by Nowotny et al. [75]
using a coaxial laser powder cladding head with an induction module to coat an Inconel 625
on large hydraulic cylinders. They could increase the deposition rate by 50% from 5.1kg/h to
7.7kh/h using a10 kW diode laser and an induction generator up to 50 kW.
Recently, Wang et al. [128] studied the influence of substrate temperature by IH on
the coating deposition rate. They observed the linear-like dependence between deposition
rate and substrate temperature up to 750°C when coating 43Ni–50.8Cr–6.2Si powder material
on an AISI 1045 carbon steel substrate. Improvement in the cladding efficiency and deposition
rate above this temperature was not notable in their experiment.

25

3.

RESEARCH GAP AND APPROACH

3.1. Research gap
Laser-powder-based DMD is capable of building complex and precise parts and makes
a profit from a wide range of materials. A current challenge to employ this method in the
manufacturing of large parts is the deposition rate. As was addressed in the previous chapter,
the typical productivity rate of the DMD process is not sufficient for meter-size components
fabrication. Purchasing a high-power laser source, which can lead to a higher deposition rate,
is currently very costly. Only a few publications concerning high deposition rates are currently
available in the literature, which mainly focused on the laser power. Studies on the effects of
main process parameters on the deposition rate require still further investigation to make the
laser DMD technique mature for high productivity levels of metal deposition. A few studies
have reported on the microstructure evolution of laser cladding of martensitic stainless steel
[89, 126] or pad welding martensitic stainless steel [118, 119].
The PTA technique is capable of being employed in large part AM due to the high buildup rate. Regular current PTA enables high powder deposit rates of typically 2–10 kg/h and
even higher in high-power PTA [33]. Nevertheless, the typical bead width for regular PTA (100300 A) is 2–40 mm, mostly around 10 mm, which may restrict the deposition of small elements
of a component, or add a cost of subsequent machining of the built parts to the total expense
of the product. Therefore, it might be challenging to fulfill both high build-up rates and thin
and complex elements when fabricating parts for heavy industry applications. Most of the
studies in the hybrid plasma-laser deposition field were in the direction of improving the
plasma arc stability than productivity enhancement purposes. Besides, dealing with the high
complexity level of the hybrid solution was one of the essential problems faced by most
researchers.
In the previous chapters, it has been discussed that the combination of a laser source
with a secondary IH source can significantly improve productivity with a low level of
complexity. However, in most investigations of hybrid, heating inductors coupled to the
deposition head laterally, in which heating of a part is prior to coating a layer. This setup
restricts the deposition of layers to a unidirectional path, whereas the deposition path in AM
application may consist of a bidirectional or a contouring movement of the deposition head.
The principle concept of coaxially coupling IH with DMD has been patented by [30].
Nonetheless, up to now, a systematic investigation on the hybrid setup, including proper
selection of process parameters, technical challenges in the implementation and deposition
steps, and the results of quality and productivity of fabricated layers is missing in the previous
literature.
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3.2. Approaches
To meet the aforementioned research needs, three approaches are considered. First,
a study is conducted in chapter 4 by setting the main processing parameters of the laser
power, the powder mass flow, the scan speed, and the laser spot diameter to obtain optimum
parameter combinations, which can result in a maximum achievable deposition rate for the
certain laser power. The investigation procedure is started with the laser process parameter
characterization of the martensitic stainless steel material EN X3CrNiMo13-4 (1.4313).
Subsequently, the effects of the main process parameters on the clad properties and build-up
rates, as well as the strategy of process scaling, aimed for a higher deposition rate, are studied.
Accordingly, processing maps are developed, providing a range of suitable parameters, able
to deposit layers with high productivity, powder capture efficiency, and adequate cladability
(i.e., low dilution, strong metallurgical bonding, and defect-free layers).
In the second approach, presented in chapter 5, the setup of coaxially coupling of IH
with the laser DMD is presented to be able to heat the substrate simultaneously during the
deposition of layers, working towards increasing the build-up rate. This chapter will address a
proper selection of IH process parameters in the hybrid process, supported with the
development of a finite element simulation model of IH, as well as tuning of the laser DMD
parameters to construct layers without bonding error. Besides, the technical challenges in the
setup and in the powder deposition will be examined to explore obstacles for using this setup
in AM.
In the third tactic, presented in chapter 6, the capability of combining both the PTA
and the laser DMD methods in a single operating system is analyzed. This newly proposed
manufacturing method can yield the opportunity to profit from both techniques, with
relatively low complexity and equipment costs, to enhance the deposition rate. The proposed
system can provide a new direction for producing large and complex components. The major
focus in this scientific approach is the specification analysis of both methods for the
integration purpose and joining strategies for dissimilar layers deposition, as well as the
investigation on the microstructure and mechanical properties of the hybrid layers.
Part of the outcomes of the investigation, reported in the referred chapters, have been
published in [23, 24]. The following section describes an overview of this dissertation.

Overview of the thesis
Chapter 1 outlines the issues associated with the necessity of improvement of the
deposition rate. It aims to develop DMD based technologies that allow the manufacturing of
large parts.

27

RESEARCH GAP AND APPROACH

Chapter 2 provides the basis of knowledge and research state in the field of DMD and
a critical review on capable AM techniques for large part fabrication with a focus on their
productivity.
Chapter 3 defines the research gaps and describes approaches that meet the research
needs.
Chapter 4 describes an investigation of process parameter windows and parameters
combination. The effects of main process parameters on clad properties and build-up rate, as
well as the strategy to scale up the laser power, aiming for a higher deposition rate, are
studied.
Chapter 5 presents a hybrid coaxial induction heating DMD setup (IH-DMD) and
describes the influence of the induction heating process on build rates, including experiments
and simulations of induction heating and laser process parameters.
Chapter 6 describes an investigation on the feasibility of combined DMD and Plasma
Transferred Arc (PTA) techniques, including technical specification analysis, evaluation of
joining strategy of dissimilar layers, and testing of the microstructure and mechanical
properties of the produced samples.
Chapter 7 draws the overall discussion of the presented methods and dissertation
conclusion by summarizing the understanding of the process parameter combinations,
process scaling, and capability of hybrid and combined techniques to enhance the deposition
rate. Also, recommendations and future work are detailed.
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LASER DMD PARAMETERS AND PROCESS SCALING

This chapter describes research conducted firstly to investigate the effects of critical
factors of the laser DMD (laser power, spot size, scanning speed, powder mass flow, and
powder profile) on the deposition rate and track quality (clad geometry, fusion bonding, and
porosity). Laser parameters for the processing of stainless steel EN X3CrNiMo13-4 are
characterized, and the optimum parameter combination in connection with the deposition
rate is determined. In this regard, linear regression analyses are performed for estimating the
relationships between laser parameters and clad geometry and built up rate, aiming to
develop processing maps. Secondly, experiments are described that are carried out to
establish a practical approach to scale up the process, targeting to produce defect-free layers
at a higher level of deposition rate.

4.1. Determination of optimal process parameters and process
scaling
The operation windows for the DMD process are typically defined by four main factors,
including the laser power, scan speed, powder flow rate, and spot diameter. Certainly, several
other process parameters contribute to yield a good quality of cladding, which were discussed
in the previous chapter and presented in Figure 2.2. As it was shown in Figure 2.5, by the
scaling up the laser power without inserting sufficient powder flow, power attenuation is
minimized, hence the excess laser energy is transferred to the substrate, causing a high
dilution and low deposition efficiency. On the other hand, excess powder mass flow may result
in an improper aspect ratio or even a lack of fusion between the cladding and the substrate.
This derangement can lead to porosities between side layers, as stated by Henry et al. and Sun
et al. [45, 115]. Therefore, the initial geometry of a single track is vital in building defect-free
overlapped tracks, and in the productivity of multiple layers. On this account, a single track is
considered the main criterion in process characterization and process scaling in this study. The
author concludes the proper geometry of a single track in a definition called “cladability,”
which includes building a bead at a low level of dilution, and at a proper aspect ratio that
results in a dense overlapped tracks, and further, offering a maximal deposition efficiency.
Cladability is primarily determined by process parameters used during the DMD
operation, as well as the specification of the DMD nozzle and compatibility of the clad and
substrate materials. The scan speed and the powder feed rate have a direct effect on
productivity. However, enough energy must be delivered to the melt pool in connection with
these two parameters to achieve a dense clad. To better understanding the balance of energy
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in the process, first, the physical equations presented in section 2.3.1 are discussed in detail.
According to equation (2.2), the delivered laser energy to the process can be driven by:
𝑄𝐼𝑛 = 𝜋𝑟 2 𝑃𝑡

(4.1)

where r is the laser spot radius and t is the laser interaction time between material and the
substrate, presented by:
𝑡=

𝑠
𝑣

(4.2)

where s is the laser spot diameter, and 𝑣 is the scan speed. If it is assumed that powder
particles are delivered to the melt pool homogeneously, the number of powder particles 𝑛
over the laser spot area can be driven by:
𝑛=

3ṁ𝑡
4𝜋𝑟𝑝 3 𝜌𝑝

(4.3)

where 𝜌𝑝 is powder density, and 𝑟𝑝 is the powder particle radius. As a result, the absorbed
energy by the powder particles 𝑄𝑎𝑝 , described in equation (2.4), can be presented in the form
of:
𝑄𝑎𝑝 =

3ṁ𝑡 𝑄𝐼𝑛
4𝜋𝑟𝑝 𝑟 2 𝜌𝑝

(4.4)

If it is considered that the volume of melt pool is a portion of a cylinder laying on the substrate
where the width and length of the bead is equal to laser spot diameter on the substrate, the
cross-section area 𝐴𝑐 can be found by:
𝐴𝑐 =

ṁ
𝜂
𝑟𝑝 𝑣

(4.5)

where 𝜂 is the powder efficiency, which is the ratio between the area of a laser beam and
powder stream.
The equations (4.4) and (4.5) show that, although a higher value of ṁ leads to the enlargement
of the 𝐴𝑐 (hence a higher built up rate), on the other hand, a higher portion of laser input
energy 𝑄𝐼𝑛 is absorbed by the powder particles, which can lead to transferring insufficient
energy toward the substrate needed for metallurgical bonding between clad and substrate.
On the subject of 𝑣, equation (4.5) explains that by increasing the 𝑣 the size of 𝐴𝑐 shrinks.
Therefore, it can be deduced that although a higher value of 𝑣 can increase productivity
directly, it can also minimize this factor indirectly due to the reduction of the 𝐴𝑐 , hence the
volume of the deposited material.
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Thus, it is essential to develop an appropriate method for optimizing process
parameter combination and ensuring coating quality. The typical factor, which is often
referred to in the literature for this purpose, is the linear heat input 𝐻𝑖 , described by:
𝐻𝑖 =

𝑃
𝑣

(4.6)

This factor in correlation with powder feed rate ṁ was used by researchers to plot the laser
DMD processing regions of materials (e.g., Ti-6Al-4V, Inconel 690-718, Ni-Cr based alloys), as
stated by Dass et al.[25]. A dimensionless heat input factor 𝐿ℎ𝑖 was presented by Mukherjee
et al. [72], governed by:
𝐿ℎ =

𝑃/𝑣
𝑃𝑟 /𝑣𝑟

(4.7)

in which 𝑃𝑟 and 𝑣𝑟 represent the reference laser power and scanning speed that provide the
lowest linear heat input among the range of process parameters.
Sciammarella et al. [100] used the combination ratio of powder feed rate and travel speed
(called powder feed per length 𝑚𝑥 in this study), described by:
𝑚𝑥 =

ṁ
𝑣

(4.8)

to represent the maximum amount of powder, deposited per unit length of laser travel at a
given laser power. This factor was also employed by Ferguson et al. [34] to construct the
process maps and to determine the variation of clad width in the deposition of single tracks,
using powder materials of stainless steel 420 and 4140 (according to ASTM standard).
However, 𝑚𝑥 is not a reliable factor since it fails due to the effect of the interaction time of
the laser beam per unit volume of powder feed. For instance, this factor can calculate the
same value at two different scenarios: 1.) a high powder feed rate at a high velocity, 2.) a low
powder feed rate at a low speed. However, the properties of the deposited layers in each
scenario are significantly different.
According to Toysekani et al. [121], the process parameters can be combined into two
forms to present the critical condition of the process. They are defined as specific energy 𝑒𝑠 ,
and power intensity 𝐼, expressed by:
𝑒𝑠 =
𝐼=

𝑃

(4.9)

𝑣𝑠

𝑃
𝜋(𝑠/2)2

(4.10)

The input power intensity to the melt pool can be controlled through the laser power or laser
spot. However, it is crucial to provide appropriate power intensity 𝐼 at a certain level of
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interaction time t, presented by equation (4.2). Insufficient or excess power intensity can lead
to a lack of metallurgical bonding and a high dilution, respectively.
The specific energy 𝑒𝑠 describes the heat input per area, which is scanned by the laser
beam during the deposition of a single track. Xin et al. [140] reported that the maximum
coating thickness, which can be deposited in the laser DMD, depends on the specific energy.
Wu et al. [139] have introduced a combined process parameter called powder density 𝐾,
governed by:
𝐾=

ṁ
𝑣𝑠

(4.11)

to describe the process condition. They correlated this factor with 𝑒𝑠 to find the optimum
process parameters for the clad high of the fabricated single tracks. Laeng et al. [60]
considered 𝑒𝑠 a suitable factor for the scaling of laser power, where the P scales up, the other
process parameters were changed in a way that 𝑒𝑠 stays constant. However, Schneider et al.
[96] stated that this factor is not sufficient to describe process scaling since the same value of
specific energy 𝑒𝑠 can be achieved with different combinations of P and 𝑣, yielding different
thermal cycles in the melt pool.
This argument points out that the process behavior cannot be described with only this single
factor. Therefore, in this chapter, specific energy 𝑒𝑠 as well as power intensity 𝐼 and
interaction time 𝑡 are considered as a guide for the laser parameter characterization and to
determine the optimum parameter combination, as well as for the process scaling. The goal
is to gain an approach for scaling the process in connection with the group of
parameters (𝑒𝑠 , 𝐼 , 𝑡 , P , 𝑣, s, ṁ ) to describe the results of the process correctly. Further
research is conducted to develop functions, indicates the optimum parameter combination
results in the same clad quality when laser power increases, aiming to achieve higher
productivity in the deposition of a material. Besides the main laser parameter, the powder
profile's role in process scaling and deposition efficiency is discussed.
The Taguchi method is employed to perform the experiment's design to test a wide range of
processing parameters and determine the laser process parameter boundaries. It allows
choosing the level of parameters independent of each other and provides a great
understanding of the effect of all variations on the process behavior at a relatively low number
of the experiment. In the first step, the influencing factors of 𝑣, s, and ṁ on productivity and
bonding quality of the deposited tracks are discussed. Afterwards, the regression analysis is
conducted to drive correlations between the combined set of parameters and clad
geometries, as well as the deposition rate. The correlations are found as a combination of
process parameters 𝑓(𝑠, 𝑣, ṁ) for the characteristic of the clad geometries (𝐴𝑐 , 𝐴𝑚 , 𝑤, ℎ) and
Ḋ. The results of the linear regression equations are used to construct a processing map,
aiming to provide a range of suitable parameters for depositing layers with high productivity
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and adequate cladability (i.e., low dilution and proper aspect ratio). This processing map is set
up and validated with experiments.

Materials and experimental protocols
4.1.1. Materials
Stainless steel material EN X3CrNiMo13-4 (1.4313) provided by Oerlikon Metco AG
(type 2295) is used as powder feedstock. The diameter distribution of the powder was
analyzed with a manifold of approximately 10000 particles. The powder particles have a size
of 40–110 μm with particle size distribution shown in Figure 4.1-A. The average particle
diameter is 90 μm. The powder morphology was analyzed by scanning electron microscopic
(SEM) FEI NanoSem 20KeV. Particles appear to be spherical and can be described as dense, as
shown in Figure 4.1-B. The chemical composition of the material was measured by SEM/EDX
(20 keV). The results meet the required target value of the material EN X3CrNiMo13-4,
according to DIN EN 10088-3, listed in Table 4.1. On the side of the material EN X3CrNiMo134, which is the main material in this project scope, stainless steel 316 L powder is used in
section 4.1.2 to simplify the initial experimental effort, as the laser parameters of the DMD
process for this material were already known.

Figure 4.1: Measurement result of powder stainless steel EN X3CrNiMo13-4: (A) powder size
distribution, and (B) SEM image of powder particles

Table 4.1: Chemical composition of martensitic stainless steel EN X3CrNiMo13-4 (1.4313) [15]

Weight. %

C

Si

Mn

P

S

Cr

Ni

Mo

N

≤0.05

≤0.7

≤1.5

≤0.04

≤0.04

12–14

3.5–4.5

0.3–0.7

≥0.02
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A stainless steel substrate X3CrNiMo13-4 with a dimension of 100 × 30 × 30 mm3 and
structural steel S235JRC+C substrate with a size of 30 × 8 × 100 mm3 are used for the
deposition of layers. The experiments are carried out on the Trumpf TruLaser Cell 7020 CNC
machine, using a Trumpf TruDisk 3001 ytterbium-doped yttrium aluminum garnet (Yb: YAG)
disk laser with a wavelength of 1030 nm. The maximum output of laser power is 3kW. The
powder is fed by two types of powder nozzles: a three-jet powder nozzle type 3-JET-SO16 from
Fraunhofer-ILT and an in-house three-jet powder nozzle from Oerlikon Metco. Argon is used
as a carrier gas and shielding gas at a flow rate of 7.5 l/min and 15 l/min, respectively. The
powder feed rate is calibrated prior to each experimental test, considering the rotational
speed of the dosing disk in the powder feeder.
The powder particle density distribution is measured according to the setup presented
by Wirth et al. [133]. In this setup, a powder box (placed on a precision scale) is used to collect
the powder particles. A plate with a small hole (0.4 mm) is fixed above the box, which allows
powder particles to be delivered to the box only by passing through the hole. In the next step,
the powder nozzle is positioned at the center of the hole, and above it at the operation plane
of 15 mm (working distance). The powder nozzle orbits around the small hole along a circular
path with incrementally increasing the radius of the path. The weight of powder particles,
which is delivered to the box (container) is measured by the continuous reading scale.
Therefore the powder particle flow density can be calculated from the time derivative of
powder mass on the scale. Figure 4.2 shows the result of the 1D powder profile of the nozzles
Fraunhofer 3-JET-SO16 and Oerlikon Metco 3-JET at the working distance of 15 mm. The
carrier gas and shield gas flow rates were 5 l/min and 15 l/min, respectively.

Figure 4.2: Result of powder particle density distribution (rotationally symmetric) of
Fraunhofer and Oerlikon Metco nozzles at a working distance of 15 mm. The horizontal axis
shows the radius of the powder profile.
The cross-sectional area of fabricated samples is polished and etched with Adler
etchant to visualize the grain refinement and the melt penetration depth in the substrate.
Required samples for defects assessment are cross-sectioned in three positions and polished
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by the suspension of alumina particles (0.04 μm). The micrographic images are taken using
Keyence Microscope VHX 5000, with a magnification of 200×. The optical micrographs are
processed with the ImageJ software and a plugin developed by Engeli et al. [32] to quantify
the cracks and pores densities in the fabricated layers.
4.1.2. Experimental protocols
Material characterization and process windows of stainless steel

In the first step, a Taguchi experimental design method is used to explore the
processing parameter range of the material EN X3CrNiMo13-4. The Oerlikon Metco nozzle is
employed in this test. The key variable parameters of scan speed 𝑣, spot diameter s, and
powder feed rate ṁ are examined. The output powder feed rate of the nozzle is calibrated
before each experiment, and three samples are fabricated to ensure repeatability. A laser
power of 1200 W is considered as a fixed factor. According to the discussion in section 2.2.3,
the typical parameter values of the laser DMD process are employed. The scan speed of 𝑣
(600–1400 mm/min) is employed with a step interval of 400 mm/min. A typical range of laser
intensity I (100–200W/mm2) is used to calculate the approximate range of spot diameter at
the given laser power. Correspondingly, the spot sizes of 2 ≤ s ≤ 3 mm are used. The powder
feed rates of 9 g/min, 15 g/min, and 21g/min are employed. Based on this method and given
variable levels, a total of 27 different single tracks are deposited. Figure 4.3 shows the matrix
of selected variables for each sample. The spot diameters are 2.5 mm, 3 mm, and 2 mm, in
samples N.1–9 (red group), N.10–18 (blue group), and N.19–27 (green group), respectively.
The fabricated samples are cross-sectioned, and clad geometries analyzed, including
coated area 𝐴𝑐 , melt pool area 𝐴𝑚 , and 𝐴𝑅 . The deposition rate Ḋ is measured according to
the weld clad area governed by:
Ḋ = 𝑣𝐴𝑐 𝜌

(4.12)

where 𝜌 is the density of the examined material.
The powder melting efficiency 𝜂, which is the ratio of deposited powder mass to the
fed powder mass, can be estimated from:
𝜂=

𝑣𝐴𝑐 𝜌
%
ṁ

(4.13)

The dilution 𝐷𝑖 and aspect ratio 𝐴𝑅 are calculated from equations (2.9) and (2.10), described
in chapter 2.
A linear regression method is developed using MATLAB software to correlate the clad
geometry (𝐴𝑐 , 𝐴𝑚 , 𝐴𝑅 ) as well as Ḋ against a combination of process parameters 𝑓(𝑠, 𝑣, ṁ),
given by:
𝑌 = 𝑎 𝑋 + 𝑏,

𝑋 = 𝑠 𝛼 𝑣 𝛽 ṁ𝛾

(4.14)
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for 2 ≤ 𝑠 ≤ 3 [mm] and 600 ≤ 𝑣 ≤ 1400 [mm/min] and 9 ≤ ṁ ≤ 21 [g/min]. The
combined parameter X is established from optimizing the exponents 𝛼, 𝛽, 𝛾 to maximize the
regression coefficient R2.

Figure 4.3: Taguchi design space of the three processing parameters. Spot diameter in samples
N.1–9 (red group), N.10–18 (blue group), and N.19–27 (green group) are 2.5 mm, 3 mm, and
2 mm, respectively. Accordingly, the powder feed rate range is 9 g/min, 15 g/min, and 21
g/min, and the scan speed range is 600 mm/min, 1000 mm/min, and 1400 mm/min.

Process scaling approaches

In the second step, a suitable method is studied to increase the deposition rate by
scaling up the laser power. A suitable parameter set is selected from the database for
processing of powder material stainless steel 316 L, listed in Table 4.2. The criterion for the
selection of these parameters is cladability (low dilution and good metallurgical bonding
between multiple layers). These parameters are chosen as a reference parameter set. Then,
the five approaches Ap.1–5, listed in Table 4.3, are designed to tune the parameters by the
scale-up of the laser parameters to 3000 W.
Table 4.2: Reference parameter set for processing material 316L
Laser
power
P [W]

Powder
feed rate
ṁ [g/min]

Scan speed
𝑣 [mm/min]

Spot
diameter
s [mm]

Specific
energy
𝑒𝑠 [J/mm²]

Power
intensity 𝐼
[W/mm²]

Interaction
time t [ms]

1200

12.66

996

2.7

26.774

209.06

0.16
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In these approaches, specific energy 𝑒𝑠 , integration time t, and power intensity 𝐼 are
used as the major factors to adjust the other parameters (scan speed 𝑣, powder feed rate ṁ,
and spot size s) accordingly. The powder feed rate ṁ is increased linearly and proportionally
with the value of P in Ap.1–3 and Ap.5. In Ap.4 ṁ is leveled up based on the value of 𝑣 to keep
the 𝑚𝑥 steady.
Table 4.3: Approaches to scaling up the DMD process by increasing the laser power
Spec.

