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Abstract

Recently, additive manufacturing (AM) is a family of new techniques that have
developed rapidly in various industries, such as aerospace, automobile, and marine
due to the time-saving characteristics, high material utilization rate, and high design
flexibility. Different from traditional subtractive and formative manufacturing
processes, AM technology has the potential to build complicated structures with
near-net-shape from the three-dimensional (3D) model in layer-upon-layer forms.
According to the raw materials, Metallic additive manufacturing (MAM) technologies
are mainly classified into powder-feeding metal additive manufacturing (PMAM) and
wire-feeding metal additive manufacturing (WMAM). PMAM provides thin-scale parts
with a low laser consumption, high dimension accuracy, high flexibility, and good
surface quality. However, the MAM method that uses recycling powder also has
some weaknesses, such as oxidation and pore defect formations, low deposition rate,
and materials waste. The use of wire materials can improve the deposition rate and
material utilization rate significantly compared with the use of powder materials with
a lower utilization rate. Thus, WMAM technology has been successfully applied in
fabricating large geometries and high near-net-shape ratio metallic components.

WMAM technology can be categorized into three types according to the heat
source: wire and arc additive manufacturing (WAAM), electron beam freeform
fabrication (EBF?), and laser additive manufacturing (LAM). Although wire and arc
additive manufacturing has the advantages of a high fabrication efficiency, low
equipment cost, large component manufacturing capability, and defect-forming
prevention compared with other AM technologies, it has challenges, such as control
of heat input, low cooling rates, large distortion, and surface fouling. Development of
the EBF3 method has been accelerated because of its ability to manufacture high-
quality near-net-shape components with better mechanical properties. This method
also has problems, such as a low deposition rate, the requirement for a vacuum
environment, and a high equipment price. The LAM method has been applied widely
and uses a high-energy density laser that is irradiated on a substrate or previous
layer. However, the conventional MAM process that uses cold wire materials
remains an ongoing challenge because of the high reflectivity on some materials, the
inability to control base metal melting and cold wire melting independently, and small
process condition tolerances. Therefore, the LAM method combined with a hot-wire
system is interesting because of its high productivity and controllability.

The objective of this thesis was to develop a high-efficiency and high-quality
(with no defects) additive manufacturing technology using a combination of a high-
power diode laser and hot-wire method with three types of metallic materials:
Stainless steel, Ni-based alloy, and 5xxx-series Aluminum alloy. In hot-wire laser
additive manufacturing (HLAM), a laser beam with high controllability serves as the
main heat source, and another heat source is Joule heat that is generated by a hot-
wire current, which heats the filler cold-wire to its melting point independently from
the heat input of the main heat source for base metal melting.



Firstly, a simple calculation method to predict the appropriate wire current was
proposed and confirmed by hot-wire feeding experiments without laser irradiation.
The results of theoretical calculation and experimental value of the appropriate
heating current were investigated. In order to clear the experiment verification, this
experiment used a high-speed camera to observe the hot-wire heating phenomenon.
As a result, the appropriate hot-wire current for heating the wire tip to nearly its
melting point for four wires (SUS308L, SUS630, Inconel625, and A5356WY) was
obtained. It is found that the hot-wire heating current is an important parameter to
achieve stable and smooth wire feeding. Excessively low and high wire currents
result in insufficient wire-tip temperature with poking on the base metal surface and
fusing and spatter formation, respectively. In the calculation method, the appropriate
current value under different conditions (e.g. wire feeding speed, temperature-
dependent specific heat, temperature-dependent specific gravity, and temperature-
dependent specific electrical resistivity) was studied in detail. As a result, the wire
temperature increment in segment length L is positively correlated with the square of
the wire current I, and negatively correlated with the wire feed speed Vr and the
diameter of filler wire. Moreover, the estimated current is in good agreement with the
experimental values over a wide range of wire feeding speeds from 0 to 20 m/min for
all four filler materials, considering both heat loss from heat convection and heat
generation by contact resistance.