𝑠

𝑣

ṁ

𝑒𝑠

𝐼

𝑡

Ap.1

𝑒𝑠 , s
constant

reference
value

recalculate
to get 𝑒𝑠
constant

recalculated
based on 𝑃
scale

reference
value

equation
(4.10)

equation
(4.2)

Ap.2

𝐼 & 𝑡& 𝑒𝑠
constant

recalculate
to get
𝐼 constant

recalculate
to get 𝑒𝑠 &
𝑡 constant

recalculated
based on 𝑃
scale

reference
value

reference
value

reference
value

Ap.3

𝐼, 𝑣
constant

recalculate
to get 𝐼
constant

reference
value

recalculated
based on 𝑃
scale

equation
(4.9)

reference
value

equation
(4.2)

Ap.4

𝑒𝑠 & 𝑡
constant

recalculate
to get 𝑡
constant

recalculate
to get 𝑒𝑠 &
𝑡 constant

recalculated
based on 𝑣

reference
value

equation
(4.10)

reference
value

Ap.5

𝑒𝑠 , 𝑣
constant

recalculate
to get 𝑒𝑠
constant

reference
value

recalculated
based on 𝑃
scale

reference
value

equation
(4.10)

equation
(4.2)

N.

In Ap.1 and Ap.5, the specific energy 𝑒𝑠 is considered to be the same value as the
reference parameter set. With this recipe, 𝑠 and 𝑣 remain unchanged in Ap.1 and Ap.5,
respectively, and hence they are re-calculated for each according to equation (4.9). These two
approaches can evaluate the success of process scaling if the spot diameter or scan peed are
supposed to be kept unchanged. In Ap.3, the reference values are set for 𝐼 and 𝑣 to allow
regulating 𝑠 based on 𝐼. Inevitably, new values will be obtained for 𝑒𝑠 and t from the equations
(4.10) and (4.2). In Ap.4, 𝑒𝑠 and t are set based on reference values, and 𝑠 and 𝑣 are
recalculated. In Ap.2, values for 𝑒𝑠 , 𝐼, and 𝑡 are selected from the reference parameter set and
remain unchanged to recalculated 𝑠 based on the constant I and 𝑣 based on the constant 𝑒𝑠
and t. This approach permits formulating the value of spot diameter and scan speed while the
laser power is magnified.
Three levels of laser power (1000 W, 2000 W, and 3000 W) are examined in each
approach. Therefore, 15 single tracks (with a length of 60 mm) are fabricated plus a sample
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based on the reference parameter is set (cf. Table 4.2) to compare the results. This experiment
is carried out using the first nozzle (Fraunhofer 3 jet-beam nozzle) at a working distance of 15
mm, and substrate structure steel 100 x 30 x 8 mm3. The cross-sectioned samples are
prepared, and clad geometry is analyzed from the micrograph.
In the next step, after analyzing the results of all five approaches, a most capable
approach for process scaling is selected to be employed for process scaling of the material
stainless steel EN X3CrNiMo13-4. The laser power is scaled up from 1500 W to 3000 W with a
step interval of 500 W. The second nozzle (Oerlikon Metco 3 jet-beam nozzle) is employed at
the operation distance of 15 mm. The stainless steel substrate 100 x 30 x 30 mm3 is used for
depositing samples. With this configuration, the robustness of the developed process scaling
strategy can also be examined with different materials and nozzles. Cladabilty and the
deposition rate of samples are analyzed from the micrographics of cross-sectioned samples in
two positions. Finally, the processing map for the deposition of stainless steel EN X3CrNiMo134 is constructed.

4.2. Results and discussions
4.2.1. Process development for optimum deposition rate of laser DMD
Figure 4.4 shows the results of the clad width and height of all 27 fabricated samples
at a laser power of 1200 W in connection with scan speed 𝑣, powder feed rate ṁ, and spot
size s. It can be seen that increasing the scan speed leads to a reduction of the clad thickness.
However, the influence is more substantial in the speed range of 600–1000 mm/min
compared to the range of 1000–1400 mm/min. It may stem from the lowering of the
interaction of the powder particles with the melt pool, which will be discussed in section 4.3.3.
Increasing the powder feed rate has a minor effect on the clad width at the constant laser spot
diameter and scan speed, but conceivably, a major influence on the clad height. Increasing the
scan speed also leads to downsizing of the tack width (cf. Figure 4.4-B). This can be a reflection
of the diminution in the lateral heat conduction of the melt pool owing to the reduction of
laser interaction time.
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Figure 4.4: The clad height and width as a function of scan speed at three levels of spot sizes
and powder feed rates. Units of ṁ and s are [mm] and [g/min], respectively.
Figure 4.5 shows the range of laser power intensity versus the interaction time of the
samples at three levels of powder feed rates. The samples are grouped in the graph based on
the cladabilty definition in which clad with lack of metallurgical bonding and with a high
dilution (≥ 50%) are designated as a bonding error and a dilution error, respectively. The
samples with strong metallurgical bonding but with dilution below 50% are shown as having
adequate cladability. The main aim of this classification is to characterize the proper value of
laser intensity as a function of the interaction time for the processing of the material. The laser
intensity ranges are 169.8 W/mm2, 244.5 W/mm2, and 382 W/mm2, referring to 3 mm, 2.5
mm, and 2 mm spot sizes, respectively. The interaction time is between 0.107 ms to 0.3 ms.
By comparing the diagrams, it can be seen that at the laser intensity of 382 W/mm2
and at the interaction time above 0.1 ms, samples were fabricated with a dilution error, even
at the maximum level of the powder feed rate (21 g/min) (cf. Figure 4.5-C). However, at the
interaction of 0.085 ms and powder feed rate ≥ 15g/min, there is a correspondingly less
thermal effect on the target substrate, resulting in adequate cladability in samples N.26 and
N.27 with a dilution of 40.2% and 24.4%, respectively. The dilution in sample N.25 is 63.4%.
The specific energy 𝑒𝑠 for all these three samples (N.25–27) is the same value of 25.714 J/mm2.
The laser intensity 𝐼 level of 244.5 W/mm2 supplies sufficient energy for the bonding
of the clad and the substrate at the powder feed rates of 9 g/min and 15 g/min (cf. Figure 4.5A&B). However, there is a bonding error at the powder mass flow of 21 g/min due to the
relatively higher level of laser power attenuation by the powder particles, hence the reduction
of the absorbed energy level on the substrate. When the laser intensity level reduces from
244.5 W/mm2 to 169.8 W/mm2 due to the increase of the spot diameter from 2.5 mm to 3
mm, a bonding error occurs at the powder feed rate above 15 g/min except for sample N.17.
This result indicates that a relatively lower amount of powder can be fed into the melt pool at
this level of laser intensity, which then leads to minimizing the build-up rate as a consequence.
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Figure 4.5: Laser power intensity versus the interaction time of the samples produced at three
levels of powder feed rates (A, 9g/min; B, 15 g/min; and C, 21g/min) and spot diameters of 2–
3 mm. Sample numbers (cf. Figure 4.3) are plotted in all figures, classified into three groups of
dilution error (pink), bonding error (yellow), and adequate cladability (green), according to the
measurement results of cross-sectioned samples.
Further analysis has been done on the samples, which are in the group of adequate
cladability to evaluate their deposition rate. Figure 4.6 shows the deposition rate as a function
of powder feed rate as well as the aspect ratio of the fabricated samples. By comparing the
results, as was expected, the maximum powder feed rate of 21 g/min results in a maximum
deposition rate of 0.34 kg/h in sample N.27. However, its powder mass flow is 40% higher
than sample N.5, whereas the difference in their deposition rate is only 3% (cf. Figure 4.6-A).
This implies that the powder melting efficiency is very low with the process parameter
combination in sample N.27. This is mainly due to the relatively high travel speed in parameter
set of sample N. 27 (1.4 m/min) compared to sample N.5 (1.0 m/min), which results in a lower
powder feed per unit length 𝑚𝑥 (15 g/m and 25 g/m in samples N.27 and N.5, respectively).
This factor can also explain the results of the deposition rate in samples N.2 and N.8,
in which at the same powder mass flow rate of 15 g/min and spot size of 2.5 mm, the
deposition rate is about 20% higher in N.2 compared to N.8, as their 𝑚𝑥 values are 15 g/m
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and 10.71 g/m, respectively. However, this factor cannot interpret the result of the build-up
rate in samples N.17 and N.8 as the 𝑚𝑥 value in both samples are the same (10.71 g/m), but
the deposition rate is higher in the N.17. It is due to its larger spot size (3 mm vs. 2.5 mm),
thus larger melt pool size, which increases the powder particles catchment efficiency. In
conclusion, samples N.5 and N.2 exhibit the most suitable process parameter combination for
the deposition of a single track among the other samples based on the deposition rate and
the powder melting efficiency criterion. The aspect ratio of sample N.2 is higher than N.5 (cf.
Figure 4.6-B), which may be recognized as an advantage due to less probability of porosity
formation between the overlapped layer at a higher aspect ratio value. This point will be
discussed in the next section 4.2.3.
It can be concluded from these results that the laser spot size of 2.5 mm at the given
laser power of 1200 W (𝐼 = 244.5 W/mm2) is suitable for being chosen to construct the
processing map. This intensity value provides sufficient heat input for the proper metallurgical
bonding. Besides, it offers the possibility of selection of a broader range of powder feed rate
and scan speed (ṁ = 9 – 15 g/min; 𝑣 = 600–1400 mm/min).

Figure 4.6: Correlation between the deposition rate and the powder feed rate and aspect ratio
of the fabricated sample (adequate cladability group). Sample numbers (cf. Figure 4.3) are
plotted in both figures.
4.2.2. Regression analysis
The linear regression analysis presents a good correlation of R2 >0.9 for all geometrical
parameters studied of aspect ratio and dilution (corresponded to 𝐴𝑐 , 𝐴𝑚 , w and h), as well as
the deposition rate Ḋ (cf. Figure 4.7 and Figure 4.8). The optimum combined parameters to
linearly correlated 𝐴𝑐 is described by:
𝐴𝑐 = 0.0209· 𝑠 0.6498 · 𝑣 −1.3467 · ṁ1.0168 +0.0157

(4.15)
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where the regression line has a high correlation factor of 0.99, as shown in Figure 4.7-A.
Accordingly, the deposition rate, which is calculated based on the clad area, is linearly
correlated with the correlation factor of 0.97, described by:

Ḋ = 0.0072· 𝑠 0.5972 · 𝑣 −0.3517 · ṁ1.1151 + 0.0266

(4.16)

The combined parameter 𝑠 0.5972 𝑣 −0.3517 ṁ1.1151 is found from optimizing the exponents
𝑠 𝛼 𝑣 𝛽 ṁ𝛾 on equation (4.14) to maximize R2 for the correlation.

Figure 4.7: Correlation of clad area 𝐴𝑐 [mm] and deposition rate Ḋ [kg/h] with combined
parameter 𝑠 𝛼 𝑣 𝛽 ṁ𝛾 . X = 𝑠 0.6498 · 𝑣 −1.3467 · ṁ1.0168 in the linear equation of 𝐴𝑐 (panel A), and
X = 𝑠 0.5972 · 𝑣 −0.3517 · ṁ1.1151 in the linear equation of Ḋ (panel B). Units of independent
variables are 𝑠[mm], 𝑣[mm/min], and ṁ [g/min]
The dilution is found with a linear regression coefficient of R2=0.93, described by:
𝐷𝑖 = −712.46· 𝑠 0.0740 · 𝑣 −0.0153 · ṁ0.0455 + 885.29

(4.17)

according to the linear statistical dependence of the dilution, shown in Figure 4.8-A. It
approximates that dilution occurs when a combination of parameters
X( 𝑠 0.0740 𝑣 −0.0153 ṁ0.0455 ) is equal to 1.24, so below this value, insufficient melting or
detachment of the clad layer occurs.
The aspect ratio is linearly correlated with the correlation factor of R2= 0.93, described
by:
𝐴𝑅 = −2.2395· 𝑠 −0.2707 · 𝑣 −0.3906 · ṁ0.5179 + 12.7438

(4.18)

The linear regression equation of the aspect ratio presents that ṁ has a significant effect on
the resulting aspect ratio.
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Figure 4.8: Dependence of the dilution 𝐷𝑖 [%] and aspect ratio 𝐴𝑅 of the deposited track on
the combined parameter of 𝑠 𝛼 𝑣 𝛽 ṁ𝛾 . X = 𝑠 0.0740 · 𝑣 −0.0153 · ṁ0.0455 in the linear equation of
𝐷𝑖 (panel A), and X = 𝑠 −0.2707 · 𝑣 −0.3906 · ṁ0.5179 in the linear equation of 𝐴𝑅 (panel B). Units
of independents variables are 𝑠[mm], 𝑣[mm/min], and ṁ [g/min].
4.2.3. Process windows for material deposition at 1.2 kW laser power
Based on the regression equations (4.16–18) developed in the previous section, the
processing map for depositing the powder material EN X3CrNiMo13-4 is constructed, as
shown in Figure 4.9. This map represents the deposition rate and the geometrical
characteristics of the single clad tracks to their applied processing parameters of scan speed
and powder feed rate, at the laser power and the spot diameter of 1200 W and 2.5 mm,
respectively. The background color legend shows the deposition rate as it increases with ṁ,
following the function 𝑣 −0.3517 ṁ1.151 (cf. equation (4.16)). The parabolic-dashed curves for
six constant values of deposition rate (Ḋ = 0.45 kg/h, 0.4 kg/h, 0.35 kg/h, 0.3 kg/h, and 0.25
kg/h) were plotted. Dilution decreases on a curved path following the function 𝑣 α ṁ3 (cf.
Figure 4.8).
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Figure 4.9: Process field for deposition of material EN X3CrNiMo13-4 (1.4313) at P= 1200 W
and s= 2.5 mm. The map represents the suitable parameter selection of scan speed and
powder feed rate in connection with deposition rate, aspect ratio, and dilution. Dilution
between 14% and 36% (solid parabolic-red curves) and aspect ratio 𝐴𝑅 > 4 are the boundaries
for defect-free depositions, shown with arrays. The red circle shows the area of optimum
parameter combination concerning deposition rate and melting efficiency.
The two solid, parabolic red curves on the processing map show the recommended
boundary values of the dilution. Selecting a dilution lower than 14% causes insufficient
metallurgical bonding on the edges of the overlapping tracks, and dilution above 35% is not
desirable due to downgrading the deposition efficiency. The aspect ratio increases with ṁ due
to the higher clad height. The four constant values of aspect ratio (𝐴𝑅 = 4, 5, and 7) were
plotted on the map. The aspect ratio line 𝐴𝑅 =4 represents the boundary of parameter choice
since inter-run porosity will occur between the overlapping layers at 𝐴𝑅 ≤4. Controlling the
aspect ratio facilitates avoiding the inter-run porosity between overlapping tracks.
Figure 4.10 shows a single track and multiple layers fabricated with a parameter
combination of sample N.5 (𝑣 = 600 mm/min and ṁ = 15 g/min). In this sample, the aspect
ratio value is 4, which leads to the porosity between layers, as three of them are shown with
red-dotted circles. As it was discussed, this is due to the fact that a layer formed by overlapping
tracks is thicker than that of a single track, and a portion of laser energy is consumed by remelting the previously clad track on the side.
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Figure 4.10: Single track and ten overlapped layers (60% overlap), deposited from material EN
X3CrNiMo13-4 (1.4313), with the laser parameter of P = 1200 W, 𝑣 = 600 mm/min, and ṁ =
15 g/m. The aspect ratio of 4 and dilution of 14.1% result in inter-run porosities between
layers, shown by dotted red circles.
There is a relatively large operating region for the deposition of a layer without bonding
error, as illustrated in the map (Figure 4.9). The optimum process combination concerning
maximum deposition rate, adequate cladability, and powder melting efficiency can be located
approximately at the intersection of the Ḋ curve of 0.3 kg/h and aspect ratio line of 5, as shown
on the map with a red circle. If the scan speed and powder feed rate axes are assumed to be
vertical and horizontal axis, respectively, increasing the scan speed along the vertical axis
minimizes the productivity, and increasing the powder feed rate along the horizontal axis can
offset the process to the risky region (risk of bonding error). The upturn of these values along
parabolic-dashed curves of 0.3 kg/h can downgrade the powder melting efficiency due to the
effect of scan speed factor (cf. equation (4.8)).
4.2.4. Process Scaling
Laser process parameters are calculated at the three laser power levels 1000 W, 2000
W, and 3000 W based on the approaches discussed in section 4.1.2. Table 4.4 summarizes the
calculated values of the parameters s, 𝑣, ṁ, 𝑒𝑠 , 𝐼, 𝑡, and 𝑚𝑥 for the reference parameter set
R, as well as for the Ap.1–5 from Table 4.3 at the laser power of 3000 W. The values for the
laser power of 1 kW and 2 kW were omitted in this table to save space.
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Table 4.4: Laser parameters at five approaches at a laser power of P = 1200 W (reference)
and scaled to P = 3000W
P[W]

𝑠[mm]

𝑣[m/min]

ṁ[g/min]

𝑚𝑥 [g/m]

𝑒𝑠 [J/mm²]

𝐼[W/mm²]

𝑡 [ms]

R

1200

2.7

0.996

12.66

12.71

26.774

209.6

0.162

Ap.1

3000

2.7

2.490

31.65

12.71

26.774

524

0.065

Ap.2

3000

4.27

1.575

31.65

20.1

26.774

209.6

0.162

Ap.3

3000

4.27

0.996

31.65

31.77

42.33

209.6

0.257

Ap.4

3000

4.27

1.575

20.01

12.71

26.774

209.6

0.162

Ap.5

3000

6.75

0.996

31.65

31.77

26.774

83.8

0.406

Figure 4.11 shows the results of the aspect ratio and the melt pool penetration depths
of the cross-sectioned samples, fabricated at three laser power levels. The values of the aspect
ratio and the melt pool penetration depths for the reference samples are shown with the black
circles (𝐴𝑅 = 7.5, 𝑏 = 0.09 mm). It can be seen from the graph that when the laser power
increases from P = 1000 W to P = 3000W, there is a dramatic uptrend in the aspect ratio and
melt pool depth of Ap.4. This result implies that an insufficient powder flow (ṁ = 20.01 g/min)
was delivered to the melt pool since the excess energy was transferred to the substrate,
causing a large melt pool depth.
The powder feed rate is 31.65 g/min in the other approaches. However, when
comparing the aspect ratio, only the Ap.3 has a significant downtrend result. The 𝑚𝑥 factor
can explain this behavior, as at the suggested value of 𝑣 = 0.996 m/min, too many powder
particles were inserted into the melt pool, resulting in the thick track (𝐴𝑅 =4). Correspondingly,
reverse trends can be observed for the melt pool depths in these approaches, as the power
attenuation increased. Despite that the specific energy 𝑒𝑠 and the interaction time t were
increased by the scale-up of the laser power, power attenuation by particles constrains the
delivered energy for metallurgical bonding between the bead and substrate. The same
tendency for the result of the melt pool depth in the Ap.5 can be observed in Figure 4.11, as
similar values of 𝑣 and 𝑚𝑥 were obtained in this strategy.
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Figure 4.11: Aspect ratio 𝐴𝑅 and melt pool depth 𝑏 measured from cross-sections of single
tracks deposited with the laser power of 1 kW, 2kW, and 3kW, and with process scaling
approaches of from material 316 L. The values of 𝐴𝑅 and 𝑏 for the reference sample (1.2 kW)
is shown with black circles. The error bars show the maximum and minimum values of the
three fabricated samples with the reference parameters
The result presented in Figure 4.11 shows that the aspect ratio of samples, deposited
with Ap.1, Ap.2, and Ap.5 are 6.4, 7.4, and 7.4, respectively which is close to the value of the
reference sample. However, the melt pool depth increases in Ap.1 and declines in Ap.5,
sharply. The laser intensity I values are the direct cause of these melt pool patterns 𝐼= 524
W/mm2 in Ap.1, which is approximately 2.5 times higher than the value of the reference
parameter (𝐼 = 209.6 W/mm2). Despite the interaction time t is proportionally decreased
(0.162 ms vs. 0.065 ms) (due to the scan speed), overheating (keyhole-like) occurred at the
center of the bead (cf. Figure 4.12-Ap.1). The idea of increasing the powder feed rate to
increase the power attenuation, and hence to avoid the keyhole-like dilution, may not be
possible since this can result in a lack of bonding at the edges of the clad.
In contrast, with the parameter combination of Ap.5 (s = 6.75 mm, 𝑣 = 0.996 mm/min),
the 𝐼 and t are inversely proportional compared to Ap.1, as they are lower and higher by a
factor of 2.5, respectively. Although 𝑒𝑠 is equal in both approaches ( 𝑒𝑠 = 26.774 J/mm²),
metallurgical bonding error can be seen in the cross-section of sample made by Ap.5 (cf. Figure
4.12-Ap.5).
By comparing the results of aspect ratio and melt pool depth obtained in Ap.2, it can
be deduced that the calculated parameters based on this approach are capable of being
employed in the process scaling. By scaling the laser power and increasing the powder feed
rate correspondingly, the spot diameter and travel speed were formulated to the upper level,
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in which the value of the laser intensity, the interaction time, and the specific energy stay
constant. With this tactic, a constant value of aspect ratio and a uniform metallurgical bonding
was achieved, as shown in Figure 4.11, and in Figure 4.12-Ap.2.

Figure 4.12: Cross-sectioned micrograph of single tracks deposited with approaches Ap.1,
Ap.2, and Ap.5 from 316 L stainless steel. Scaling the laser power causes high melt pool depth
and lack of fusion in Ap.1 and Ap.5, respectively, due to high and low laser intensity in
corresponded approaches.
It should be noted that the non-dimensional parameter of linear heat input 𝐿ℎ𝑖 was
calculated to check if this factor supports the discussion. However, it is not a robust factor in
process scaling since contradicting results were obtained. For instance, 𝐿ℎ𝑖 values in Ap.1,
Ap.2, and Ap.5 are 1, 1.5, and 2.50, respectively, indicating relatively higher linear heat input
in Ap.5, but lower dilution. This is due to the role of delivered powder in the total energy
balance of the melt pool, which is missing in this factor. In order to contribute to the effect of
powder flow into the process, a new combined parameter of:
𝑃∗ =

𝐼
K

(4.19)

is introduced. This function formulates the ratio of the power intensity 𝐼 to the powder
density K, according to equation (4.10) and equation (4.11), named “power-mass ratio” 𝑃∗ as
its unit is watt per unit of mass. A high value of 𝑃∗ , means excess energy is transferred to the
substrate. In contrast, the power attenuation state predominates the condition of the process
at a low level of 𝑃∗ . Therefore, a high dilution and a bonding error can result from these two
conditions, respectively, in extreme cases. Based on this equation, a non-dimensional factor
𝐷𝑎 is proposed, governed by the function:

𝐷𝑎 =

𝑃∗
𝐼/𝐾
∗ =
𝑃𝑟
𝐼𝑟 /𝐾𝑟

(4.20)

where 𝐼𝑟 and 𝐾𝑟 are the laser intensity and the powder density of the reference parameter,
respectively. This dimensionless number is able to support the context of the process scaling
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study. In this regard, when 𝐷𝑎 is above 1, the condition of a scaled parameter set can lead
towards a dilution error due to a relatively higher power-mass ratio compared to the
reference parameter set. However, the values below 1 can lead to a bonding error. To examine
these circumstances, the dimensionless number 𝐷𝑎 is calculated in all proposed approaches
(Ap.1-5) based on the parameters listed in Table 4.4. Besides, this number is also calculated
for the laser power of 1 kW and 2 kW with the same procedure (see Table 4.3 ) to conduct a
comprehensive analysis. The results are listed in Table 4.5.
Table 4.5: Non-dimensional power-mass ratio 𝐷𝑎 values, calculated based on the five
approaches (Ap.1–5) and at three laser powers.
Approaches

Ap.1

Ap.2

Power [W]
1000
2000
3000

Ap.3

Ap.4

Ap.5

0.91
1.29
1.58

1.20
0.60
0.40

𝐷𝑎
0.83
1.67
2.50

1.00
1.00
1.00

1.10
0.77
0.63

As can be seen, the 𝐷𝑎 values are equal to 1 in Ap.2 in all three levels of the laser power. In
contrast, 𝐷𝑎 declines to below 1 in the Ap.3 and Ap.5 and increases above 1 in Ap.1 and Ap.4
at the scaled power of 2kW and 3kW. When this table is compared with the results of the melt
pool depth of the cross-sectioned samples (cf. Figure 4.11 and Figure 4.12), it can be seen that
the 𝐷𝑎 values can demonstrate the condition of the melt pool depth of the experiment results.
The higher value of the 𝐷𝑎 results in a higher melt pool depth proportionally. For instance, at
𝐷𝑎 = 2.5 and 𝐷𝑎 = 1.58 melt pool depth b is 0.44 mm in Ap.1, and 0.31 mm in Ap.4, respectively.
In the case of Ap.2, there are relatively small variations in the melt pool depth as 𝐷𝑎 = 1. In the
case of down scaling of the laser power (1kW), when 𝐷𝑎 is under 1 the melt pool depth
becomes smaller compared to the reference sample (e.g., 𝐷𝑎 = 0.83 and 𝑏 = 0.07 mm in Ap.1).
According to the discussion above, Ap.2 was selected for the process scaling of the
material EN X3CrNiMo13-4. A reference parameter set was chosen from the processing map,
shown in Figure 4.9. By scaling the laser power from 1.2 kW to 3kW, spot diameter s, scan
speed 𝑣, and the powder feed rate ṁ were recalculated based on this approach, and then
tracks were deposited at the four levels of laser power. Figure 4.13 shows the micrographs of
the cross-sectioned samples. Table 4.6 summarizes the list of process parameters as well as
the geometrical results measured in the cross-sections (aspect ratio, melt pool depth) and
deposition rates
As can be seen from Table 4.6, the result of the aspect ratio and the melt pool depths
are approximately constant in each sample, but with a small downward trend. The powder
melting efficiency factor can explain the reason behind the reduction of the aspect ratio from
5.5 to 4.3 when the laser power scaled up from 1200 W to 2000 W since the melt pool width
is larger in the latter case (2.4 mm vs. 4.1 mm). The larger melt pool can catch more delivered
powder from the powder nozzle (depends on the powder profile), leading to thicker clad.
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Typically, laser spot sizes correspond to the melt pool sizes. Figure 4.14 shows the powder
profile of the Oerlikon nozzle in which the calculated powder particle density is 24% higher at
the spot size of 3.9 mm compared to the spot size of 2.5 mm. The area difference can be
calculated from the graph at two spot sizes, which called the relative powder catchment
coefficient 𝜑𝑟 in this study.
In order to predict the aspect ratio when using Ap.2 for the process scaling, the
parameter combination 𝐴𝑟 is introduced:
𝐴𝑟 =

𝜅P𝑣𝑠
𝜑𝑟 ṁ2

(4.21)

where 𝜅 is a constant value. If the parameters in equation (4.21) are compared with the
dimensional elements (track width w and track height h) in the aspect ratio 𝐴𝑅 equation (cf.
equation (2.10)), the spot size s and the laser power P values are associated with the track
width w. The laser power P can indirectly affect the track width due to the lateral heat
conduction on the substrate, as the higher value of this factor results in an enlargement of the
melt pool size (cf. Figure 2.4). The value of scan speed 𝑣 can affect the track height of the clad,
as the higher value of 𝑣, the lower value of powder feed per length 𝑚𝑥 , according to equation
(4.8), resulting in decreasing the track height. This argument was demonstrated by the
experimental results in the previous section (cf. Figure 4.4). The values of powder feed rate ṁ
affect the track height, as the higher value of ṁ leads to a ticker clad, as discussed in section
4.2.3. The constant factor 𝜅 can be estimated from the laser absorptivity coefficient of the
material and stays unchanged when the laser power is scaled up, but 𝜑𝑟 needs to be
calculated from the area under the powder profile curve (proportional to s), as was discussed
above. For instance, in the case of sample N.4, 𝜑𝑟 = 1.24 (cf. Figure 4.14), and the constant
value of 𝜅 is considered to be 0.4 (cf. Figure 2.3). By taking the values of the other parameters
(𝑣 = 1.550 m/min; s = 3.9 mm; ṁ = 37.7), the estimated 𝐴𝑟 = 4.14 is calculated, which is close
to the measured value, presented in Table 4.6. The developed equation (4.21) has the
capability to be employed for the process scaling purpose in another laser operation system,
which will be discussed in chapter 7.
Subsequently, the powder catchment coefficient can also explain the disproportionate
value of the deposition rate versus the powder feed rate. For instance, ṁ was doubled (from
18.9 g/min in sample N.1 to 37.7 g/min in sample N.4), and 𝑣 was also increased by a factor
of 1.4, but the result of Ḋ was approximately tripled (0.5 kg/h to 1.7kg/h). This result highlights
the role of a powder nozzle and powder profile in the process scaling, which needs to be
contained in a functional dependency of 𝜑𝑟 .
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Figure 4.13: Micrographs of cross-sectioned samples deposited with powder and substrate
materials EN X3CrNiMo13-4 (1.4313). Panels A, B, C, and D are the single tracks deposited by
process scaling (Ap.2) at the laser power of 1500 W, 2000 W, 2500, and 3000 W, respectively.

Table 4.6: Laser parameter sets, using approach Ap.2 to scale up the laser power for
processing material EN X3CrNiMo13-4 (1.4313)
N.

P[W]

𝑠 [mm]

𝑣 [m/min]

ṁ [g/min]

𝐴𝑅

𝑏 [mm]

Ḋ [Kg/h]

R

1200

2.5

0.980

15.1

5.5

0.30

0.34

1

1500

2.80

1.095

18.9

5.3

0.35

0.5

2

2000

3.20

1.265

25.1

4.6

0.32

0.9

3

2500

3.60

1.410

31.5

4.1

0.28

1.4

4

3000

3.90

1.550

37.7

4.3

0.26

1.7

In the next step, the parameter settings were transferred from single tracks to multilayer deposition, and accordingly, 3D samples (cubes) were fabricated with corresponding
parameters listed in Table 4.6. Figure 4.15 shows the micrograph of the cross-sectioned
samples N.1 and N.4. All samples were fabricated with a 50% overlap and 10 layers. No interrun porosities have been observed. Table 4.7 shows the quantified crack density, defined as
crack length divided by the controlled area, the porosity, and the maximum size of cracks and
pores of the produced samples N.1–4. As can be seen from the table, the microstructure of all
specimens is sufficiently dense. Besides, there is no notable variation in crack or pore densities
in the samples fabricated with the process scaling approach.
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Figure 4.14: Result of powder particle density distribution (rotationally symmetric) of material
1.4313, delivered by Oerlikon Metco nozzles at a working distance of 15 mm. The area
difference under the powder profile curve is 24%, based on the laser spot diameters of 2.5
mm and 3.9 mm.

Figure 4.15: Micrographs of the cross-sectioned 3D samples. A and B show the multiple
layers with a 50% overlap, corresponded to the parameter setting of samples N.1 and N.4,
respectively.

It can be concluded from the results that dense layers with sufficient metallurgical
bonding are achieved in the process scaling of material EN X3CrNiMo13-4 (1.4313), using Ap.2,
indicating the capability of this approach in the processing of this types of stainless steel, as
well as 316 L. Such an approach provides a method to deposit layers with higher laser power
and avoids time-consuming process parameter identification when the laser power is scaled
up. These laser process parameters and the corresponding track geometry can be employed
during the fabrication of parts and ensure that the fabricated layers are dense without interrun porosities between multiple layers. Further images were taken by SEM to study the
microstructure in samples N.4 in detail. The high magnification (5000×) reveals some pores in
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the average range of 1 µm in the area of the DMD layer, as shown in Figure 4.16. The powder
carrier gas and oxide particles presumably play a role in forming these defects.

Table 4.7: Cracks and porosity analysis results of the fabricated blocks N.1-4 from material EN
X3CrNiMo13-4 (1.4313).
Image
area

Total defects
area

[mm2]

[mm2]

1

40

0.011

2

40

3
4

N.

Porosity
[%]

[mm/mm2]

Max
crack
length
[um]

Max pore
size (fitted
circle)
[um]

Max pore
size (fitted
ellipse)
[um]

0.028

0.0006

14.86

29.64

8.99

0.011

0.028

0.0002

11.46

25.53

36.29

42

0.013

0.03

0.0002

5.1

21.20

26.47

40

0.016

0.04

0.0004

12.00

39.13

8.22

Crack
density

Figure 4.16: SEM micrograph of the deposited sample N.4 (cube) from EN X3CrNiMo13-4
(1.4313): (A) DMD zone with 1000x magnification; (B) the zone between the deposited layers
and the substrate with a magnification of 5000x. Porosities in the range of 1 µm in the DMD
zone are shown by the red circles.

4.2.5. Processing map at 3kW laser power
In this section, the processing map for the deposition of the material EN X3CrNiMo134 at the laser power of 3kW is presented. The parameter set of sample N.4 (developed through
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process scaling Ap.2 in the previous section) was chosen as a base, and powder feed rate ṁ
and scan speed 𝑣 were leveled up and down by 20 % in the range of 30 ≤ṁ≤ 52.5 (g/min) and
1240 ≤v≤ 2170 (m/min). Accordingly, 16 single tracks were fabricated, which the crosssections of some of the critical samples are represented in Figure 4.17. By comparing the
cross-section of samples K8, K9, and K11, it can be seen that by increasing the scan speed, the
melt pool depth decreases, and eventually, no metallurgical bonding occurs between the
cladding and the substrate at the velocity of 2147 mm/min. An explanation for this tendency
is that the conductive heat loss into the substrate decreases with increasing travel speed (i.e.,
by reduction of the interaction time). The argument can also be supported by the Peclet
number (equation 2.13) based on the travel speed, as increasing the scan speed minimize the
conductive heat transfer in the melt pool.
The combined parameters were found, using regression analysis, with a linear
dependency on the Ḋ, dilution, and aspect ratio, listed in Table 4.8. The combined parameters
represents a good regression factor R2 > 0.9 for 𝐴𝑅 and Ḋ but a week regression coefficient of
R2 = 0.73 for the dilution. The reason for this result can be described by the role of the powder
particles delivered to the melt pool. As was discussed, the amount of powder inserted into
the melt pool depends on the parameters of ṁ, 𝑚𝑥 , and 𝜑𝑟 . These parameters govern the
geometry of the clad area 𝐴𝑐 and the melt area 𝐴𝑚 . Since the dilution is a fraction of 𝐴𝑚 to
the whole area (cf. equation 2.9), the powder role can exist in both numerators and
denominators of the dilution fractions, leading to the different behavior of the dilution.

Figure 4.17: Micrographics of cross-sectioned samples, deposited at the laser power of 3000
W and at three levels of powder feed rates ṁ and scan speeds 𝑣, using EN X3CrNiMo13-4
(1.4313) material
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Table 4.8: Predicted combined parameters with the best correlations with analyzed clad
geometry and deposition rate of single tracks
Quantity
(Y)

Combined
parameter (X)

Regression
coefficient (R2)

Equations

Ḋ (kg/h)

𝑠 0.832 ṁ2.025 𝑣 −1.028

0.92

𝑌 = 2.028 𝑋 + 0.991

𝐴𝑅

𝑠 −0.450 ṁ0.404 𝑣 −0.569

0.98

𝑌 = 97.287 𝑋 − 3.558

𝐷𝑖 (%)

𝑠 0.106 ṁ−0.335 𝑣 0.223

0.73

𝑌 = 202.04 𝑋 − 66.58

Based on a derived regression equations given in Table 4.8 for the aspect ratio 𝐴𝑅 and
deposition rate Ḋ, the processing map for laser deposition is constructed, as shown in Figure
4.18. The equation of the dilution is not used since the linear regression coefficient of R2=0.73
is week to be employed as was discussed. This map represents the deposition rates and the
geometrical characteristics of single-clad tracks to their applied processing parameters of the
scan speed and the powder feed rate at the laser power and the spot diameter of 3000 W and
3.9 mm, respectively. The parabolic-dashed curves for six constant values of deposition rate
(Ḋ = 2.2 kg/h, 2 kg/h, 1.8 kg/h, 1.6 kg/h, 1.4 kg/h, and 1.2 kg/h) were plotted. The four constant
values of aspect ratio (𝐴𝑅 = 4, 5, 6, and 7) were plotted with solid lines. The three fabricated
samples, K7, R, and K9, were plotted on the map to validate the accuracy of the map. Their
measured value of the deposition rate and aspect ratio from their cross-sections are 1.3 kg/h,
1.7 kg/h, and 2.1 kg/h, respectively, which agree with the values on the map.
Sample R (N.4) can be considered as an optimum process combination concerning the
deposition rate, adequate cladability, and powder melting efficiency. If the geometry of the
bead is not restrictive, the powder feed rate can be further increased (sample K9 on the map
with 𝐴𝑅 < 4). However, due to the dependency of the clad height on the successful overlapped
tracks (discussed in section 4.3.3), this clad geometry is not applicable for the fabrication of
the overlapped layer, but for a single-track structure (e.g., single-track walls, ribs, cylinders,
etc.). This processing map of the process can be employed as a guideline for selecting process
parameters. The geometry of the corresponded single track can be considered as an input
value of a deposition tool when using CAM software to generate weld paths in AM of complex
components.
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Figure 4.18: Prediction process map for laser DMD process of material EN X3CrNiMo13-4
(1.4313) at P = 3000 W and s = 3.9 mm. The map shows the suitable parameter selection of
scan speed and powder feed rate in connection with deposition rate and aspect ratio. The
aspect ratio 𝐴𝑅 > 4 is the boundary for defect-free deposition (overlapped tracks), and the
aspect ratio 𝐴𝑅 > 7 is the boundary for week deposition rate, shown with arrays. The location
of produced samples k7, R, and k9 are shown with red dots on the map

4.3. Summary
The purpose of this chapter is to figure out the effects of major laser DMD process
parameters on the track geometry and deposition rate of EN X3CrNiMo13-4 (1.4313), and to
define the optimum laser parameter combination to achieve a maximum deposition rate.
Accordingly, a prediction process map was developed using the empirical model and
regression analysis in connection with deposition rate, aspect ratio, dilution, and powder
efficiency. The process scaling approaches were studied. An approach and equations were
developed to formulate the critical laser parameters in the process scaling. The key findings
are listed below:




The laser spot size of 2.5 mm at the given laser power of 1200 W provides sufficient
heat input (laser intensity of 244.5 W/mm2) to melt the powder and the substrate at
a wide range of powder feed rate and scan speed selection possibility.
The linear regression analysis provided a good correlation of R2>0.9 for all geometrical
parameters studied, namely aspect ratio 𝐴𝑅 , dilution D, and the deposition rate Ḋ. The
optimum combinations of parameters are described in equations (4.16-18).
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The processing maps for deposition of EN X3CrNiMo13-4 (1.4313) at 1.2kW and 3kW
were modeled on empirical statistical relations. A wide range of suitable parameters
was found to obtain a dense and well bonded clad layer.
The process maps specified the optimum parameter combination of scan speed 𝑣 and
powder feed rate ṁ with regards to the maximum deposition rate achievement. They
can be in the range of 800 ≤ 𝑣 ≤ 1000 mm/min and 14 ≤ ṁ ≤ 16 g/min at 1.2 kW
laser power. The absolute deposition rate achieved was Ḋ= 0.33–0.35 kg/h for this
laser power. A similar procedure was carried out for laser power of 3kW. The absolute
deposition rate achieved was Ḋ 1.7–2.1 kg/h for this laser power.
A process scaling approach (Ap.2) was developed to transfer parameters from low
laser power (1.2kW) to a higher laser power (3kW) to increase productivity. The
process parameters (ṁ, 𝑣, and s) were formulated based on the 𝑒𝑠 , I, and t factors to
generate new values of these parameters, aiming for the process scaling.
An equation and a dimensionless number were developed (cf. equations (4.19-4.20)),
which enable capturing the effect of the process variable on the clad geometry,
assisting in estimating the quality of clad-substrate bonding and melt pool depth in
the process scaling steps
An experimental equation (4.21) was developed in the form of parameter combination
to establish a link between process parameters and clad geometry assisting to
estimate the quantity values of the aspect ratio in the process scaling steps.
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This chapter addresses the challenges and limitations of an IH-DMD setup to give
insight into the design and implementation of the hybrid system, aiming to increase the
deposition rate. The role of main IH parameters on the heating temperature is studied. For
this purpose, a finite element simulation is developed in COMSOL Multiphysics 5.3®, and
results are verified against experiments. The developed model supports the selection of the
hybrid IH-DMD setup by creating a correlation between process parameters and generated
heat on the surface of components. The hybrid setup is implemented, and technical challenges
are discussed. Finally, the deposition rate in IH-DMD is analyzed. Laser processing parameters
are optimized in connection with the clad geometry to be able to fabricate defect-free
multiple layers.

5.1. Theory and calculation
5.1.1. Coaxial IH-DMD setup and specification
The IH components that need to be installed in a DMD machine mainly include a power
supply, a cooling unit, and an inductor. The components of an IH-DMD machine are
schematically illustrated in Figure 5.1. There is typically an intermediate body between the
inductor and the power supply, shown as “C-Box” in Figure 1. The role of this component is to
connect the coil leads to the power supply mechanically and electrically. In addition, the
cooling water also passes through this section to be delivered into the inductor-cooling
pocket. A method of holding the inductor coaxially with the deposition nozzle and presenting
it to the top of the part must be addressed during the initial design.

Figure 5.1: Schematic of IH-DMD components. Section A shows the coil profile of the inductor
installed in the working distance (WD) of the DMD nozzle.

INDUCTION HYBRID LASER DMD PROCESS (IH-DMD)

Thanks to the flexibility of cables, the connection movement of the CNC axis in X, Y,
and Z directions is not limited, but tilting the DMD head or CNC table around X and Y may be
restricted due to the risk of collision of the inductor with the substrate. The configuration of
induction heat-treating coils strongly depends on the heating applications and part geometry,
as noted by Zinn and Semiatin [148]. An encircling coil shape is likely the most suitable form
to be employed in an AM application since besides simultaneously preheating the surface near
the melt pool, as shown in Figure 5.2, the heating performance can be done in every moving
direction of the DMD laser head. As elaborated upon in the work of Rudnev et al. [92], the
induction coil design should fulfill the following requirements: meet heat treatment
specifications in desired production rates, be robust enough to tolerate manufacturing
variations, have electrical parameters that match the induction power supply and have a
satisfactory lifetime and efficiency. These criteria play a significant role in the design and
implementation of an IH-DMD setup, which is discussed in the following sections.
5.1.2. Influence of DMD nozzle specification
In the DMD process, a conical powder stream is formed at the nozzle exit, focused at
a specific length from the tip of the nozzle, and then defocused. According to Toyserkani et al.
[121], the powder stream’s focal point should be close to the level of the melt pool to obtain
maximum powder catchment efficiency and clad quality. The powder focal length depends on
nozzle types and their specifications, which determine the laser DMD Working Distance (WD).
The available space for the coupling of the inductor coaxially with the deposition head is
limited to the WD. This factor, as well as the geometry of a nozzle, specifies the initial design
of an inductor, including the coil profile, the number of coil turns, and the Inner Diameter (ID).
Accordingly, it influences the decision of modulating the coil and nozzle, including the “Nozzle
gap” (Ng) between the nozzle and the coil, and the “Coupling gap” (𝐶𝑔 ) between the coil and
the substrate (cf. Figure 5.1-A).
As shown in Figure 5.2, a smaller ID brings the intensity of the magnetic field closer to
the melt pool zone, which leads to better heating efficiency. However, the ID of the coil should
provide sufficient clearance for a homogeneous distribution of the powder particles, which is
a key factor in the formation of a good quality clad. Furthermore, due to the close distance of
the coil and powder outlet, the magnetic field generated by the coil may influence the powder
profile in the case of the ferromagnetic powder materials. This concern is investigated in
detail, and results are presented in section 5.4.2.
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Figure 5.2: Schematic of a coaxial IH-DMD process.
It should be pointed out that the DMD nozzle and the inductor need to be cooled down
during the process due to heat transfer from the hot surface of the part, and the eddy current
losses in the nozzle and the inductor materials as described by [41, 82, 142]. Overheating of
these elements can lead to burnt, deformation, or heating crack during the IH-DMD process.
5.1.3. Influence of DMD and IH process parameters on the hybrid process
In this section, the main IH parameters are addressed, which play a significant role in
the induction power density and heat rate. The authors in [87] describe that the IH power
density and heating times are influenced by the electric current flow in the coil (𝐼𝑐𝑜𝑖𝑙 ), the
frequency of induction heating (𝑓𝑟 ), the width of the heating face (W), the Magnetic Flux
Controller (MFC), and the coupling gap (𝐶𝑔 ). MFC is a tool that is placed around the coil to
alter the flow of the magnetic field. Detailed information about types and main categories of
MFC materials has been described in [93]. These authors explained that magnetic fields and
power density are much more concentrated under a coil when applying MFC, resulting in
higher heating efficiency of the system. The heated area of the part can be extended wider
with the bigger size of W. However, the current density under the heat face is inversely
proportional to the width of the coil, which means higher induction power needs to be applied
to maintain the power density. In this study, the coil width is selected according to the
available WD and coil profile.
As suggested by Baake et al. [4], the frequency of IH needs to be chosen first since it
has a strong influence on all electromagnetic phenomena, including heating time, local
distribution of power in part, and heating depth. They presented that the applied frequency
is the most relevant parameter that directly affects the depth of heat generation, governed
by:
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1
𝛿=√
𝜋. 𝑓𝑟 . 𝜎. 𝜇

(5.1)

where δ is the skin depth, 𝑓𝑟 is the frequency, and 𝜎 and 𝜇 are the electrical conductivity and
magnetic permeability of the workpiece material, respectively. In IH-DMD, the required
heating depth in part is low since the melt pool depth, which corresponds to the desire IH
area, is typically shallow on the surface, as shown in Figure 5.2. Therefore, a medium-range of
induction frequencies above 50 kHz can be examined. These are typically employed in
induction surface heating applications (e.g., induction surface hardening [4]).
In addition to described IH parameters, the scan speed of the laser DMD process plays
a vital role in the IH cycle because the position of the induction coil moves relative to the
heated length of the part during the deposition of layers. This means that the energy required
to heat the preferred melt pool area to a certain temperature depends on not only the IH
parameters and the material specification of the part, but also on the scan velocity. As was
discussed in chapter 4, the typical scan speed 𝑣 in a lase DMD process is relatively fast (4001600 mm/min), which determines the interaction time of induction power density in a given
area of the substrate. Therefore, a rapid heating cycle in the range of milliseconds is necessary
to heat up the substrate.
The IH process is a complicated dynamic process composed of complex interacting
phenomena involving electromagnetics, heat transfer, and materials science. To provide a
successful design of the IH-DMD system, it is necessary to take into account the correlation
between the described IH process parameters. For this purpose, a finite element simulation
model of IH is studied in the next section to investigate the effect of 𝐼𝑐𝑜𝑖𝑙 , 𝑓𝑟 , MFC, 𝐶𝑔 , and 𝑣
on the generated surface temperature.

5.2. Finite Element Modelling of IH
A model for IH is developed in COMSOL Multiphysics 5.3® in the AC/DC module [19].
The equations governed in COMSOL, coupled to the coil and the substrate, are illustrated
schematically in Figure 5.3, in which the eddy current heating, as well as the thermodynamic
effects of conduction, convection, and radiation, were taken into account.
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Figure 5.3: Mathematical equation and coupling in solving electromagnetic induction heating
in COMSOL.
The equation to be solved in the model starts with Ampere’s law and Maxwell’s
equations in the frequency domain [56]. Eddy current can be calculated by using the vector
potential and is given by:
𝐽 = 𝜎𝐸 = 𝑗𝜔𝜎𝐴 + 𝛻 × (µ−1 𝐵)

(5.2)

where 𝐽 is the current density, E is the electric field, A is the magnetic vector potential, 𝐵 is
the magnetic flux density, and 𝜔 is the angular frequency. Eddy current induced in the
substrate material, which corresponds to a heat source, is given by:
𝑄𝑒 = 𝐽 ∙ 𝐸

(5.3)

Heat transfer in the substrate was described by the law of heat conduction, and the
boundary conditions are the radiative and the convective heat flux, which can be represented
by:
𝜌𝐶𝑃 𝑢 ∙ 𝛻𝑇 = 𝛻 ∙ (𝑘𝛻𝑇) + 𝑄𝑒

(5.4)

4
−𝑛𝑟 ∙ 𝑞 = 𝜀𝜎(𝑇𝑎𝑚𝑏
− 𝑇 4)

(5.5)

𝑞0 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇)

(5.6)

where with 𝑄𝑒 is the heat produced by heat sources, 𝜌 is the density, 𝐶𝑃 is the heat capacity
at constant pressure, 𝑘 is the thermal conductivity of the material, 𝑢 is the velocity field, 𝑇 is
the temperature field, 𝑞 is the radiative heat flux, 𝑞0 is the general inward heat flux, ɛ is the
surface emissivity, ℎ is the heat transfer coefficient, 𝑇𝑎𝑚𝑏 is the ambient temperature, 𝑇𝑒𝑥𝑡 is
the external temperature, 𝜎 is the Stefan-Boltzmann constant, and 𝑛𝑟 is the refractive index.
Electromagnetic and thermodynamic equations were coupled to the substrate via the
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electromagnetic power equation. The thermal isolation boundary condition is used at the
bottom of the substrate.
A number of assumptions were used in defining the model. Firstly, it was assumed that
the currents have a steady-state quality to simplify the mathematical model. With this
assumption, electromagnetic field quantities in Maxwell’s equations are harmonically
oscillating functions with a single frequency, as introduced by Rudnev et al. [91]. Finally, the
properties of magnetic permeability and thermal conductivity, and electrical resistivity of the
stainless steel material X3CrNiMo13-4 at 20℃ are assigned to the model, listed in Table 5.1 to
reduce the computational effort. During the heating cycle, variation can occur in the electrical
resistivity, specific heat, thermal conductivity, and magnetic properties, which affects heat
generation and temperature distribution on the substrate. The temperature-dependent data
of these properties were not found in the literature for the examined material. However, by
comparing the result of a similar series of stainless steel (410,430), reported by Ho et al. [47],
it can be assumed that thermal conductivity is almost constant in the temperature range of
20℃-700℃.
Table 5.1: Material data of substrate X3CrNiMo13-4 [39]
Quantity
Electrical resistivity
Density
Heat capacity
Thermal conductivity
Relative magnetic
permeability

Unit

Value

𝛺 ∙ 𝑚𝑚² ∙ 𝑚−1
kg ∙ 𝑚

−3

7700

𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾 −1
𝑊∙𝑚

−1

–

∙𝐾

0.60

−1

430
25
60

Due to the symmetry of the problem, half of the model is built with the multiform
mesh distribution shown in Figure 5.4. A solution domain contains three zones including air,
an inductor, and a substrate. The boundary condition of the air zone was magnetic insolation
with initial vector potential A=0. Meshes are denser on the surface of the substrate and in the
coupling gap to achieve a proper calculation of electromagnetic phenomena and heat transfer.
Simulations of the IH are performed with a single-turn coil, with and without MFC, and in both
single-shot and scanning states. IH parameters ware simulated concerning the key factors
described in the previous section, including electric current flow in the coil 𝐼𝑐𝑜𝑖𝑙 , frequency of
the magnetic field 𝑓𝑟 , and the coupling gap 𝐶𝑔 , with the variable values listed in Table 5.2 to
evaluate heating temperature and distribution.
Two-point graphs were plotted to visualize the temperature as a function of time. Both
points are positioned on the surface of the substrate, but the first is positioned in the center
of the coil turn (𝑇𝑐 ) where the melt pool is formed in the DMD process; the second under the
63

INDUCTION HYBRID LASER DMD PROCESS (IH-DMD)

edge of the coil face (𝑇𝑒 ). The default parameter setting and temperature measurement points
are 𝑇𝑐 at 𝐶𝑔 2 mm, 𝐼𝑐𝑜𝑖𝑙 1000 A and 𝑓𝑟 100 kHz.

Figure 5.4: Finite element mesh distribution of the induction heating model.
Table 5.2: Parameters and variable values simulated in the IH model to analyze heating
temperature.
Quantity
Current flow on the coil [A]

Symbol

Variable value

𝐼𝑐𝑜𝑖𝑙

1000 − 2000

Frequency [kHz]

𝑓𝑟

50-150

Coupling gap [mm]

𝐶𝑔

2-4

5.3. Materials and experimental protocols
5.3.1. Materials
Two copper inductors are employed in the experiment: N.1, a single turn coil, and N.2,
a single turn coil equipped with MFC made of soft magnetic composition “ALPHAFORM MF.”
IH is carried out with a power generator type “Compact 20” from Plustherm Point AG with the
maximum output power of 20kW. The inductor and the C-Box are clamped to the laser head
and aligned coaxially with the DMD nozzle. The water line is connected to the heat station to
be delivered to the inductor. A thermal imaging camera “Optris PIX” with temperature
measuring ranges of 450-2000 °C and spectral ranges of 500 nm is employed to record the
surface temperature of the substrate.
IH-DMD was carried out on the Trumpf TruLaser Cell 7020 using the three-jet powder
beam Oerlikon nozzle. Stainless steel substrate X3CrNiMo13-4 is used to analyze the induction
heating induced by the coil on the substrate. Clad layers were deposited on the structural steel
S235JRC+C substrate. Powder materials from stainless steel X3CrNiMo13-4 and MetcoClad®
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625 are examined. MetcoClad® 625 is a nickel-based superalloy similar to Inconel® 625. The
specific properties of this material are given in [78]. X3CrNiMo13-4 is a ferromagnetic type of
stainless steel, and MetcoClad® 625 is a paramagnetic alloy. Therefore, the effect of the
magnetic field on both ferromagnetic and paramagnetic power is studied. Samples are crosssectioned to analyze the clad geometry and deposition rate. The detail of the laser DMD
machine, optical microscope, substrate sizes, and materials have been given in the previous
chapter section 4.2.1.
5.3.2. Experimental Protocols
The experimental tests are performed in two steps.
IH temperature and influence of the magnetic field in HI-DMD
In the first step, induction heat treatment of the hybrid setup is studied to firstly
determine the technical challenges and limitations of the integrated processes, and secondly,
analyze the condition of the substrate heating. The experimental tests consider the induction
heating temperature and its distribution on the surface of the substrate, examined with both
inductors, and verifying the developed numerical simulation model of IH. In addition, the
influence of the magnetic field on the ferromagnetic powder stream in a hybrid system is
investigated.
The temperature measurement setup is shown in Figure 5.5. In this setup, the inductor
was also mounted to the C-Box in the opposite direction shown in Figure 5.5-B, to provide
access for the thermo-camera to detect the infrared radiation from the heated surface at the
center of the coil 𝑇𝑐 . The induction power is varied in the range of 12-15 kW with a frequency
of 75 kHz. The coupling gap of 2 mm is adjusted and 𝐼𝑐𝑜𝑖𝑙 is read from the control panel of the
generator. Accordingly, 𝐼𝑐𝑜𝑖𝑙 was 1045 A and 820 A with inductor N.1 and N.2, respectively in
the single-shot state when the power supply was set to 15 kW. At 12 kW power generator,
𝐼𝑐𝑜𝑖𝑙 was 946 A using inductor N.1. These values were used to verify the simulation model of
IH.
The influences of the magnetic field on the ferromagnetic powder are studied in two
setups. In the first setup, a conical tube with a small outlet of 2 mm filled with the stainless
steel X3CrNiMo13-4 powder and positioned on the top of the coil. The powder can flow down
linearly due to the gravity and pass through an induction coil. The maximum induction power
with the frequency range of 70-140 kHz is tested. In the second setup, IH-DMD configuration
is examined in which powder is delivered to the nozzle from the powder feeder, three lines of
powder jet exit from the nozzle, and pass through the induction coil.
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Figure 5.5: Temperature measurement setups: A, Temperature measurement under the coil
(𝑇𝑒 point); B, Temperature measurement at the center of the turn (𝑇𝑐 point)

Material deposition with IH-DMD
In the second step, the deposition of MetcoClad® 625 powder on the S235JRC+C steel
with the IH-DMD setup is carried out using inductor N.2. Surface temperature at 𝑇𝑐 : 650℃ was
measured according to the setup shown in Figure 5.5-B. The initial laser parameters for the
deposition of MetcoClad® 625 is selected from the database, listed in Table 5.3. These
parameters are considered as a reference parameter set. Due to the additional thermal load
of the IH process to the laser DMD process, in the IH-DMD experiment, powder feed rates are
increased stepwise by 20% from the reference value to analyze the maximum achievable
deposition rate. The influence of the powder mass flow ṁ, scan speed 𝑣, and spot size s on
the clad geometry are investigated to deposit defect-free layers.
Table 5.3: Reference laser DMD parameter set for the deposition of MetcoClad® 625.
Laser
power
[W]

Powder
feed rate
[g/min]

Scan speed
[mm/min]

Spot
diameter
[mm]

Track
overlap
[%]

1200

14.56

1000

2.5

0.16

The deposition rate was calculated from the cross-section of the samples based on
equation 4.12. To compare the energy efficiency of the IH-DMD with the laser DMD an
indicator called Electrical Deposition Efficiency (EDE) 𝐸𝑑 is taken into account. It evaluates the
mass of deposited material per unit of electricity consumption driven by:
𝐸𝑑 =

Ḋ
𝑃𝑤

(5.7)
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where 𝑃𝑤 is the power that is needed by the process. The electric power 𝑃𝑠 consumed by
devices for the deposition of the material is calculated based on the overall wall-plug efficiency
of the heat sources 𝜂𝑒 governed by:
𝜂𝑒 =

𝑃𝑤
𝑃𝑠

(5.8)

The overall wall-plug efficiencies of laser and induction power supplies are 20% and 86%,
respectively, based on the brochures of the producers [122]. Accordingly, the electricity
consumption 𝐸𝑐 for a deposited of the mass m is determined by:
𝐸𝑐 =

𝑃𝑠1 + 𝑃𝑠2
𝑚
Ḋ

(5.9)

where 𝑃𝑠1 and 𝑃𝑠2 are total consumed power of laser and induction units, respectively.

5.4. Result and discussion
5.4.1. Induction heating temperature and distribution
Figure 5.6 shows the simulation results for induction heating at different coupling gaps
𝐶𝑔 , frequencies 𝑓𝑟 , and current flows 𝐼𝑐𝑜𝑖𝑙 in the single-shot setup. Figure 5.6-A shows that the
closer the gap between the substrate and the coil, the more intense the heating. Decreasing
the coupling gap from 4 mm to 2 mm increases the temperature by around 60% in the first 2
seconds of heating. It is due to the spread out of the magnetic field over a longer length by
increasing the coupling gap. Therefore, the minimum 𝐶𝑔 causes higher current density on the
substrate, resulting in higher efficiency of the IH
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Figure 5.6: Simulation results of time-temperature at different IH parameters. A, coupling gap;
B, electric current flow; C, frequency; and D, with and without applying magnetic flux
controller MFC at 𝑇𝑒 and 𝑇𝑐 point.
The correlation between the time-temperature and the frequency, as shown in Figure
5.6-B, illustrates that the frequency has a strong influence on surface heating. By increasing
the frequency from 50 kHz to 150 kHz, the surface temperature increases by a factor of almost
2.5 during the first 2 seconds of the heating period, which indicates that less power is required
to achieve a certain temperature on the substrate. Figure 5.6-C shows the significant role of
the current flow on the heating temperature. By doubling the current from 1000 A to 2000 A,
the temperature increases approximately by the factor of four. This behavior can be explained
by the mathematical relationship between power dissipation and electric current through a
resistance of an object followed the form of:
𝑃 = 𝐼2𝑅

(5.10)

The calculated power dissipation on the substrate increase from 466 W to 1864 W in
1000 A and 2000 A, respectively. Figure 5.6-D shows the temperature-time curves under the
coil at 𝑇𝑐 and Te points as well as the effect of MFC on the heating temperature. The 𝑇𝑒 and
𝑇𝑐 series in the diagram illustrates that the heating temperature is higher under the face of
the coil than in the center of the turn. The temperature gradients of these two points are
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approximately 100℃/s. It can also be seen in Figure 5.6-D a remarkable evolution in heating
temperature induced by the coil with MFC. Simulation of the magnetic flux density B, induced
by the coil on the substrate, can explain this fact (cf. Figure 5.7). By applying MFC, the magnetic
fields are concentrated under the coil rather than being widely distributed in the air zone and
reached the maximum value of 3.98 T. Consequently, the power dissipation reaches to 2810
W at 1000 A after assigning of MFC to the simulation study, which is almost five times higher
than the setup without MFC.

Figure 5.7: Magnetic flux density B induced on the substrate by (A), a normal coil, (B), a coil
with MFC. Legend color shows the magnetic flux density of log10 (|B|), i.e., B ranges from 0.1
to 3.98 T.
It can be concluded from Figure 5.6 and the discussion above that the smaller the
coupling gap, the higher the frequency of the magnetic field, the higher the electric current in
the coil, and employing MFC, the more rapid the heating of the substrate. However, applying
a small value of 𝐶𝑔 in IH-DMD is limited by some factors. Firstly, the gap between the coil and
a solid layer under the coil decreases oppose of the laser scanning direction due to the
formation of a clad layer, as shown in Figure 5.2. The deposited layer may cause a risk of
blockage of the inductor movement if the coated height exceeds the initial coupling gap. This
factor alone can cause the vital need to design a protective circuitry to stop the IH-DMD
process immediately if the deposited layer touches the inductor or travels too close to its
vicinity. Secondly, the coated layer has a smaller 𝐶𝑔 compared to the substrate surface,
resulting in higher heating intensity on the coated layer relative to the substrate, according to
Figure 5.6-A. This fact may potentially lead to undesired heating of the fabricated layer. Finally,
the DMD process contains spatter during the deposition of the powder, and thus, close
distance to the harsh environment of the melt pool may decrease the lifetime of the coil.
Overall, applying MFC is the most efficient factor among the other parameters to
reduce the heating time. Nevertheless, the concentration of the magnetic field under the face
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of the coil with MFC leads to a significant thermal gradient between 𝑇𝑐 and 𝑇𝑒 points. For
instance, temperatures at 𝑇𝑐 and 𝑇𝑒 points reach to 365℃ and 1283℃, respectively, after two
seconds of heating in a single shot state. In Figure 5.8, the results of an axisymmetric
simulation of the temperature pattern induced by the coil with MFC, in a single-shot state,
and after two seconds of heating is plotted, showing a ring-form heating pattern on the
substrate surface. However, heating conditions in an IH-DMD is in a scanning state with the
scans peed of the DMD process.

Figure 5.8: Simulation of the axisymmetric model of heat pattern on the substrate, induced by
the coil with MFC, 𝐼𝑐𝑜𝑖𝑙 = 1000 A, in two seconds, and in a single shot.
The simulation results of the heat distribution during scanning, as well as the
temperature-time curve at the 𝑇𝑐 point (within five seconds of the scanning) with a travel
speed of 0.01 m/s, are plotted in Figure 5.9. The heating curve shows that the temperature at
the center of turn 𝑇𝑐 reached 546℃ after 2 seconds of scanning and stay in steady condition
over the length of the path. It can be expected from this simulation result that the MFC is the
most effective way to be employed in the IH-DMD setup and brings the advantage of uniformly
preheating of the melt pool zone over the scanning length, which is an essential factor in the
deposition process. However, careful design, as well as a proper material selection of MFC, is
necessary due to two reasons: firstly, the decision to apply MFC to the IH-DMD setup depends
strongly on the available laser WD and shape of the coil, particularly the ID of the coil, because
mounting this element requires additional space around the copper coil. Secondly, the high
thermal loaded condition of the laser process, which MFC should withstand in the long term.
By reduction of the travel speed, the surface temperature can be leveled up, as the calculated
surface temperature at 𝑇𝑐 raised from 546℃ to 613℃ by a 20% decreasing of the scan speed.
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Figure 5.9: Induction heating of the substrate in the scanning state, 𝐼𝑐𝑜𝑖𝑙 = 1000 A, with MFC,
𝑣 = 0.01m/s: Left: heating pattern during moving of the substrate; Right: time-temperature
curve achieved on the substrate at the center of turn 𝑇𝑐 .
Figure 5.9-B shows that IH takes a certain time (in this case, two seconds) to rise to
the maximum temperature and becomes linearly stable. This heating condition may have a
negative impact on the clad quality at the beginning of the deposition path when the
temperature is still in the evolution cycle. A practical solution to address this concern can be
via deposition strategy, in which IH is turned on with an additional distance from the target
point of the DMD process. For implementing the proposed solution strategy, a starting
distance can be chosen in a CAM software by the function called “Lead-in.” This strategy can
compensate for the heating time delay from the starting point and can diminish the risk of
inhomogeneous heating at the starting point of the IH-DMD process. The lead-in distance
depends on the size of the coil and the scan speed.
Table 5.4: Comparison of heating temperature in the simulation model (Sim.) and experiment
(Exp.), examined by the inductor N.1 (normal coil), and measured at 𝑇𝑒 : 500℃ in single-shot
IH.
Inductor N.1
Power
[kW]

𝐼𝑐𝑜𝑖𝑙
[A]

Heating time (Exp.)
[s]

Heating time (Sim.)
[s]

12
15

946
1046

29
16

42
23

In order to validate the numerical simulation model, the experiment was conducted
in a single-shot state. Table 5.4 compares the IH results of the simulation and the experiment
using inductor N.1 in which the heating time has been recorded at the point 𝑇𝑒 when the
temperature reached 500℃. The heating time at 946 A in the experiment and simulation are
29 and 42 seconds, respectively. The same trend can be seen in the results examined with
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1046 A. Figure 5.10 compares the simulation and experiment curve of the heating
temperature at 𝑇𝑒 and 𝑇𝑐 points with inductor N.2. The power supply was turned off after 12
seconds (shown by the “off” symbol in the graph), and then the temperature value was
recorded while the part cooled down.
A similar deviation was observed between simulation and experimental results with
inductors N.2 up to 500℃ at the 𝑇𝑒 point. Accordingly, the developed IH simulation model can
estimate the heating temperature with a coefficient accuracy of around 70% at a temperature
of 500℃. However, the agreement between experiment and simulation is good above 600℃
at the 𝑇𝑒 point, and temperature-time curves of “Sim” and “Exp” are close. This fact can prove
the role of hysteresis heating and temperature dependence of magnetic permeability of the
material, in which the material of the substrate loses its magnetic properties gradually. As
discussed in section 2.4.2, magnetic hysteresis losses are associated with energy dissipation
attributed to internal friction between molecules when a ferromagnetic material is exposed
to an alternating magnetic field. Therefore, up to 500℃, the generated heat is due to both
the Joule effect and magnetic hysteresis heat. Above 600℃ (Curie temperature), the
attribution of hysteresis heating is irrelevant. Besides, it can be seen from Figure 5.10 that the
intensity of heating declines upon reaching to 500℃. Two major factors responsible for this
behavior are first a variation of magnetic permeability, hence reduction of magnetic hysteresis
heat, and second, surface heat losses. The simulation result of the heating curve at the
𝑇𝑐 point agrees with the experiment, as the temperature evolution in this point is mainly
governed by conducted heat from the 𝑇𝑒 point.

Figure 5.10: Comparison of the heating temperature in the simulation and experiment
examined by the inductor N.2 (coil with MFC), 𝐼𝑐𝑜𝑖𝑙 820A, in single-shot IH
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5.4.2. Technical challenges and limitations
During the experimental test, a non-steady coupling gap condition was observed while
heating the part in a single-shot state. When the induction power generator was turned on to
heat up the part, the head of the coil was at first pulled down toward the substrate and then
pushed back when the substrate became hot, as shown by the arrow in Figure 5.11. This was
due to the force that can occur in interaction of the magnetic field generated by the coil with
an external magnetic field generated by a substrate called “electrodynamic force [90]”. This
result specifies the necessity of the robust design of the inductor to tolerate the
electrodynamic force loaded on the inductor and to maintain the coupling gap constant.

Figure 5.11: IH-DMD process presenting the ring form heat pattern under the coil and the edge
effect phenomena on the edges of the substrate. Coil movement (pushed down and pulled
back) due to the electrodynamic force shown by the arrows.
Figure 5.11 also illustrates that the heating rate is higher at the point of the sharp
dimension changes of the substrate, which is called the “edge effect” in [92]. The edge effect
can be expected during IH-DMD of a flat rectangular-shaped substrate, which is relatively
smaller compared to the size of the coil. However, the edge effect was not notable on the
DMD coated layer due to the round edge of the clad as realized by the heat pattern on the
solidified track shown in Figure 5.11. In IH-DMD, a layer can be deposited on a thin or thick
layer underneath. Thinner layers correspond to a smaller mass of metal, which can be heated
to higher temperatures than thicker areas. This fact, plus the edge effect during the IH-DMD
process, presents the difficulty in obtaining heat uniformly with constant IH parameter sets.
Therefore, real-time IH temperature feedback control is essential to achieve local
temperature uniformities over the length of layer deposition.
The experimental result of the influence of the magnetic field on the powder stream
of ferromagnetic stainless steel X3CrNiMo13-4 presented a visual outward deviation of
powder flow when passing through the induction coil in the first setup. Changing the
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frequency of the power supply did not have any notable effect on the deviation angle. Despite
the first setup observation, in the IH-DMD setup, no visual deviation, fluctuation of powder
stream, or attraction of powder to the inner side of the coil were observed. The different
behavior of powder flow in these two different setups is due to the velocity of powder
particles in the DMD process, which provides enough inertia for the powder particles to
escape a magnetic field of induction coils.
Although the examined ferromagnetic powder materials could pass through the
electromagnetic field of the coil and delivered to the processing zone, in the next step, when
the nozzle was positioned above the substrate to start IH-DMD process, powder particles were
reflected from the substrate and trapped in the magnetic field. Attracted powder particles
aligned under the face of the coil and formed into vertical chains. This created a conductive
bridge between the coil and the substrate, causing a short circuit in which the electric current
can pass through the particle chains, resulting in burning and explosion of particle chains, as
shown in Figure 5.12. This event occurred less often in the deposition of layers by IH-DMD,
since most of the powders were inserted into the melt pool, delaying the described problem.

Figure 5.12: Forming powder chains in the coupling gap during the IH-DMD setup due to the
electromagnetic field, causing a short circuit between the coil and the substrate, resulting in
the burning or explosion of the powder particles.
The other fact observed during the experiment with X3CrNiMo13-4 stainless steel
powder is that the accumulated powders under the face of the coil were oxidized and polluted
during the IH-DMD process. This condition was visually realized from the color of the powder
particles, which changed to dark brown. By turning off the power generator, these powder
particles were unloaded from the coil. Consequently, these polluted particles may
contaminate the surface, which will be coated in the next deposition sequences.
It can be concluded from the discussion above that processing of ferromagnetic
powder X3CrNiMo13, with an IH-DMD setup, faces technical challenges and needs additional
handling and inductor specification compared to the processing of paramagnetic powders.
The solutions that can be examined to address these technical challenges are discussed in
chapter 7.
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As was shown in the temperature pattern formed by IH (cf. Figure 5.11 and Figure 5.9),
the surface temperature generated by IH is higher in the vicinity of the area where the melt
pool is formed. This region can not be protected by the shield gas flow of the DMD nozzle.
Therefore, the occurrence of metallurgical burning or melting in this area can cause defects
such as oxidation or porosities. Figure 5.13 shows the SEM microstructure of the sample
deposited from X3CrNiMo13-4 stainless steel material with the IH-DMD setup. This
microstructure examination is conducted in different zones to check if a probable substrate
burning during IH gives rise to damage to the structure. Results don’t reveal any defects,
impurities at the interface between the substrate and clad.

Figure 5.13: SEM micrographics of cross-sectioned samples deposited from X3CrNiMo13-4
with the IH-DMD setup. The red dotted line shows the intersection between the substrate and
the deposited layer (melt pool bottom).
5.4.3. Clad geometry and deposition rate
In this section results of paramagnetic powders MetcoClad® 625 are presented. Figure
5.14 shows the optical image of the single tracks cross-sections. Figure 5.15 shows the results
of build-up rate and melt pool depth with both DMD and IH-DMD setups. The results of the
sample, deposited with reference DMD parameter set (cf. Table 5.3), are shown in Figure 5.14B and with the “R” symbol. The output powder feed rate of the nozzle is calibrated, and three
samples are fabricated at the first and last experiment with the DMD and IH-DMD setups to
ensure the repeatability. Error bars indicate the upper and lower values in the three fabricated
samples. The deposition curve of the DMD process shows an increase in the deposition rate
by raising the powder feed rate from 14.56 g/min to 20.38 g/min. However, the melt pool
75

INDUCTION HYBRID LASER DMD PROCESS (IH-DMD)

depth decreases accordingly, and there is not sufficient metallurgical bonding between the
clad layer and the substrate in the powder feed rate above 40% from the reference parameter.

Figure 5.14: Cross-section of single track deposited, A: with IH-DMD at ṁ=29.12g/min, B: with
DMD at ṁ=14.56 g/min (reference parameter set), C: with IH-DMD at ṁ=20.38 g/min, D: with
DMD at ṁ=20.38 g/min. The surface temperature of the substrate in IH-DMD is 650℃.

Figure 5.15: Deposition rate and melt pool depth of single track in different powder feed rate
in DMD and HI-DMD. Powder material and substrate are Inconel 625 and the structure steel
S235, respectively. R symbol expresses the corresponded values of the reference sample.
Error bars indicate the upper and lower values in three fabricated samples.
Nevertheless, the melt pool depth increases significantly from 0.03 to 0.5 mm at the
powder feed rate of 20.38 g/min by applying the IH-DMD setup, as shown in Figure 5.14-B.
The higher melt pool depth is due to the additional heat generated by the IH into the melt
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pool, which reduce ∆𝑇 in equation (2.8), as well as the reduction of heat losses to the
surrounding of the melt pool. The higher melt pool depth allowed applying a higher powder
feed rate compared to the reference value up to 200%, without bonding error (b=0.05), as
shown in Figure 5.15. However, it should be highlighted that the achieved increase of
deposition rate at this point is higher than proportional to the increase of the powder feed
rate. This result can be explained by comparison of the clad geometry of the samples. Figure
5.15 shows that the deposition rate leveled up from the value of 0.48 kg/h in DMD to 0.69
kg/h in IH-DMD curves at a steady powder feed rate of 20.38 g/min. Clad produced with IHDMD is thicker and wider compared to the DMD process at the same powder feed rate (cf.
Figure 5.14 C&D), which represents the size of its melt pool before solidification. The size of
the melt pool increases with increasing temperatures in IH-DMD, resulting in more efficient
powder catchment, and consequently, a higher powder melting efficiency and deposition rate.
Figure 5.14-A shows the cross-section of a single track produced with IH-DMD at the
powder feed rate of 29.12 g/min (named as sample N.1 In the following discussion). The
deposition rate is 0.99 kg/h, which is three times higher than the reference sample, but the
penetration depth is the same value of 0.1 mm, and the clad layer is much thicker.
Consequently, aspect ratio 𝐴𝑅 is 2.7, which is about two times lower than the aspect ratio
value of 5.9 in the reference sample. As was discussed in chapter 4, low aspect ratio of a single
track can result in bonding errors in overlapped tracks. To prove this claim in the IH-DMD
setup, multiple layers were deposited with these parameters. Figure 5.16-A shows the image
of cross-sectioned single-track and overlapped layers in which inter-run porosities were
observed at the clad interface of multi-tracks.
These results indicate the necessity of tuning the laser parameters in IH-DMD to
produce defect-free multiple layers. Three routes can be examined from the parameters field
to enlarge the aspect ratio: a reduction of powder feed rate, increasing the laser spot size, and
increasing the scan speed. The decline of the powder feed rate is less preferred due to its
negative impact on the deposition rate. A higher value of 𝑣 influences the deposition rate and
powder melting efficiency negatively since the powder feed per unit length 𝑚𝑥 decreases, as
was discussed in section 4.3.1 and 4.3.3. Besides, it affects the required IH power as the faster
the scan speed, the higher the needed IH power to reach a specific temperature. A larger spot
size has no adverse effect on the deposition rate and the required IH power, but it minimizes
the geometrical resolution of the deposited layer. In order to investigate these possible routes
for tuning the laser parameters, the dimensionless number, and the aspect ratio equation
developed in chapter 4 are employed in the following to estimate the power ratio and the
aspect ratio.
According to equation (4.21), 𝐴𝑟 can be enlarged if the values of spot diameter 𝑠 and
scan speed 𝑣 increase. However, to achieve a reliable output from equation (4.21), first, the
value of parameter 𝑃 needs to be set such that it also takes the IH into account. According to
equation (2.8), preheating of the melt pool area by IH reduces the temperature difference ∆𝑇,
and thus the amount of energy required to cause the melting of the substrate. Therefore, at
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a constant value of the laser power, the excess energy due to the IH leads to a higher dilution
(at the constant value of ṁ), or melting of powder particles if higher ṁ is set. According to this
argument, the dimensionless factor, equation (4.20), can be employed to estimate the new
value of 𝑃. As the melt pool depth in sample N.1 is equal to the reference sample (b=0.1 mm,
cf. Figure 5.15), it is plausible to consider the dimensionless number 𝐷𝑎 equal to 1, and then
calculate the 𝐼 parameter using equation (4.20). Thus, the corresponding value of 𝑃 is
calculated with equation (4.10), which equals 2400 W. By applying this value, as well as the
other parameters’ values related to sample N.1 into equation (4.21), 𝐴𝑟 is equal to 2.9, which
is pretty close to the measured value (𝐴𝑅 =2.7).
Table 5.5: Laser process parameters in IH-DMD. In N.1, the laser parameters of the reference
sample were selected but with a higher powder feed rate of 29.12 g/min. In N.2 and N.3, the
spot size and the scan speed were tuned to achieve a higher aspect ratio.

Sample
N.1
N.2
N.3

Power feed
rate ṁ
[g/min]

Spot
size 𝑠
[mm]

Scanning
speed 𝑣
[mm/min]

Deposition
rate
Ḋ [kg/h]

Melt pool
depth 𝑏
[mm]

Aspect
ratio
𝐴𝑅

29.12
26.2
26.2

2.5
2.9
2.5

1000
1000
1395

0.99
0.83
0.75

0.1
0.13
0.2

2.7
4.5
5.1

In the next step, the parameters of 𝑣 and ṁ can be adjusted in equation (4.21) to
obtain a higher 𝐴𝑟 . In the first approach (sample N.2), spot size 𝑠 was enlarged to 2.9 mm. In
contrast, the scanning speed 𝑣 was increased by 40% in the second approach (sample N.3).
The power feed rate ṁ was decreased by 10% in both samples. With these parameters
trimming the 𝐴𝑟 increases to 4.1 and 5.0 in the first and second approaches, respectively.
Accordingly, samples were deposited with the IH-DMD setup. Table 5.5 summarizes the
parameters, and experiment results of deposition rate Ḋ, melt pool depth, and the aspect ratio
of all three produced samples.
The image of the cross-sectioned sample exhibits no bonding error between
overlapped layers, as shown in Figure 5.16-B. The second approach provides a higher aspect
ratio of 5.1, but the deposition rate decreases to 0.75 kg/h, approximately 24% lower than the
first approach. Besides, higher IH power is needed (18 kW vs. 15kW) to achieve the same
surface temperature. These results specify that it is more efficient to enlarge the laser spot
size rather than increase the scan speed to maximize the aspect ratio in the IH-DMD process
from the points of productivity, power melting efficiency, and IH power consumption.
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Figure 5.16: Cross-section images of overlapped layers deposited with IH-DMD: A, sample N.1
deposited at ṁ = 29.12, 𝑣 = 1000 mm/min; B, sample N.3 deposited after parameters tuning
at ṁ = 26.2, 𝑣 = 1395 mm/min. The first three overlapped tracks are shown by the white
dotted curves.
5.4.4. Electrical deposition efficiency
To provide comparable energy consumption data, two samples (N.2 and R) are
selected, which are produced at the same laser power but with the DMD and IH-DMD setups.
The Electrical deposition efficiency EDE, as well as the overall power 𝑃𝑠 were calculated
according to equation (5.7) and (5.8). The data are listed in Table 5.6. They were calculated as
the quotient of deposition rate and total power supply under consideration of the individual
efficiencies of the laser and induction power supplies (cf. section 5.3.2).
Table 5.6: Comparison of energy consumption and productivity in the DMD and IH-DMD
process.

Laser power [kW]
IH power [kW]
Deposition rate [kg/h]
Electrical deposition efficiency [kg/kWh]
Electricity consumption [kWh]

DMD

IH-DMD

1.2
–
0.33
0.28
18.2

1.2
15
0.83
0.05
28.2

The total required power 𝑃𝑤 in the IH-DMD is 16.2 kW (IH plus DMD power). Therefore,
the Electrical deposition efficiency in this method is significantly low compared to laser DMD.
However, presented values for the EDE does not provide a good indicator to evaluate the
process energy efficiency since the wall-plug efficiencies of the laser and IH power supplies
are not on the same level. By taking this factor into account, the electricity consumption 𝐸𝑐
for depositing of 1kg of material can be calculated from equation (5.9), which are 18.2 kWh
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and 28.2 kWh in DMD and IH-DMD process, respectively. When comparing these results with
the value of productivity in Table 5.6, it can be deduced that the energy consumption grows
only 1.5 times in IH-DMD compared to the DMD, despite the build-up rate increases by a factor
of 2.5. This will enable the industry to design more energy-efficient deposition procedures.

5.5. Summary
The roles of DMD and IH specifications on a hybrid process, including working distance,
coupling gap, current density, frequency, and magnetic flux controller (MFC), have been
discussed, and technical challenges have been addressed. A finite element simulation model
was developed and validated with the experiment, enabling a prediction of the requirement
of IH parameters for DMD application, which mostly assisted the setup design and process
optimization and reduced the number of experimental investigations. Layers were deposited
with an IH-DMD setup, and the productivity rate and clad geometry of the deposited tracks
were examined. Based on the results of the deposited layer, the laser parameters of scan
speed, powder feed rate, and spot size were tuned to increase the aspect ratio, and a layer
without bonding error was deposited with the IH-DMD setup.
The following key findings were achieved:


The simulation results show that a lower coupling gap, higher frequency, higher
electric current flow in the coil, and applying the MFC result in a rapid heat-up of the
surface of the substrate. The minimum possible coupling gap can be adjusted,
considering the thickness of the coating layer. Protective circuitry is vital to stop the
process in uneven contact between the coil and the deposited layer.



Although a ringed heating pattern was formed under the coil by using MFC, it was the
most effective way to employ MFC in the IH-DMD setup from a rapid heating
perspective. However, applying MFC to the IH-DMD setup depends strongly on the
available space of laser WD, the shape of the coil as well as its resistance to the high
temperature environment of the DMD process.



The processing of ferromagnetic powder X3CrNiMo13 with the IH-DMD was
challenging due to the effect of a magnetic field on powder particles during the coating
process. The accumulated powder disrupted the DMD process in various ways,
including a short circuit event, burning, and oxidation of powder, which destabilized
the DMD process. However, no instability was observed in the processing of
paramagnetic powder MetcoClad® 625 with this hybrid technique.



The IH-DMD allowed a higher deposition rate than DMD due to the temperature field
generated by induction, allowed inserting more powder material to the melt pool.
Accordingly, the deposition rate increased by a factor of three on a single track.
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Increasing the powder feed rate resulted in a higher clad height and lower aspect ratio,
causing bonding errors in the overlapped tracks. The equation (4.20) and equation
(4.21) developed in chapter 4 were employed in the IH-DMD method to tune the laser
parameters accordingly.
Two approaches, including increasing the spot size and scan speed were examined to
recondition the process and resulted in an improvement of the aspect ratio from 2.7
to 4.5 and 5.1, respectively.
Analysis of electrical energy consumption and productivity showed that electric energy
consumption is 1.5 times higher in the IH-DMD than DMD in depositing of 1kg of
material. However, productivity is higher by a factor of 2.5 in the hybrid technique. The
energy efficiency is thus increased, but at the expense of worse resolution.
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6.

COMBINED LASER DMD AND PTA IN AM

This chapter analyzes the capability of the contribution of both PTA and DMD methods
in a single operating system, with the purpose of enhancing in the productivity of an AM part.
The proposed system can provide a new direction for producing large and complex
components since it can offer the opportunity of depositing layers with high productivity and
dimensional accuracy, at relatively low complexity and costs of equipment. In order to meet
this target, first, the specification of both techniques is discussed to evaluate the capability of
their integration in a single operating system. Secondly, samples are fabricated with both
techniques to examine the build-up rate and the joining strategy of dissimilar layers. Finally,
the microstructure and mechanical properties of the produced samples are analyzed.

6.1. Specification evaluation for PTA-DMD combination
capability
As discussed in chapter 2, the laser DMD utilizes a focused laser beam as a heat source
to melt the substrate and blown powder materials. In PTA, an electric arc is formed between
a non-consumable tungsten electrode and a copper nozzle. This is called “pilot arc.” Next, the
arc is transferred from the orifice to the substrate by feeding plasma gas into the “pilot arc”
generating a plasma beam. Metal powder is fed into the collimated plasma beam creating a
melt pool of the added material and the substrate material [33, 37].
Technically, there are many similarities in the hardware specifications of the PTA and
laser DMD process. First of all, the PTA torch – similar to the DMD laser nozzle – can be easily
mounted to a robot or CNC machine, providing higher freedom of movement during
deposition and can thus be used for complex shapes. In addition, the source of energy, which
is an electric current in the PTA and a laser beam in the laser DMD, can be delivered effortlessly
to the process nozzles via cable and optical fiber, respectively. In particular, PTA equipment is
comparably less expensive and with a lower level of complexity compared to the DMD
technique.
Moreover, there is a close similarity in the suitable powder feedstock morphology and
particle size distribution in both processes. The suitable grain size of powders for both
processing can be in a range of 50-150 µm, according to [33, 121]. The powder is delivered to
the coaxial nozzles typically by argon gas flowing with a rate of 3-10 [l/min]. This technical
similarity ensures employing one powder-feeding unit, which can deliver powder for both
processes.

COMBINED LASER DMD AND PTA IN AM

PTA and laser DMD processes are substantially similar in clad formation. In both
methods materials are deposited via the formation of a melt pool, which offers excellent
flexibility in alloy formation and a wide range of materials selection. The clad width is
comparably narrow in the laser DMD process and mainly specified by the laser spot diameter.
PTA is also capable of providing a relatively narrow clad width due to the collimated plasma
beam, according to Gatto et al. [37]. This advantage ensures the controllability of the position
and excellent shape constancy of the deposited layers, which is crucial in AM. Furthermore,
the dilution of the coated layer is relatively low in both processes. For example, d'Oliveira et
al. [22] reported the dilution of laser cladding and PTA, when depositing a Co-based alloy. They
observed a dilution of 6.9% for PTA and 9.4% for laser cladding.
Figure 6.1 shows a photo of a plasma-generated melt pool in which the schematic of
PTA nozzle is illustrated. The photo was taken during an experimental test of this study. As
shown in the figure, the substrate is part of the electric circuit in arc transferred from the
torch, and thus, it must consist of an electrically conductive material. The PTA torch has an
additional oscillatory movement perpendicular to the feed movement [49]. Therefore, the
melt pool size is wider than the plasma zone, as shown by a red dotted line in Figure 6.1, which
allows limiting the local heat flux and producing flatter beads. As a result, the PTA clad width
is relatively wider than DMD clad widths in one pass, which constraints the building of small
or thin features. However, in low current PTA, there is frequently no oscillation applied, in
which electric current for transferred plasma, as well as the powder feed rate are relatively
low. It allows the deposition of layers with small bead widths as it was examined by Shubert
[106]. They described a micro-PTA process in which a bead was deposited as thin as 0.5 mm.

Figure 6.1: Photo of plasma and generated melt pool in the PTA process. The schematic of the
PTA nozzle is shown in the photo. The red-dotted curve shows the melt pool boundary, which
is formed during the oscillating of the nozzle.
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The regular PTA process is a high-temperature process compared to the laser DMD
process, leading to a more pronounced heat penetration into the layer underneath. Therefore,
the heat-affected zone (HAZ) is comparably large, as it discusses in section 6.3.1. The resulting
high residual stresses may lead to warpage or deterioration of the mechanical properties of
the bulk material, particularly in small components. A fine microstructure can be achieved due
to the high cooling rate in both processes. However, the cooling rate is lower in PTA due to
the thicker and wider melt pool volume, as stated by Oberländer et al. [77]. Moreover, the
coating quality is less sensitive to the torch–substrate distance in the PTA compared to the
DMD process, in which working distance needs to be set accurately for a given laser spot size.
The deposition of layers by PTA on a non-horizontal surface is challenging due to the
gravitational acceleration effect on the melt pool. As reported in the study of Wilden et al.
[132], a non-horizontal substrate leads to difficulties in handling the melt pool and the flow of
the molten material. The authors presented the need for a reduced energy input per unit
length by increasing the processing speed or arc power. This effect is much lower or even
negligible in DMD due to a smaller melt pool and faster solidification.
Table 6.1: Comparison of PTA and DMD process specification, according to the discussion
given in [33, 121].
Specification

Regular PTA
(100–300 A)

Regular DMD
(1–4 kW)

Particle size
Alloy formation
Substrate

50–200µm
Melt pool
Conductive

50–150µm
Melt pool
Conductive &nonconductive
Yes
Argon
High sensitive
Shield gas
High
Low
Advantage
1–4 mm
0.5–3 Kg/h

Multiple powders
Powder carrier gas
Working distance
Atmosphere protection
Automation level
Heat affected zone (HAZ)
Fabrication of complex part
Bead geometry
Deposition rate

Yes
Argon
Less sensitive
Shield gas
High
High
Limited
2–40 mm
2–10 Kg/h

A comparison of the PTA and laser DMD process specifications is given in Table 6.1.
The main conclusion of the discussion is that both PTA and laser DMD processes are capable
of being integrated into one operating system. It is more technical effortless to design a
system with an automatic tool changer for individual PTA and DMD deposition nozzle. PTA
head due to the higher deposition rate beneficiary can fabricate less precise and thick
elements, whereas complex and thin features of the component can be built by the DMD
process. In the following sections, the layer-wise contribution of PTA and DMD in the
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fabrication of samples is investigated to analyze productivity, process stability, metallurgical
quality, and mechanical properties of the combined layer.

6.2. Materials and experimental details
6.2.1. Materials
Stainless steel EN X3CrNiMo13-4 provided by Tekon AG (gas atomized) is used as
powder feedstock for the deposition of layers in both PTA and laser DMD processes. The
diameter distribution of the powder was analyzed on a sample which includes approximately
14000 particles. The powder particles have a size of 63–150 μm. The average particle diameter
is 104 μm (cf. Figure 6.2-a). This powder batch has a bigger average powder size compared to
the powder used for the experiment in chapter 4 (90 μm). The powder particles appeared to
be spherical and have nearly no satellites, as shown in the SEM image in Figure 6.2-b. The
chemical composition of the material was measured according to the procedure explained in
chapter 4, which meets the required target value. Round plates (Structure steel) with diameter
200 mm and thickness 30 mm and round shafts (Stainless steel EN X3CrNiMo13-4), with 100
mm diameter and 100 mm length, are used as substrates in the experiments.

Figure 6.2: Measurement result of powder stainless steel EN X3CrNiMo13-4, a) powder size
distribution, and b) SEM image of powder particles.
6.2.2. PTA specification and setup
The PTA machine used in this work has a rotary tilted table and a column-boom axis
type shown in Figure 6.3. The maximum current output of the power source is 400 A. A
KENNAMETAL IPM 250 torch with a two-beam powder nozzle and a maximum powder feed
rate of 80 g/min is employed.
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Figure 6.3: PTA machine units, Left figure shows PTA torch and rotary tilted table. The picture
in the dashed-red box shows 27 produced tracks on the substrate. Right figure shows torch
manipulator (column & boom) and powder hopper.
A parameter field study is conducted using a Taguchi experimental design method (cf.
section 4.2.2) to examine the processing parameters range and to determine proper values
for the deposition of layers. The vital variable parameters of scan speed 𝑣, powder feed rate
ṁ, and oscillation distance 𝑑 are examined at the electric current of 120 A. A typical value of
scan speed 𝑣=70 mm/min is employed based on the discussion in section 2.3 and Table 2.3,
which increases stepwise to 100 mm/min and 140 mm/min to analyse the track geometries
and productivity. A typical range of oscillation distance of 𝑑=11 mm, as well as two levels of 7
mm and 13 mm, are tested to find the limits of parameters. Three levels of powder feed rate,
(ṁ =19 g/min, 22 g/min, and 31 g/min), are applied. A matrix of these variables is developed,
and a total of 27 different single tracks are deposited, as shown in Figure 6.3 (dashed-red box).
Besides, six samples are fabricated at the electric current of 240 A. Accordingly, scan speed
and powder feed rate increase, while ṁ ranges between 45 g/min to 80 g/min, and 𝑣 between
120 mm/min to 196 mm/min. Oscillation distance set to 16 mm to avoid a thick clad as
discussed in section 6.3.1.
Samples are cross-sectioned, and the result of clad geometry, deposition rate,
metallurgical bonding condition, coated area, melt pool depth, and aspect ratio are
investigated. Details of the analysis are discussed in section 6.3.1. The most suitable
parameters are selected for the subsequent experiments considering the deposition rate and
metallurgical bonding. These parameters are listed in Table 6.2. The parameters, which are
used for productivity evaluation with 240 A and 120 A, are designated as condition 1 and
condition 2, respectively. Besides these two conditions, a pulsed PTA is examined with
parameters of condition 2 but with a pulse current length of 0.5 s and without torch oscillation.
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Table 6.2: Main parameters of the PTA process
Process parameters

Condition 1

Condition 2

Current [A]
Oscillation speed [mm/min]
Travel speed 𝑣 [mm/min]
Oscillation distance 𝑑 [mm]
Powder feed rate ṁ [g/min]
Pilot gas flow rate [l/min]

240
700
140
16
50
3

120
700
80
11
22
3

Shield gas flow rate [l/min]
Working distance [mm]

18
12

18
12

6.2.3. Laser DMD specification and setup
The laser DMD process is carried out on a CNC DMD machine located in Stellba AG
using a diode laser source from laser line AG ( maximum output of 4kW) with a wavelength of
1064 nm, and a coaxial three-jet powder beam nozzles at the working distance of 12 mm.
Argon gas is used for shielding and powder delivery. Three samples are produced with the
powder feed rates of 12 g/min to 16 g/min and scan speeds of 900 mm/min to 1000 mm/min,
and at the laser power of 2400W (typical laser power recommended to be used in the factory
when the three-jet powder beam nozzle is examined). After cross-section analysis of samples,
the capable parameters for a defect-free deposition are selected considering the maximum
clad height and metallurgical quality. The main DMD process parameters are given in Table
6.3.
Table 6.3: Main parameters of the DMD process
Laser
power P
[W]

Powder
feed rate ṁ
[g/min]

Track
overlap [%]

Scan speed 𝑣
[mm/min]

Shield gas
flow rate
[l/min]

Carrier
gas flow
rate
[l/min]

Spot
diameter
𝑠 [mm]

2400

14.5

50

1000

5

4

3.5

6.2.4. Characterization and testing methods
The clad geometries and grain structures of samples are studied using a Keyence VHM
5000 optical microscope after the proper etching process, (1-minute immersion in the Adler
etchant at room temperature). The grain size is measured using ImageJ software [50]. A further
microstructural examination is performed on samples with an FEI Nova Nano SEM 230 device
and using a backscattered electron detector. The surface roughness of the samples
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perpendicular to the track path is measured by a 3D optical image made by ALICONA infinite
focus G4 microscope. XRD measurements are done on a Bruker D8 diffractometer using
CuKalpha radiation to identify the phases present in the material. Diffracted x-rays are
collected by a 1D Lynxeye detector.

Figure 6.4: A, “Dog bone-shaped” flat test specimen prepared with a wire cut machine for the
tensile test. B, Tensile test setup using a 600 kN universal test facility. Setup photo (figure B)
was rotated at 90˚ clockwise.
Tensile properties and hardness are measured to evaluate the mechanical properties
of combined PTA and DMD layers. “Dog bone-shaped” flat test specimens (according to
DIN50125 2016 type E) are prepared from samples, machined with an electro-discharge wire
cut machine, as shown in Figure 6.4-A. The thickness and length of Dog bone-shaped
specimens are parallel and orthogonal to build-up direction, respectively. Two test specimens
are prepared from each sample. Tensile tests are carried out according to EN ISO 6892-1:2017
using a 600 kN universal test machine of type Zwick 1494 with a 10 kN load cell of type HBM
U2AK and a clip-on extensometer of type MINI MFA 2, as shown in Figure 6.4-B. Microhardness tests are carried out with Qness Q10m machine, using diamond Vickers indenter (EN
ISO 6507), and with two hardness scales of HV 5 and HV 0.5 due to variation in grain sizes of
samples. Measurement distance over the cross-section is 0.25 mm and 0.5 mm for HV 0.5 and
HV 5, respectively.
6.2.5. Experimental protocols
The experiments are carried out in three steps. In the first step, the clad geometry and
the productivity of both processes are examined by fabricating single tracks using the
parameters listed in Table 6.2 and Table 6.3. The deposition rate is calculated according to
equation (4.12). The powder melting efficiency is calculated by using the equation (4.13). In
order to support the claim that regular current PTA is applicable to be employed in AM, a
simple 3D part (a ring with 160 mm diameter) is fabricated using the parameters listed in Table
6.2 (condition 2).
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In the second step, experimental tests are performed with four cylindrical solid rods to
characterize the microstructure and mechanical properties of the samples produced by
combined PTA-DMD deposition.

Figure 6.5: Deposition of hybrid layers onto a rotating substrate. A shows the laser DMD
process, depositing the second layer on the first PTA layer underneath. B shows the schematic
of the build-up direction of the sample with hybrid PTA-DMD layers (referred to sample N.4).
In total, four samples are produced.





N.1: first layer by PTA and second layer by PTA
N.2: first layer by DMD and second layer PTA
N.3: first layer by DMD and second layer by DMD
N.4: first layer by PTA and second layer by DMD

This experiment represents the conditions, which can occur during a layer-wise
combined PTA-DMD fabrication of a component. During sample manufacturing, the powder
is continuously deposited onto a rotating rod, and the deposition head in both DMD and PTA
is moved along the rod axis. The deposition condition of the DMD process on the PTA layer
underneath is monitored with video cameras shown in Figure 6.5-A. No noticeable event in
the DMD process, such as a large amount of spatter or process light flashing, was realized
during monitoring. Figure 6.5-B shows the schematic of build-up direction and orientations of
hybrid PTA-DMD layers, referred to sample N.4.
A heat treatment at 550℃ for 2 hours with slow cooling is applied to all samples N.1-4
after the deposition to relieve residual thermal stresses before metallographic preparation.
Liquid penetrant non-destructive testing is used on the upper layers of samples to detect any
surface defect. All test pieces N.1-4 are longitudinally and transversely cross-sectioned and
polished for metallography. Besides, the upper layer of the samples are polished to examine
their microstructure. Three samples from each test pieces are prepared in order to check the
repeatability of the analysis.
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In the third step, the contribution of both processes in the building of a part is
examined. Small elements are fabricated by the laser DMD, and broad and flat features are
deposited by the PTA to decrease the overall build-up cycle. For this purpose, a simple part
consisting of one horizontal layer and a vertical wall next to it is designed, as shown in Figure
6.6. SKM-DCAM software is used to generate the toolpath for building the parts. Two
approaches are considered to produce this part. In the first approach, the wall is fabricated by
DMD, and after that, the PTA track is deposited next to the wall as a horizontal layer (Figure
6.6-left). In the second approach, the PTA layer is deposited first, and then DMD tracks are
deposited next to it, to build up the vertical wall and complete the gap between the two tracks
(Figure 6.6-right). With these tests, the bonding between the two different deposits is
analyzed.

Figure 6.6: Side deposition approaches in combined PTA and DMD fabrication. On the left,
first, the vertical wall is fabricated by DMD, and then the PTA track is deposited next to the
wall. In the right, the PTA layer was deposited first, and then DMD tracks build up the vertical
wall and complete the gap between the two tracks.

6.3. Result and discussion
6.3.1. Clad geometry and deposition rate
Figure 6.7 shows the results of the deposition rate and aspect ratio of all 27 fabricated
samples at a PTA current of 120 A in connection with scan speed 𝑣, powder feed rate ṁ, and
oscillation distance. The cross-sectioned samples relieved poor metallurgical bonding at the
powder feed rate of 31 g/min between the substrate and cladding. However, sufficient
metallurgical bonding was achieved at the powder federate of 22 g/min and 19 g/min. By
comparing the result of the deposition rate at these two powder feed rate levels, it can be
seen that deposition rates are generally higher at 22 g/min than 19 g/min, but are affected by
scan speeds and oscillation distances. For instance, the deposition rates at parameter
combinations of ṁ = 22 g/min, 𝑑 = 7 mm, and ṁ =19 g/min, 𝑑 =11 mm are approximately
equal at the scan speed of 𝑣= 100 mm/min (cf. Figure 6.7-A). The rates stem from the larger
oscillation distance in the latter case, leading to higher powder catchment in the melt pool.
It can be seen from Figure 6.7-B that the aspect ratio increases at a constant value of
powder feed rates when the scan speed is increased from 70 mm to 140 mm. This increase is
majorly due to the reduction of the 𝑚𝑥 factor based on equation (4.8), which leads to a
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reduction in clad thickness. Regardless of defected samples produced at the powder feed rate
of 31 g/min, it can be concluded from Figure 6.7-A that the optimum parameter combinations
concerning the productivity and proper aspect ratio are at ṁ= 22 g/min, 𝑑= 11 mm, and 𝑣= 70
mm/min. The oscillation distance 𝑑 = 7 mm in these ranges of ṁ and 𝑣 results in smaller track
widths. However, a smaller track width is not a better alternative parameter when set because
the aspect ratio of the fabricated sample is only 3.5. This low aspect ratio can result in interrun porosity between overlapped tracks, as was discussed in section 4.2.3. Increasing the scan
speed from 100 mm/min to 140 mm/min results in a higher aspect ratio (𝐴𝑅 = 5.1 vs. 𝐴𝑅 = 3.5),
but productivity is still 20% lower than the later sample case.

Figure 6.7: The results of deposition rate (A) and aspect ratio (B) of fabricated samples as a
function of scan speed 𝑣, and at three levels of powder feed rates ṁ [g/min], and oscillation
distances 𝑑 [mm].
The average track widths of fabricated samples are 𝑤 = 12 mm, 16 mm, 18 mm, and
28 mm, with a resolution of ±0.5 mm, when oscillation distances 𝑑= 7 mm, 11 mm, 13 mm,
and 22 mm are applied, respectively. The plasma nozzle diameter (focusing diameter, cf.
Figure 2.7) of 4.8 mm was constant in all of these oscillation variations. The plasma spot
diameter on the substrate depends not only on the nozzle-focusing diameter, but also on the
other process parameters, including working distance and plasma gas flow rate, as was
discussed in section 2.3.2. It can be deduced from these results (at constant values of working
distance and plasma gas flow rate, given in Table 6.2 that a final deposited track width in an
oscillation mode can be estimated by:
𝑤 = 𝑑 + 𝐹𝑑

(6.1)

where 𝐹𝑑 is adjusted focusing diameter of the nozzle . The result of the deposited track in the
non-oscillation mode shows that the track width is proportional to twice the focusing
diameter 𝐹𝑑 , as the average track width is 11 mm in this condition (cf. Table 6.4).
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Besides, the linear regression analysis is performed to find a combined process
parameter 𝑓(𝑑 [𝑚𝑚], 𝑣[mm/min], ṁ [g/min]) for the characteristic of the clad width 𝑤 and ℎ.
The optimum combination of parameters to linear statistical dependence of the deposition
track width 𝑤 is described by:
𝑤 = 189.4777· 𝑑0.0421 · 𝑣 −0.0083 · ṁ0.0045 − 187.5850

(6.2)

The combined parameter 𝑑0.0421 𝑣 −0.0083 ṁ0.0045 is found from optimizing the
exponents to maximize R2 =0.9222 as shown in Figure 6.8 based on equation (4.14), indicating
the minor role of 𝑣 and ṁ on track width compared to 𝑑. The optimum combined parameters
to linear statistical dependence of track height ℎ is described by:
ℎ = 8.7216· 𝑑 −0.2873 · 𝑣 −0.4987 · ṁ0.7119 − 1.5701

(6.3)

with maximize R2 =0.9350, shown in Figure 6.8.

Figure 6.8: Correlation of track width 𝑤 [mm] and height ℎ [mm] with combined
parameter𝑑 𝛼 𝑣 𝛽 ṁ𝛾 . X = 𝑑0.0421 · 𝑣 −0.0083 · ṁ0.0045 in the linear equation of 𝑤 (panel A), and X
= 𝑑 −0.2873 · 𝑣 −0.4987 · ṁ0.7119 in the linear equation of ℎ (panel B). Units of independent
variables are 𝑑[mm], 𝑣[mm/min], and ṁ [g/min]
Results of samples fabricated at the plasma current of 240 A show that the sufficient
metallurgical bonding is achieved at the scan speed 𝑣 = 140 mm/min, powder feed rate ṁ =
50 g/m and oscillation distance 𝑑 = 16 mm. However, powder feed rate ṁ ≥ 60 g/min result in
a lack of fusion bonding between track and substrate. Increasing the scan speed above 140
mm/min leads to a non-uniformly overlapped track during the oscillation movement as shown
in Figure 6.9-B. In this condition, a zigzag footprint of nozzle oscillation is observed on the
deposited tracks due to applying a constant oscillation speed (700 mm/min) while the scan
speeds were leveled up, indicating the necessity of regulation of these two movement speeds
concertedly.
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Figure 6.9: Panels A and B show the surface images of single tracks deposited from material
EN X3CrNiMo13-4 (1.4313), at the PTA current of 240 A, powder feed rate of 50 g/min, and
oscillation distance of 16 mm. The scan speeds are 𝑣 = 140 mm/min and 𝑣 = 196 mm/min in
samples shown in panels A and B, respectively. A zigzag footprint of nozzle oscillation is
observed in panel B.
Table 6.4 summarizes the single-track geometries as well as the deposition rates of
samples fabricated according to the parameter sets given in section 6.2.2 and section 6.2.3.
The deposition rate in the PTA (120 A) process is two times higher than that during the laser
DMD. At the transferred arc current of 240 A, the deposition rate of the fabricated sample is
almost doubled compared to the one at 120 A arc current. The powder melting efficiency (cf.
equation (4.13)) is high in the PTA compared to the laser DMD and reached 92% in PTA (240
A). The bead geometry is both broader and thicker in the PTA samples than in the laser DMD
samples. A smaller clad width was obtained with pulsed PTA, which offers the advantage of
the fabrication of thin elements of a part without changing the PTA torch. However, the
deposition rate decreased by 32% due to lower powder melting efficiency.
Table 6.4: Track geometry, deposition rate, and melting efficiency of single tracks deposited
with the PTA and DMD processes.
Process
parameters

Clad
width
[mm]

Clad height
[mm]

HAZ Depth
[mm]

DMD
PTA (120 A)
PTA (120 A)pulsed
PTA (240 A)

3.38
16.37
11
22.19

0.54
2.37
3.5
2.75

1.07
8.75
10
>12

Deposition
rate[kg/h]
0.54
1.13
0.77
2.76

Powder
melting
efficiency [%]
64.3
85.6
58.3
92

When comparing the etched cross-sections of oscillating PTA and pulsed-PTA
coatings, as shown in Figure 6.10-A and B, one can observe a higher melt pool depth in pulsedPTA. Furthermore, penetration is more focused in the middle of the track in puled-PTA (Figure
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6.10-B), while flatter clad and uniform metallurgical bonding to the substrate was obtained in
oscillating strategy with the same PTA torch. When comparing the HAZ of the deposition
tracks, this factor is significantly higher in the PTA process. Nevertheless, it must be pointed
out that to achieve the same track width and height made by PTA (120A) process,
approximately 10 laser DMD tracks with 50% overlap and 4 increment layers need to be
deposited. These number of tracks may cause pronounced heat accumulation in the part if
the length of deposition paths is small, and thus enlarge the HAZ depth.

Figure 6.10: Optical images of the cross-sectioned single tracks deposited with the PTA
process. A, 120 A with oscillation of torch. B, pulsed-PTA 120 A, pulse duration 0.5 s, without
oscillation of torch. Samples etched with Adler's solution.
Figure 6.11 shows the fabricated sample (ring), deposited on a round substrate. The
deposited layers consist of four overlapped tracks with a 50% overlap and three increment
layers. The outer and inner diameters of the ring are 160 mm 120 mm, respectively, within a
tolerance of ± 0.25 mm. The layer height in each layer was reproducible (2.9 mm), which
provided a stable working distance.

Figure 6.11: The fabricated samples with PTA torch 120 A from EN X3CrNiMo13-4 powder
material. A and B are pictures from side and top views of the sample, respectively. The width
of the ring was deposited with four overlapped tracks.
6.3.2. Joint layers of PTA and laser DMD
Surface condition
The surface texture of the samples produced in the second experiment is shown in
Figure 6.12. The laser DMD surfaces are smoother than the PTA layer due to wider bead width,
larger track distance, and nozzle oscillation in the latter case. The red-dotted line shows the
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track distance of each bead, which has a 50% overlap from the sidetrack. The surface
roughness Ra and Rz and waviness Wa and Wz of fabricated samples are listed in Table 6.5.
The maximum waviness Wz of the PTA layer is approximately 1.7 times higher than the one of
the DMD layer. In both samples N.3 and N.4, the measured surfaces are laser DMD, but the
layers underneath are dissimilar (laser DMD and PTA, respectively). However, there are slight
variations in surface roughness and waviness between these samples.

Figure 6.12: The surface texture of the upper layer of fabricated samples with PTA and DMD
process from EN X3CrNiMo13-4 powder material. PTA Surface (left) is rougher compared to
the laser DMD layer (right) due to the oscillating path and larger track distance.

Table 6.5: Surface roughness and waviness value of samples, measured perpendicular to the
deposition path. The upper layer of samples N.1 and N.2 are PTA layers, and samples N.3 and
N.4 are DMD layers.
Samples
Properties
[µm]

N.1
N.2
(PTA surface)

N.3
N.4
(DMD surface)

Ra
Rz
Wa

9.48
70.04
103.43

10.88
70.34
101.50

4.48
34.28
36.10

4.71
35.11
36.09

Wz

174.94

175.54

98.85

100.25

Side deposition of PTA and DMD layer
In the following, the results of the side deposition of PTA and DMD tracks fabricated
according to the third experimental step were discussed. In the first approach, a DMD contour
wall with a 4 mm thickness was built in which the flat area was deposited with 2 mm DMD
raster layers. Next, a PTA single track is built on the side of a DMD wall, as shown in Figure
6.13. As indicated by a red dotted line in Figure 6.13, the PTA track is not uniformly joint to
the side of the wall over the path line and led to excess or insufficient melting of the vertical
sidewall. This condition may lead to the risk of damage or poor track joint.
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Figure 6.13: A single PTA track deposited on the side of the DMD wall, which was deposited
with eight incremental layers (first approach). The red dotted contour shows the excess
melting of the vertical DMD wall by the PTA track.
In the second approach, a PTA track was deposited with 240 A first, and then layers
were fabricated by DMD to build a small wall and fill the gap (cf. Figure 6.14). The layers were
joint uniformly without a visual non-welded zone, although the PTA track width is deviating
by ±0.5 mm. However, the sample was cut off in two sections to ensure the metallurgical
bonding between different layers.

Figure 6.14: DMD layers were deposited on the side of a PTA single track (second approach).
The gap between the DMD wall and the PTA track was completed with the DMD layers.
In the cross-sectional micrograph shown in Figure 6.15, three zones can be observed.
Those are the DMD wall, the single PTA track, and the gap between the DMD layer and the
PTA track filled with DMD. A good metallurgical bond was obtained with this strategy.
However, a pore-like defect is detected between DMD layers in the intersection gap area
caused by insufficient overlap distance (20%) between layers.
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Figure 6.15: Cross-sectional micrograph image of side joints of a PTA track and the DMD clads.
The orange-dotted contours show the boundaries of the first two DMD beads. The red-dotted
contour shows the boundary of the PTA single track.
Due to the thick bead layer and larger clad angle in the PTA track compared to the DMD
track, the generation of the deposition toolpath in this section requires computer-aided
manufacturing (CAM) software to determine the suitable track distance and path numbers to
fill this zone uniformly with laser DMD layers. The available CAM software provides selecting
layer thickness and size of the bead in each layer, which permits the contribution of both
processes during the fabrication of parts. However, CAM tools should calculate the misswelded materials after a rough deposition step by the PTA process and complete the misswelded zone with a finishing step using the laser DMD process.

Figure 6.16: XRD measurements of the PTA and DMD layers show that both materials are
almost entirely martensitic. The DMD material shows a small phase fraction of austenite at
diffraction angle 2T=43.5° and diffraction plane 111.
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6.3.3. Microstructure and mechanical properties of the combined layers
Microstructure and phase constituent
The XRD measurements have been conducted to evaluate the influences of different
temperature gradients realized by PTA and DMD on phase formation during solidification. The
results shown in Figure 6.16 confirms that both DMD and PTA samples are almost entirely
martensitic. There are evident diffraction peaks at 2T 44.5°, 64.7°, 82.0°, and 98.5° at (110),
(200), (211), (220) facets of martensitic phase, respectively. The DMD material exhibits a small
phase fraction of residual fcc austenite at 2T111=43.5°.

Figure 6.17: Optical image of longitudinal sections of samples (stainless steel EN X3CrNiMo134), etched with Adler solution. L-1, sample N.1 (PTA+PTA); L-2, sample N.2 (DMD+PTA); L-3,
sample N.3 (DMD+DMD); L-4, sample N.4 (PTA+DMD). Arrow in Figure L-4 shows the
intersection of DMD and PTA layers
PT inspection of all four samples N.1-4 does not reveal any major surface defects on
the surfaces of the samples. Microstructure images of the cross-sectioned and etched samples
are shown in Figure 6.17 and Figure 6.18 in which “C” “L” and “T” stand for transverse,
longitudinal, and top directions, respectively. Figure 6.17 presents a longitudinal section of
the samples consisting of three zones: DMD zone, PTA zone, and interface zone. Arrow in the
optical images (Figure 6.17 -L-4) depicts the intersection of DMD and PTA layers in sample N.4.
No clear intersection was observed between the two PTA layers in sample N.1. This fact may
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stem from the high thermal load of the PTA plasma, which is like a tempering process and will
affect the grain growth in the intersection zone of PTA layers.
In sample N.2, the DMD layer underneath was partially re-molten by the PTA layer
above due to the dilution depth of PTA. The red-dotted line in the cross-section image shown
in Figure 6.18 -C-2 divides the area of intersection between two layers. Nevertheless, only a
part of the first layer remained un-molten. This pattern is observed in all cross-section zones
of sample N.2. Grains are significantly larger in the PTA layer in all three orientations compared
with the DMD layer and can reach sizes of 1000-1500 µm, as measured by ImageJ software.
These large grains are due to the large melt pool size and the corresponding longer melt pool
lifetime, leading to more pronounced grain growth. These features inevitably lead to the
anisotropy of the microstructure.

Figure 6.18: Optical image of transverse-section and the upper layer of samples N.4 and N.2,
etched with Adler solution. C-4 and C-2 transverse section of sample N.4 (PTA+DMD) and
sample N.2 (PTA+DMD), respectively. The red-dotted line divides the area between the 1st
DMD layer and the 2nd PTA layer during deposition, which DMD layer was molten partially by
the PTA process. Black-dotted lines show the boundaries of layers. T-4 and T-2 show the upper
layer of samples N.4 and sample N.2, respectively.
The optical images show good metallurgical bonding between layers. Further images
were taken by SEM to study the microstructure in detail in the area of layers and the
intersection zone between dissimilar layers. Figure 6.19 shows the SEM micrograph of the
intersection zone of PTA-DMD in the cross-sectioned sample N.4. The coarse columnar shape
of the martensitic grains in the PTA layer is indicated by the red-dotted curve in Figure 6.19A. The higher magnification (2000×) reveals some pores in the range of 1-1.8 µm in the DMD
layer (cf. Figure 6.19-B). These pores have been observed not only in the intersection zone but
also in all DMD areas with the same distribution, indicating that these porosities are not
relevant to the combined process, but it is inherent to the chosen parameters in the laser
DMD process as it was also observed in sample N.3. The powder carrier gas and faster
solidification of the melt pool in the laser DMD process presumably play a role in forming
these defects with a higher number compared to the PTA layer.
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Figure 6.19: SEM micrograph of the intersection zone of PTA-DMD in the cross-sectioned
sample N.4. A, 500x and B, 2000x magnitude. The coarse columnar shape of the martensitic
grains in the PTA layer is shown in the red-dotted curve. Porosities in the range of 1-1.8 µm in
the DMD zone are shown by arrows.
Hardness profiles
Figure 6.20 shows the hardness distribution across the different layers in all four
samples. The hardness values vary from the top layer to the base metal according to the
applied process. The range of the hardness of PTA layers and DMD layers is between 300-315
HV and 320-350 HV, respectively. The DMD layers exhibit higher hardness values compared
to PTA, as shown in Figure 6.20-C&D. This can be explained with the refined microstructure of
the martensitic grain. Comparing the hardness diagrams in Figure 6.20-A&D, it can be
concluded that hardness in the HAZ is in the range of 340-350 HV after applying the PTA layer
compared to the hardness of 290 HV of the substrate in the center of the sample. This may be
explained with the temperature evolution during the PTA process, which modifies the
microstructure of the layer underneath to smaller grain size compared to the bulk metal. Due
to the smaller grain size in the DMD layer, more hardness changes interval can be seen with
HV0.5 scale compare to HV5 in the measurement length of 1.75mm (cf. Figure 6.20-C).
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Figure 6.20: Results of microhardness of cross-sectioned samples, measured with HV0.5 and
HV5 indenters. A, sample N.1 (PTA+PTA); B, samples N.2 (DMD+PTA); C, samples N.3
(DMD+DMD); D, Sample N.4 (DMD+PTA).
Tensile property
Figure 6.21 shows the stress-strain curves for all four layerwise fabricated samples.
Two measurements were performed per sample, and there is a good agreement between
both measurement values. The 0.2% yield strength and the ultimate tensile strength are
indicated in the graphs with σy and σUTS, respectively. The average yield strength is 794 MPa,
800 MPa, 984MPa, and 845 MPa for samples N.1, N.2, N.3, and N.4, respectively. The average
ultimate tensile strength is 855 MPa, 859 MPa, 1034 MPa, and 897 MPa concerning sample
N.1 to N.4. It can be seen that the laser DMD layers in sample N.3 exhibit approximately 20%
higher tensile strength than those of PTA layers in sample N.1. The larger grain size of the PTA
discussed in the previous section, leads to lower yield strength according to the Hall-Petch
relationship as well as to higher elongation at fracture.
Sample N.2 exhibits a slightly increased tensile strength compared to sample N.1. This
is assumed to be due to the partial re-melting of the DMD layer during the PTA process, as it
was discussed (cf. Figure 6.18). In fact, the examined specimen mainly consists of the PTA
layers. On the other hand, a hybrid PTA-DMD sample (N.4) has around 5% higher tensile
strength than samples N.1 due to the addition of the DMD layers, which affect the overall
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tensile properties. Specimen N.4 contains a nearly equal thickness of the PTA and DMD layer.
This sample can also represent the condition where the tension test is loaded over the
interface between DMD and PTA. The results indicate that the tensile properties of the hybrid
layers are more comparable with PTA layer properties.

Figure 6.21: Tensile properties of samples N.1-N.4. Measurement 1 and measurement 2 shows
the results of two-“dog bone-shaped” flat specimen from each sample. σy and σUTS are 0.2%
yield strength and the ultimate tensile strength, respectively.

6.4. Summary
In this study, the capability of combining the PTA-DMD process was analyzed by
specification evaluation, fabrication of samples from material stainless steel EN X3CrNiMo134, and microstructure and mechanical properties analysis of combined layers. The following
conclusions can be drawn.


Specification comparison between PTA and DMD techniques indicates the capability
of designing a combined PTA-DMD process with a low level of complexity and cost.
This process may combine the advantages of high deposition rates and high
dimensional resolution during fabrication.

102

COMBINED LASER DMD AND PTA IN AM



The proposed operating system can be equipped with individual PTA and DMD head
and would be able to fabricate large and complex components with high productivity.
During the fabrication, the PTA nozzle can be loaded for building-up of the large-size
elements due to the thick and wide layers, and DMD can be employed in completing
the component by deposition of elements with higher complexity, smaller feature
size, and higher dimensional accuracy.



Technically, both techniques provide low dilution, but when they are compared, PTA
generally has a higher melting depth than DMD due to its higher heat input, combined
with a larger HAZ.



Side-by-side deposition of layers by PTA and DMD is challenging due to the clad
geometry differences and the high thermal load of PTA, which may cause excess or
insufficient deposition. A strategy in which layers are built first by PTA and then DMD
is used to complete the rest of the part leads to good side-bonding quality of dissimilar
layers with minimal risk of damaging small geometrical elements by PTA. However,
further research on side-by-side deposition and CAM strategy would be required to
provide a possibility of the contribution of both processes in each individual layer.



Both DMD and PTA samples are almost entirely martensitic. PTA layers present coarse
columnar martensitic grains compared to the fine grain of the DMD layer. The grain
size difference between layers led to the variation of mechanical properties. DMD
coatings have a higher hardness and strength than PTA layers and the bulk material.
The tensile properties of hybrid DMD-PTA layers were more comparable with the ones
of PTA layers. Obviously, this result depends on the shares of each structure if a part
is fabricated by both processes. The mean yield strengths of samples fabricated with
the hybrid PTA-DMD layers are 800-850 MPa, while these properties are 794 MPa and
984 MPa in samples made with pure PTA and pure DMD, respectively.
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The present dissertation addressed the enhancement of the deposition rate of the
powder-based laser DMD through various routes. Preliminary, a literature review was
presented in different DMD techniques with the focus on their productivity to get an idea of
the state-of-the-art and capable methods for fabricating large parts. The conclusion reached
from this review was that the plasma and electric arc wire-based DMD systems, offer a higher
deposition rate compared with the other DMD methods. However, this advantage is
countered by the disadvantage of deposition of layers at a lower geometrical resolution, as
well as the manufacturing of components at more moderate shape complexity. On the subject
of the laser source, the productivity of the wire-based DMD process is currently not notably
higher than the powder-based, but the latter one offers better process stability and a broader
range of materials selecting. The literature research also revealed that powder-based plasma
DMD yields a high deposition rate (up to 20 kg/h) and has the potential to be employed in AM,
although the studies in this field were still limited to the Micro PTA class. From this review,
the research was continued to investigate the improvement of the build-up rate.
In the first step, the laser parameters were examined for processing of the stainless
steel material X3CrNiMo13-4 (1.4313), and their actions on the clad geometries and build-up
rate were analyzed. The physical equations were taken as a guide to ascertain the optimum
parameter combination as well as for the process scaling approaches. The linear regression
analysis was studied to establish a link between the laser parameters (the spot size, the scan
speed, and the powder feed rate) and the clad geometry, as well as the deposition rate. The
outcome of the study was the processing map, which was modeled on empirical statistical
relations. This map presented a wide plausible processing window to obtain depositing of
well-bonded layers at different layer heights and built up rates. Besides, it prescribed the
optimum parameter combination to deposit layer at the maximum deposition rate and
powder melting efficiency (see section 4.3.3.). It was demonstrated that the proper geometry
of a single track is vital in the building of defect-free overlapped tracks, as well as the
productivity of multiple layers.
In the next step, different approaches were examined to scale up the process, aiming
to increase the deposition rate. As the dynamic of the melt pool, hence the clad geometry,
changes at the higher level of the laser power and powder flow, the aspect ratio factor,
together with the melt pool depths, were defined as a criterion for evaluation of the success
of the process scaling approaches. The proper value of these parameters can guarantee the
deposition of defect-free multiple layers. The output of this study was a developed approach
(Ap.2) and two equations, assisting in formulating the process parameters when the laser
power is magnified from the low power to a higher power (see section 4.3.4). It can be
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deduced from process scaling analysis that by scaling the laser power, the spot size must be
enlarged, which inevitably increases the track width. It was observed that when the spot size
remains unchanged by increasing the laser power and powder flow (aiming to deposit thin
track), a non-uniform melt pool depth (over-melting in the center of the track) is formed.
Besides, a lack of bonding can occur on the edges of a track. Although this error can be
minimized if the scan speed increases majorly, it can lead to the poor powder melting
efficiency on the other hand (see discussion in section 4.3.1). A summary of detailed
parameters investigation and process scaling approaches were given in section 4-4.
In chapter 4, process scaling was performed up to the maximum laser output of the
DMD machine (3kW). However, the proposed approach (Ap.2) is capable of being employed
to transfer parameters from a current system to a new system with higher laser power. The
equations (4.20) and (4.21), developed in section 4.3.4, can be used for this purpose to
calculate the initial values of the parameters based on the result of the aspect ratio. Obviously,
many factors play a part in transferring the parameters to a new system such as the substrate
surface condition, operating ambient, gas flow condition, the laser intensity profile, etc.
However, the following steps are suggested to be considered to estimate the value of the
aspect ratio more precisely:





The laser power output in a new system needs to be measured, and the powerwaste difference is compensated in the power input.
The constant value 𝜅 needs to be adjusted according to the laser absorptivity
coefficient of the material in a new system.
The powder flow in a new powder feeder system should be calibrated.
The powder profile of a new nozzle is measured to specify the powder
catchment coefficient at the given spot diameter.

Increasing the deposition rate through the process scaling method is predominantly
limited to a maximum power output of the available laser system. As was discussed,
purchasing a new laser system with high-power is currently very costly. Therefore a hybrid
process of the IH and DMD (coaxial IH-DMD) process was presented in chapter 5 for further
enhancement of the deposition rate. The main factors, which influence the decision in
modulating the IH coil and the DMD nozzle were discussed. Also, the coloration of IH
parameters, including electric current of the coil, frequency of generator, role of magnetic flux
controller, as well as scan speed of DMD process on the generated surface temperature, was
presented. A simulation model of IH was developed in COMSOL Multiphysics, which
incorporates the aforementioned parameters and supports the IH-DMD setup by a proper
estimating of IH parameters. Besides, the approaches to tune the DMD parameters and reshape the process, as well as the electrical deposition efficiency, were discussed. The key
finding of the results was listed in the summary of chapter 5 in section 5.5.
It can be concluded that the main interest of IH-DMD lied in their ability to increase
the deposition rate by a factor of three. The build-up rate leveled up from approximately 0.3
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kg/h to 0.9 kg/h at the fixed power of 1.2kW. The limitation of the max power output of the
IH unit, as well as the coupling gap, restrict conducting further experiments at a higher laser
power. However, it can be expected that if the maximum laser power output (3kW) of the
system is used, the productivity can be level up proportionally, and reached approximately
6Kg/h. In this parameter set, the required electric current flow on the coil should be 1350 A,
to generate the same surface temperature of 650 ℃ at the coupling gap of 2 mm, based on
the IH simulation model.
On this account, IH-DMD is one of the simplest and most economical ways to enhance
productivity. However, the notable drawbacks of this hybrid solution are the limited ability to
build complex shapes, as well as the processing of the ferromagnetic powder materials. The
first technological impediment stems from the condition that the majority of available
operation distance of the DMD configuration is occupied by the IH-inductor. Accordingly, it
leads to the restriction of tilting the DMD head (or working table) in case of a need (e.g.,
deposition of overhang elements). In order words, the AM fabrication of a component might
be restricted to a planar deposition if the IH-inductor is considered as a fixed tool on the DMD
head.
The second obstacle is due to the trapping of the ferromagnetic powder particles in
the magnetic field of the coil based on the results achieved with X3CrNiMo13-4 material (see
section 5.4). The solutions that can be examined to process the ferromagnetic powder in a
more stable condition may possess the following properties. Firstly, the bottom side of the
inductor coil is isolated with a non-electrical conductive layer to prevent a short circuit and
the flow of the electric current through the powder particle chains. This shielding layer should
be thin due to the limited WD space and the role of the 𝐶𝑔 factor on the heating efficiency and
resist in a high thermal load during the laser process. Secondly, an additional sequence needs
to be considered while programming DMD paths to unload the accumulated powder under
the face of the coil to a non-processing zone to prevent the risk of metallurgical contamination
of the deposited layers.
A combined PTA-DMD technique was introduced in chapter 6, aimed to increase
productivity in a component fabrication. A comparison study on the specification of both
methods was conducted to evaluate the feasibility of the integration (see section 6.1).
Subsequently, experiments were performed using material X3CrNiMo13-4 to examine the
capability of high current PTA in AM, as well as the joining strategy of dissimilar PTA-DMD
tracks. Besides, the mechanical properties of the produced hybrid layers were analyzed. Detail
of microstructures and material characterizations of combined PTA-DMD layers were
presented in section 6.3.3. A summary of the key findings was drawn in section 6.4.
The conclusion reached from this study was that this new approach is capable of being
integrated into an individual DMD machine at a low level of complexity and cost. The build-up
rate of the PTA track was 2–5 times higher than the DMD track but at the broader track width
(5–7 times higher). Therefore, these two processes can contribute to fabricating a large part
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in a way that the PTA head builds less precise and thick elements, whereas complex and thin
features are produced by the DMD head.
Despite these advantages, some points need to be highlighted if the industrial
implementation of the proposed idea is considered. First, there is a major size difference
between the deposited tracks by the regular PTA and laser DMD, which made the side-by-side
deposition of these layers challenging. The current CAM software needs to be developed to
allow the contribution of different tracks width and height in each individual layer. In better
words, the software should distinguish the unfilled-area after rough deposition with the PTA
head and allows the users to generate weld paths with a fine deposition (DMD head) to
complete this zone.
On the subjects of the microstructure, dense layers were observed in the micrographic
images of the fabricated samples by both methods. It is a good outcome, particularly when
compared with the result of high-power laser DMD (high porosity in the samples were
reported by researchers, see section 2.3.1). However, there was a significant difference
between the grain size of the PTA and DMD layers. Based on the micrographic image, they are
larger and coarser in the PTA compared to laser DMD. Besides, the columnar grains are parallel
to the building direction. These features would inevitably lead to microstructure anisotropy in
the as-deposited part. The solution which can be proposed is using heat treatment and hot
isostatic pressing (HIP). Proper heat treatment can cure defects and anisotropy and allow
relaxation of residual stresses and modifying the deposited microstructure, as was proposed
by the researcher in a similar application (e.g., samples produced at high-power laser DMD,
see section 2.3.1).

107

REFERENCES

[1]

A.I.Som (2015) effect of powder feeding system into arc on its losses and efficiency of
plasma transfered arc surfacing in international conferance surfacing

[2]

Acherjee B (2018) Hybrid laser arc welding: State-of-art review. Optics & Laser
Technology, 99: p. 60-71.

[3]

Alberti EA, Bueno BMP, D’Oliveira ASCM (2016) Additive manufacturing using plasma
transferred arc. The International Journal of Advanced Manufacturing Technology,
83(9): p. 1861-1871.

[4]

Baake E, Nacke B (2016) Induction Heating: Heating | Hardening | Annealing | Brazing
| Welding. Vulkan Verlag.

[5]

Bagger C, Olsen FO (2005) Review of laser hybrid welding. Journal of Laser
Applications, 17(1): p. 2-14.

[6]

Barroi A, Hermsdorf J, Kling R (2011) Cladding and Additive Layer Manufacturing with
a laser supported arc process. in Proceedings of the Solid Freeform Fabrication
Symposium.

[7]

Barroi A, Hermsdorf J, Prank U, Kaierle S (2013) A novel approach for high deposition
rate cladding with minimal dilution with an arc–laser process combination. Physics
Procedia, 41: p. 249-254.

[8]

Barroi A, Zimmermann F, Hermsdorf J, Kaierle S, Wesling V, Overmeyer L (2016)
Evaluation of the laser assisted double wire with nontransferred arc surfacing process
for cladding. Journal of Laser Applications, 2: p. 22306.

[9]

Baufeld B, Van der Biest O, Gault R (2010) Additive manufacturing of Ti–6Al–4V
components by shaped metal deposition: microstructure and mechanical properties.
Materials & Design, 31: p. S106-S111.

[10]

Bharath RR, Ramanathan R, Sundararajan B, Srinivasan PB (2008) Optimization of
process parameters for deposition of Stellite on X45CrSi93 steel by plasma transferred
arc technique. Materials & Design, 29(9): p. 1725-1731.

[11]

Bohatch R, Athayde J, Siqueira J, Scheid A (2015) Influence of processing on the
microstructure and properties of CoCrMoSi alloy PTA coatings. Soldagem & Inspeção,
20(2): p. 219-227.

REFERENCES

[12]

Bonaccorso F, Cantelli L, Muscato G (2011) An arc welding robot control for a shaped
metal deposition plant: Modular software interface and sensors. IEEE Transactions on
Industrial Electronics, 58(8): p. 3126-3132.

[13]

Bouaifi B, Plegge T, Dommer D, Hettiger F, Hallen H (1992) High Performance PlasmaPowder Weld Surfacing) Increase in Efficiency and in the Service Life of Components
Subject to Wear and Corrosion. Schweissen Schneiden, 12.

[14]

Brandl E, Palm F, Michailov V, Viehweger B, Leyens C (2011) Mechanical properties of
additive manufactured titanium (Ti–6Al–4V) blocks deposited by a solid-state laser and
wire. Materials & Design, 32(10): p. 4665-4675.

[15]

Brezina P (1983) Martensitic Cr-Ni steels with low C content. Part 1. Journal of heat
treatment and materials HTM: p. 197-214.

[16]

Brunner-Schwer C, Kersting R, Graf B, Rethmeier M (2018) Laser-plasma-cladding as a
hybrid metal deposition-technology applying a SLM-produced copper plasma nozzle.
Procedia CIRP, 74: p. 738-742.

[17]

Brunner-Schwer C, Petrat T, Graf B, Rethmeier M (2019) Highspeed-plasma-lasercladding of thin wear resistance coatings: A process approach as a hybrid metal
deposition-technology. Vacuum, 166: p. 123-126.

[18]

Colaco R, Costa L, Guerra R, Vilar R (1996) A simple correlation between the geometry
of laser cladding tracks and the process parameters, in Laser Processing: surface
treatment and film deposition. Springer. p. 421-429.

[19]

COMSOL (2019) AC/DC Module User's Guide, version 5.4", COMSOL, Inc,
www.comsol.com.

[20]

Cortina M, Arrizubieta JI, Ruiz JE, Lamikiz A, Ukar E (2018) Design and manufacturing
of a protective nozzle for highly reactive materials processing via Laser Material
Deposition. Procedia CIRP, 68: p. 387-392.

[21]

Cunningham R, Nicolas A, Madsen J, Fodran E, Anagnostou E, Sangid MD, Rollett AD
(2017) Analyzing the effects of powder and post-processing on porosity and properties
of electron beam melted Ti-6Al-4V. Materials Research Letters, 5(7): p. 516-525.

[22]

d’Oliveira ASCM, Vilar R, Feder CG (2002) High temperature behaviour of plasma
transferred arc and laser Co-based alloy coatings. Applied Surface Science, 201(1): p.
154-160.

[23]

Dalaee M, Cheaitani F, Arabi-Hashemi A, Rohrer C, Weisse B, Leinenbach C, Wegener
K (2020) Feasibility study in combined direct metal deposition (DMD) and plasma
transfer arc welding (PTA) additive manufacturing. The International Journal of
Advanced Manufacturing Technology: p. 1-15.

[24]

Dalaee MT, Gloor L, Leinenbach C, Wegener K (2020) Experimental and numerical
study of the influence of induction heating process on build rates Induction Heating109

REFERENCES

assisted laser Direct Metal Deposition (IH-DMD). Surface and Coatings Technology,
384: p. 125275.
[25]

Dass A, Moridi A (2019) State of the art in directed energy deposition: From additive
manufacturing to materials design. Coatings, 9(7): p. 418.

[26]

de Lange D, Hofman J, Meijer J (2005) Influence of intensity distribution on the
meltpool and clad shape for laser cladding. in Proceedings of the Third International
WLT-Conference on Lasers in Manufacturing, Munich. Citeseer.p. 1-5.

[27]

Deshmukh D, Kalyankar V (2019) Deposition Characteristics of Multitrack Overlayby
Plasma Transferred Arc Welding on SS316Lwith Co-Cr Based Alloy–Influence ofProcess
Parameters. High Temperature Materials and Processes, 38(2019): p. 248-263.

[28]

Deuis R, Yellup J, Subramanian C (1998) Metal-matrix composite coatings by PTA
surfacing. Composites science and technology, 58(2): p. 299-309.

[29]

DuMola R, Heath G (1997) New developments in the plasma transferred arc process.
in Proceedings of the united thermal spray conference, Indianapolis, IN. ASM
International, Materials Park, OH.p. 427-434.

[30]

Dutta B (2015) Method of high rate direct material deposition, US20160271732A1,
DM3D Tech LLC.

[31]

Eisenbarth D, Wirth F, Spieldiener K, Wegener K (2017) Enhanced Toolpath Generation
for Direct Metal Deposition by Using Distinctive CAD Data. in International Conference
on Additive Manufacturing in Products and Applications. Springer.p. 152-161.

[32]

Engeli R (2017) Selective Laser Melting &amp; Heat Treatment of γ´ Strengthened Nibase Superalloys for High Temperature Applications. PhD Thesis ETH Zürich.

[33]

Fauchais PL, V.R.Heberlein J, I.Boulos M (2014) Thermal Spray Fundamentals: From
Powder to Part. Springer US.

[34]

Ferguson JB, Schultz BF, Moghadam AD, Rohatgi PK (2015) Semi-empirical model of
deposit size and porosity in 420 stainless steel and 4140 steel using laser engineered
net shaping. Journal of Manufacturing Processes, 19: p. 163-170.

[35]

Fernandes F, Lopes B, Cavaleiro A, Ramalho A, Loureiro A (2011) Effect of arc current
on microstructure and wear characteristics of a Ni-based coating deposited by PTA on
gray cast iron. Surface and Coatings Technology, 205(16): p. 4094-4106.

[36]

Gaja H, Liou F (2017) Defects monitoring of laser metal deposition using acoustic
emission sensor. The International Journal of Advanced Manufacturing Technology,
90(1): p. 561-574.

[37]

Gatto A, Bassoli E, Fornari M (2004) Plasma Transferred Arc deposition of powdered
high performances alloys: process parameters optimisation as a function of alloy and
geometrical configuration. Surface and Coatings Technology, 187(2): p. 265-271.
110

REFERENCES

[38]

Gegel ML, Bristow DA, Landers RG (2018) A Quadratic-Optimal Repetitive Process
Controller for Laser Metal Deposition. in 2018 Annual American Control Conference
(ACC).p. 4446-4451.

[39]

GmbH M (2019) 1.4313 / AISI 415ia a chromium-nickel stainless steel.

[40]

Gnyusov S, Degterev A, Tarasov SY (2018) The effect of plasma torch weaving on
microstructural evolution in multiple-pass plasma-transferred arc Fe-Cr-V-Mo-C
coating. Surface and Coatings Technology, 344: p. 75-84.

[41]

Guo W (2007) Compact coaxial nozzle for laser cladding. Google Patents.

[42]

Haimbaugh RE (2001) Practical induction heat treating. ASM international.

[43]

Hallen H, Ait-Mekideche A, Hettiger F, Mathesius H, Morkramer U, Lugscheider E
(1992) New applications for high power PTA surfacing in the steel industry. Thermal
Spray: International Advances in Coatings Technology: p. 899-902.

[44]

Hallen H, Lugscheider E, Ait-Mekideche A (1991) Plasma transferred arc surfacing with
high deposition rates. in Proceedings of conference on thermal spray coatings:
properties. processes and applications, Pittsburgh, USA.p. 4-10.

[45]

Henry M, Fearon E, Watkins K, Dearden G (2001) The laser cladding of hastalloy to
critical surfaces of stainless steel components. in International Congress on
Applications of Lasers & Electro-Optics. LIA.p. 631-640.

[46]

Heralic A (2012) Monitoring and control of robotized laser metal-wire deposition.
Chalmers University of Technology.

[47]

Ho CY, Chu T (1977) Electrical resistivity and thermal conductivity of nine selected AISI
stainless steels. thermophysical and electronic properties information analysis center.

[48]

Hu D, Kovacevic R (2003) Sensing, modeling and control for laser-based additive
manufacturing. International Journal of Machine Tools and Manufacture, 43(1): p. 5160.

[49]

Hunt CS (1988) Plasma Transferred Arc (PTA) Surfacing of Small and Medium Scale

Components – a Review, in Welding Institute Members Report 364/1988. p. pp. 3-46.
[50]

ImageJ Fiji. Available from: https://imagej.net/Fiji.

[51]

Ion JC (2005) Chapter 12 - Cladding, in Laser Processing of Engineering Materials, John
C. Ion, Editor. Butterworth-Heinemann: Oxford. p. 296-326.

[52]

IWS F (2019) Hybrid processing head COAXpowerline. [cited 2019; Available from:
www.iws.fraunhofer.de.

[53]

Jin Y-a, He Y, Xue G-h, Fu J-z (2015) A parallel-based path generation method for fused
deposition modeling. The International Journal of Advanced Manufacturing
Technology, 77(5-8): p. 927-937.
111

REFERENCES

[54]

Jonnalagadda A, Scharek S, Bratt C, Albert D, Weitzer T (2011) Induction assisted laser
cladding for high deposition rates. in International Congress on Applications of Lasers
& Electro-Optics. LIA.p. 283-294.

[55]

Karunakaran K, Bernard A, Suryakumar S, Dembinski L, Taillandier G (2012) Rapid
manufacturing of metallic objects. Rapid Prototyping Journal, 18(4): p. 264-280.

[56]

Kennedy MW, Akhtar S, Bakken JA, Aune RE (2011) Analytical and Experimental
Validation of Electromagnetic Simulations Using COMSOL®, re Inductance, Induction
Heating and Magnetic Fields. in COMSOL Users Conference, Stuttgart Germany.p. 1-9.

[57]

Keränen M (2010) Effect of welding parameters on plasma transfered arc welding
method on abrasive wear resistance of 12v tool steel deposition, in Department of
Engineering Design and Production. Aalto University: FINLAND.

[58]

Kistler NA, Corbin DJ, Nassar AR, Reutzel EW, Beese AM (2019) Effect of processing
conditions on the microstructure, porosity, and mechanical properties of Ti-6Al-4V
repair fabricated by directed energy deposition. Journal of Materials Processing
Technology, 264: p. 172-181.

[59]

Koester LW, Taheri H, Bigelow TA, Bond LJ, Faierson EJ (2018) In-situ acoustic signature
monitoring in additive manufacturing processes. in AIP Conference Proceedings. AIP
Publishing.p. 020006.

[60]

Laeng J, Stewart J, Liou FW (2000) Laser metal forming processes for rapid prototypingA review. International Journal of Production Research, 38(16): p. 3973-3996.

[61]

Lakshminarayanan A, Balasubramanian V, Varahamoorthy R, Babu S (2008) Predicting
the dilution of plasma transferred arc hardfacing of stellite on carbon steel using
response surface methodology. Metals and Materials International, 14(6): p. 779.

[62]

Lia F, Park J, Tressler J, Martukanitz R (2017) Partitioning of laser energy during
directed energy deposition. Additive Manufacturing, 18: p. 31-39.

[63]

Liu P, Wang Z, Xiao Y, Horstemeyer MF, Cui X, Chen L (2019) Insight into the
mechanisms of columnar to equiaxed grain transition during metallic additive
manufacturing. Additive Manufacturing, 26: p. 22-29.

[64]

Liu Q, Sharp P, Brandt M, Durandet Y (2003) A Investigation into the application of laser
cladding to repair damaged 7075 aluminium alloy. in International Conference on
Surface Engineering, Sydney, September.p. 10-11.

[65]

Liu S, Zhang Y, Kovacevic R (2015) Numerical simulation and experimental study of
powder flow distribution in high power direct diode laser cladding process. Lasers in
Manufacturing and Materials Processing, 2(4): p. 199-218.

[66]

Mahrle A, Beyer E (2006) Hybrid laser beam welding-classification, characteristics, and
applications. Journal of Laser Applications, 18(3): p. 169-180.

112

REFERENCES

[67]

Mandal S, Kumar S, Bhargava P, Premsingh C, Paul C, Kukreja L (2014) An Analysis on
Bead Characteristics in Material Deposition by PTAW Process. in Applied Mechanics
and Materials. Trans Tech Publ.p. 33-37.

[68]

Mann S, Nottrodt O (2019) New sensor and system technology for higher process
stability in LMD. in High-Power Laser Materials Processing: Applications, Diagnostics,
and Systems VIII. International Society for Optics and Photonics.p. 109110I.

[69]

Martina F, Mehnen J, Williams SW, Colegrove P, Wang F (2012) Investigation of the
benefits of plasma deposition for the additive layer manufacture of Ti–6Al–4V. Journal
of Materials Processing Technology, 212(6): p. 1377-1386.

[70]

Mercado Rojas JG, Wolfe T, Fleck BA, Qureshi AJ (2018) Plasma transferred arc additive
manufacturing of Nickel metal matrix composites. Manufacturing Letters, 18: p. 31-34.

[71]

Merklein M, Junker D, Schaub A, Neubauer F (2016) Hybrid Additive Manufacturing
Technologies – An Analysis Regarding Potentials and Applications. Physics Procedia,
83: p. 549-559.

[72]

Mukherjee T, Manvatkar V, De A, DebRoy T (2017) Dimensionless numbers in additive
manufacturing. Journal of Applied Physics, 121(6): p. 064904.

[73]

Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D (2018) Additive manufacturing
(3D printing): A review of materials, methods, applications and challenges. Composites
Part B: Engineering, 143: p. 172-196.

[74]

NorskTitanium (2019) Rapid Plasma Deposition technology Available from:
https://www.norsktitanium.com/technology.

[75]

Nowotny S, Brueckner F, Thieme S, Leyens C, Beyer E (2015) High-performance laser
cladding with combined energy sources. Journal of Laser Applications, 27(S1): p.
S17001.

[76]

Nowotny S, Scharek S, Kempe F, Beyer E (2003) COAXn: Modular system of powder
nozzles for laser beam build-up welding. in International Congress on Applications of
Lasers & Electro-Optics. LIA.p. P519.

[77]

Oberländer BC, Lugscheider E (1992) Comparison of properties of coatings produced
by laser cladding and conventional methods. Materials Science and Technology, 8(8):
p. 657-665.

[78]

OerlikonMetco (2014) Material product data sheet: Nickel-based superalloy powders
for laser cladding and laser-additive manufacturing. Available from:
https://www.oerlikon.com/ecomaXL/files/metco/oerlikon_DSMW0002.6_NiSuperalloys_LaserCladding.pdf&download=1, accessed 2015-12-03.

[79]

Olsen FO (2009) Hybrid laser-arc welding. Elsevier.

[80]

Pajukoski H, Näkki J, Thieme S, Tuominen J, Nowotny S, Vuoristo P (2012) Laser
cladding with coaxial wire feeding.
113

REFERENCES

[81]

Pangsrivinij S, McGuffin-Cawley J, Quinn R, Narayanan B, Zhang S, Denney P (2016)
Calculation of energy balance and efficiency in Laser Hot-Wire (LHW) cladding process.
in 2016 International Symposium on Flexible Automation (ISFA).p. 217-222.

[82]

Pinkerton AJ (2010) 16 - Laser direct metal deposition: theory and applications in
manufacturing and maintenance, in Advances in Laser Materials Processing, J.
Lawrence, et al., Editors. Woodhead Publishing. p. 461-491.

[83]

Poprawe R (2005) Lasertechnik für die Fertigung. Grundlagen, Perspektiven und
Beispiele für Den Innovativen Ingenieur; Mit 26 Tabellen.

[84]

Qian Y-P, Huang J-H, Zhang H-O, Wang G-L (2008) Direct rapid high-temperature alloy
prototyping by hybrid plasma-laser technology. Journal of Materials Processing
Technology, 208(1): p. 99-104.

[85]

Rabin B, Smolik G, Korth G (1990) Characterization of entrapped gases in rapidly
solidified powders. Materials Science and Engineering: A, 124(1): p. 1-7.

[86]

Rayna T, Striukova L (2016) From rapid prototyping to home fabrication: How 3D
printing is changing business model innovation. Technological Forecasting and Social
Change, 102: p. 214-224.

[87]

Rob Goldstein WS, Micah Black (2014) Design and Fabrication of Inductors for
Induction Heat Treating. ASM Handbook, Volume 4C, Induction Heating and Heat
Treatment.

[88]

Rodríguez-Araújo J, Garcia-Diaz A, Panadeiro V, Knaak C (2017) Uncooled MWIR PbSe
technology outperforms CMOS in RT closed-loop control and monitoring of laser
processing. in Applied Industrial Optics: Spectroscopy, Imaging and Metrology. Optical
Society of America.p. ATh2A. 2.

[89]

Rooyen C, Burger H, Kazadi BP (2006) Microstructure of laser cladded martensitic
stainless steel.

[90]

Rudnev V (2005) Electromagnetic forces in induction heating. Vol. 5.

[91]

Rudnev V, Loveless D, Cook RL, Black M (2016) Handbook of Induction Heating, Second
Edition. Taylor & Francis.

[92]

Rudnev V, R Akers R, Baake E, Lynn Ferguson B, Fasm, A Fett G, Hoppe R, Matlock D,
Nacke B, Leibniz, Nash P, Pfaffmann G, Sisson R, Vantyne C, Zinn S, Marken K, D Henry
S, Kubel E, Marquard E, Totten G (2014) ASM Handbook Volume 4C: Induction Heating
and Heat Treatment.

[93]

Rudnev V, Totten G (2014) Magnetic Flux Controllers in Induction Heating and Melting.

[94]

Rütering M (2019) Optimizing components and surfaces with diode laser. Available
from: https://www.lasersystemseurope.com/.

114

REFERENCES

[95]

Saltzman G, Sahoo P (1991) Applications of plasma arc weld surfacing in turbine
engines. in Proc. of the Fourth National Thermal Spray Conf., Pittsburgh, USA.p. 4-10.

[96]

Schneider M (1998) PhD Thesis. Universiteit Twente.

[97]

Schopphoven T, Gasser A, Wissenbach K, Poprawe R (2016) Investigations on ultrahigh-speed laser material deposition as alternative for hard chrome plating and
thermal spraying. Journal of Laser Applications, 28(2): p. 022501.

[98]

SciakyInc (2019) Advantages of Wire AM vs. Powder AM. . Available from:
https://www.sciaky.com/additive-manufacturing/wire-vs-powder.

[99]

SciakyInc (2019) American manufacturer of metal 3d printing systems and industrial
welding systems. Available from: https://www.sciaky.com/.

[100] Sciammarella F, Salehi Najafabadi B (2018) Processing Parameter DOE for 316L Using
Directed Energy Deposition. Journal of Manufacturing and Materials Processing, 2(3):
p. 61.
[101] Sealy MP, Madireddy G, Williams RE, Rao P, Toursangsaraki M (2018) Hybrid Processes
in Additive Manufacturing. Journal of Manufacturing Science and Engineering, 140(6):
p. 060801-060801-060813.
[102] Seibold G (2006) Absorption technischer Oberflächen in der Lasermaterialbearbeitung.
Utz, Wiss.
[103] Selvi S, Vishvaksenan A, Rajasekar E (2018) Cold metal transfer (CMT) technology - An
overview. Defence Technology, 14(1): p. 28-44.
[104] Shakhverdova I, Nowotny S, Thieme S, Kubisch F, Beyer E, Leyens C (2018) Coaxial Laser
Wire Deposition. Journal of Physics: Conference Series, 1109: p. 012026.
[105] Shia X, Maa S, Liua C, Wua Q, Lua J, Liub Y, Shib W (2017) Selective laser melting-wire
arc additive manufacturing hybrid fabrication of Ti-6Al-4V alloy: Microstructure and
mechanical properties. Materials Science and Engineering: A, 684: p. 196-204.
[106] Shubert GC (1987) Welding apparatus method for depositing wear surfacing material
and a substrate having a weld bead thereon. Google Patents.
[107] Song J, Chew Y, Bi G, Yao X, Zhang B, Bai J, Moon SK (2018) Numerical and experimental
study of laser aided additive manufacturing for melt-pool profile and grain orientation
analysis. Materials & Design, 137: p. 286-297.
[108] Stecker S, Lachenberg K, Wang H, Salo R (2006) Advanced electron beam free form
fabrication methods & technology. in American Welding Society Conference, Missoula,
MT, Nov.p. 35-46.
[109] Steen W (1986) Laser surface cladding, in Laser Surface Treatment of Metals. Springer.
p. 369-387.

115

REFERENCES

[110] Steen W (1989) Laser surface cladding. Principles of solidification and materials
processing. in Proceedings of the INDO-US workshop.p. 163-178.
[111] StellbaAG (2020); Available from: http://www.stellba.ch/index.php?lang=de.
[112] Stempfer F (2014) Method and arrangement for building metallic objects by solid
freeform fabrication, Norsk Titanium AS.
[113] Stempfer F (2016) Method and arrangement for building metallic objects by solid
freeform fabrication. Google Patents.
[114] Strickland JD (2016) Applications of Additive Manufacturing in the marine industry.
Proceedings of PRADS2016, 4: p. 8th.
[115] Sun S, Brandt M, Harris J, Durandet Y (2006) The influence of stellite 6 particle size on
the inter-track porosity in multi-track cladding. Surface and Coatings Technology,
201(3-4): p. 998-1005.
[116] Syed WUH, Li L (2005) Effects of wire feeding direction and location in multiple layer
diode laser direct metal deposition. Applied Surface Science, 248(1-4): p. 518-524.
[117] Tahaei A, Vazquez FG, Merlin M, Arizmendi-Morquecho A, Valdes FAR, Garagnani GL
(2016) Metallurgical Characterization of a Weld Bead Coating Applied by the PTA
Process on the D2 Tool Steel. Soldagem & Inspeção, 21(2): p. 209-219.
[118] Tasak E, Ziewiec A, Wasilewska B, Walczyk J (2011) Influence of post-weld heat
treatment (PWHT) on the structure and properties of welded joints of chromium–
nickel stainless steel with soft martensite. Welding International, 25(8): p. 608-613.
[119] Tasak E, Ziewiec A, Zielińska-Lipiec A, Ziewiec K (2019) Problems of pad welding
structural steels with martensitic filler metal. Advances in Materials Science, 19(2): p.
5-14.
[120] Tepylo N, Huang X, Patnaik P (2019) Laser-Based Additive Manufacturing Technologies
for Aerospace Applications. Advanced Engineering Materials.
[121] Toyserkani E, Khajepour A, Corbin SF (2004) Laser Cladding. CRC Press.
[122] TrumpfAG (2020) TRUMPF-laser-beam-sources-broschure. Available from:
https://www.trumpf.com/filestorage/TRUMPF_Master/Products/Lasers/02_Brochur
es/TRUMPF-laser-beam-sources-broschure-EN.pdf.
[123] Tucker Jr RC (2013) ASM Handbook, Volume 5A, Thermal Spray Technology. plastics
industry, 335: p. 336.
[124] Tuominen J, Naekki J, Pajukoski H, Peltola T, Vuoristo P (2013) High deposition rate
laser cladding—Recent advancements. LaserToday.
[125] Tuominen J, Näkki J, Pajukoski H, Peltola T, Vuoristo P, Kuznetsov M, Turichin G (2011)
Laser cladding with 15 kW fiber laser. in Proceedings of the 13th NOLAMP Conference
in Trondheim. Norwegian University of Science and Technology Trondheim.p. 27-29.
116

REFERENCES

[126] van Rooyen C (2008) Microstructural Development During Laser Cladding of Low-C
Martensitic Stainless Steel. Welding in the World, 52(3): p. 22-29.
[127] Vilar R (2014) 10.07 - Laser Powder Deposition, in Comprehensive Materials
Processing, Saleem Hashmi, et al., Editors. Elsevier: Oxford. p. 163-216.
[128] Wang D, Hu Q, Zheng Y, Xie Y, Zeng X (2016) Study on deposition rate and laser energy
efficiency of Laser-Induction Hybrid Cladding. Optics & Laser Technology, 77: p. 16-22.
[129] Wang H, Jiang W, Valant M, Kovacevic R (2003) Microplasma powder deposition as a
new solid freeform fabrication process. Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture, 217(12): p. 1641-1650.
[130] Wang P, Hu S, Shen J, Liang Y (2017) Characterization the contribution and limitation
of the characteristic processing parameters in cold metal transfer deposition of an Al
alloy. Journal of Materials Processing Technology, 245: p. 122-133.
[131] Weisheit A, Gasser A, Backes G, Jambor T, Pirch N, Wissenbach K (2013) Direct laser
cladding, current status and future scope of application, in Laser-assisted fabrication
of materials. Springer. p. 221-240.
[132] Wilden J, Bergmann JP, Frank H (2006) Plasma transferred arc welding—modeling and
experimental optimization. Journal of Thermal Spray Technology, 15(4): p. 779-784.
[133] Wirth F (2018) Process understanding, modeling and predictive simulation of laser
cladding. PhD Thesis ETH Zürich.
[134] Wirth F, Wegener K (2018) A physical modeling and predictive simulation of the laser
cladding process. Additive Manufacturing, 22: p. 307-319.
[135] Withers J, Storm R, Shapovalov V, Loutfy R (2012) An all titanium gun barrel containing
a TiCN liner. Materials and Manufacturing Processes, 27(8): p. 878-881.
[136] Witzel J, Kelbassa I, Gasser A, Backes G (2010) Increasing the deposition rate of Inconel
718 for LMD. in International Congress on Applications of Lasers & Electro-Optics.
LIA.p. 304-310.
[137] Wolff SJ, Lin S, Faierson EJ, Liu WK, Wagner GJ, Cao J (2017) A framework to link
localized cooling and properties of directed energy deposition (DED)-processed Ti-6Al4V. Acta Materialia, 132: p. 106-117.
[138] Wu B, Pan Z, Ding D, Cuiuri D, Li H, Xu J, Norrish J (2018) A review of the wire arc
additive manufacturing of metals: properties, defects and quality improvement.
Journal of Manufacturing Processes, 35: p. 127-139.
[139] Wu X, Zhu B, Zeng X, Hu X, Cui K (1996) Critical state of laser cladding with powder
auto-feeding. Surface and Coatings Technology, 79(1-3): p. 200-204.
[140] Xin C, Zengyi T (1990) Maximum thickness of laser cladding [J]. Chinese Journal of
Lasers, 3.
117

REFERENCES

[141] Xiong J, Zhang G, Gao H, Wu L (2013) Modeling of bead section profile and overlapping
beads with experimental validation for robotic GMAW-based rapid manufacturing.
Robotics and Computer-Integrated Manufacturing, 29(2): p. 417-423.
[142] Yakey C, Nemkov V, Goldstein R, Jackowski J (2015) Best Practice for Design and
Manufacturing of Heat Treating Inductors.
[143] Yilmaz O, Ugla AA (2017) Development of a cold wire-feed additive layer
manufacturing system using shaped metal deposition method. Journal of Mechanical
Science and Technology, 31(4): p. 1611-1620.
[144] Zhong C, Biermann T, Gasser A, Poprawe R (2015) Experimental study of effects of main
process parameters on porosity, track geometry, deposition rate, and powder
efficiency for high deposition rate laser metal deposition. Journal of Laser Applications,
27(4): p. 042003.
[145] Zhong C, Gasser A, Kittel J, Schopphoven T, Pirch N, Fu J, Poprawe R (2015) Study of
process window development for high deposition-rate laser material deposition by
using mixed processing parameters. Journal of Laser Applications, 27(3): p. 032008.
[146] Zhong C, Gasser A, Kittel J, Wissenbach K, Poprawe R (2016) Improvement of material
performance of Inconel 718 formed by high deposition-rate laser metal deposition.
Materials & Design, 98: p. 128-134.
[147] Zhou S, Huang Y, Zeng X, Hu Q (2008) Microstructure characteristics of Ni-based WC
composite coatings by laser induction hybrid rapid cladding. Materials Science and
Engineering: A, 480(1): p. 564-572.
[148] Zinn S, Semiatin S (1988) Coil design and fabrication: basic design and modifications.
Heat treating, 12(3): p. 32-36.

118

CURRICULUM VITA

Mohammad Taghi Dalaee

Education
2011 – 2013

1997 – 2001

Master of Science (M.Sc.), Mechanical Engineering
LUT & RWTH Aachen (Finland &Germany)
Bachelor of Science (B.Sc.), Mechanical Engineering
Mazandaran University (Iran)

Experiment
2014 – 2020
2012-2013
2008-2011
2004-2008
2001-2003

inspire AG and IWF institute (Zürich, Switzerland)
Research assistant
Fraunhofer ILT (Aachen, Germany)
Internship
MAPNA Gas Turbine Blade CO. -PARTO (Tehran, Iran)
Head of Miling, Finishing and NDT units
Sanat Pajouhan KIA CO. & IRAN KHODRO CO.- Two sites- (Tehran)
Production engineer and Team supervisor
Saed system CO.
Manufacture engineer

Publication
1.) Dalaee MT, Gloor L, Leinenbach C, Wegener K (2020) Experimental and numerical
study of the influence of induction heating process on build rates Induction
Heating-assisted laser Direct Metal Deposition (IH-DMD). Surface and Coatings
Technology, 384: p. 125275.
2.) Dalaee M, Cheaitani F, Arabi-Hashemi A, Rohrer C, Weisse B, Leinenbach C,
Wegener K (2020) Feasibility study in combined direct metal deposition (DMD) and
plasma transfer arc welding (PTA) additive manufacturing. The International
Journal of Advanced Manufacturing Technology: p. 1-15.
3.) Dalaee M, Cerrutti E, I. Dey, Leinenbach C, Wegener K (2021) Parameters
development for optimum deposition rate in laser DMD of Stainless steel EN

REFERENCES

X3CrNiMo13-4. In preparation for International Journal of Advanced
Manufacturing Technology.
4.) Merkt S, Hinke C, Dalaee M, Salminen A, Purtonen T, Bültmann J (2013)
Compressive behavior of lattice structures in solid shells manufactured by SLM. The
14th Nordic Laser Materials Processing Conference; Gothenburg, Sweden: p. 91100.

120