Through this calculation method, the appropriate current of filler material could
be obtained under various wire feeding speeds. The final aim of this study is to a
combination of the diode laser irradiation and hot wire method. Thus, the hot-wire
laser AM by using SUS308L wire was investigated at first. High-speed imaging was
performed to monitor clear wire melting phenomena and molten pool formation
during AM processing by combining hot-wire feeding and diode laser irradiation. The
two-layer and three-layer deposited samples were then proposed and evaluated. As
a result, a process windows for a laser power from 3 to 5.5 kW, process speeds from
0.3 to 0.5 m/min, and a wire feeding rate from 20 to 40 were obtained. A large width
above 10 mm and a high deposition rate above 800 cm3/h were achieved. There are
many parameters involved in the process conditions, including laser power, process
speed, wire feeding rate, and energy heat input, mainly affect the melting
phenomenon and bead appearance of three-layer deposition. It is found that the
energy heat input was proposed as being key to obtaining adequate and stable
melting phenomena. Each wire feeding rate from 20 to 40 had a lower limitation of
energy heat input from 35 to 60 J/mm3 to create sound deposited layers. Moreover,
the effects of laser spot size on a bead shape and cross-sectional characteristics
were investigated. As a result, a sufficiently high wire feeding speed (rate) should be
used according to the laser beam width and processing speed before optimizing
other parameters in the proposed HLAM process.

Then, the AM conditions for the three types of wires (SUS308L, Inconel625,
and A5356WY) were also investigated using the appropriate wire current calculated
using the proposed method. It is found that the laser power and process speed
affected the effective width and effective height and maximum height, respectively.



The wire feeding rate had the biggest effect on height and the near net shape rate.
The optimized AM process parameters were obtained from the viewpoint of higher
material utilization and more stable bead formation according to cross-sectional
evaluations. As a results, sound three-layers and cross-sections without any defects
were obtained for the three materials types using the optimized process parameters.
A wide effective width of 9-11 mm, and a high wire feeding speed of 12-20 m/min
(deposition rate of approximately 800—1300 cm?/h) were achieved. Moreover, three
large wall-type parts with the effective width of ~10 mm, effective height above ~40
mm, and length above ~200 mm were fabricated by using optimized process
conditions, and tensile tests were performed. Large-wall samples for the three
materials types with a maximum height of 42.4-59.3 mm and a high near net shape
rate of 75-83% were obtained by using only 15 layers. A sufficient tensile strength
and elongation of large-wall of three materials were achieved. However, the thin-wall
of various materials also need to apply in special industries.

Finally, a hot-wire with narrow diode laser spot AM technique was investigated
for the deposition of 630 stainless steel. The effect of processing conditions including
the wire feeding position, defocus length and welding direction on the stability of
deposition along with the effect of the energy density distribution and process speed.
As a result, the wire feeding position significantly affected the stability of the HLAM
process. The wire feeding position that is too close (D < 0 mm) or too far (D =2 r mm)
from laser beam center results in wire dripping or wire stubbing, respectively. When
the wire feeding position (0 < D < r mm) was appropriate, the homogeneous width
deposited metal without any defects could be obtained. A process map between the
energy heat input and wire feeding rate was established for predicting the suitable
defocus length. The sound bead with no defects could be fabricated under the
suitable energy heat input ranging from ~10 to 21 J/mm3 when the wire feeding rate
is from 6.7 to 10. The substrate can be melted with the limitation of energy heat input
was ~10.5 J/mm3. Compared with hot-wire leading, the laser leading process that
pushed a forward flow of the liquid metal and acids the backward flow along the
edges of the molten pool. The laser leading condition can significantly avoid the
humping defects and improved the shape of the bead. The effect of process speed
on the neat net shape rate and microstructure of the deposited three-layer was also
investigated. It is found that the microstructure of the materials fabricated at
difference process speed was evaluated. The phases of 630 stainless steel
deposited three-layer mainly composed of a large number residual &-ferrite and a
small amount of y-austenite. The deposited metals solidify in F mode, and the
morphologies of ferrite are vermicular, skeletal and lathy.
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Introduction

1.1 Research background

1.1.1 Background of Additive Manufacturing

Additive manufacturing (AM) is a family of new techniques that have developed
rapidly in various industries, such as shipbuilding, medical, automobile, military, and
aerospace over the past decades due to the time-saving characteristics, high
material utilization rate, and high design flexibility [1-3]. Compared with traditional
subtractive manufacturing methodologies, AM technology yields continuous material
accumulation by layer-by-layer addition and high-accuracy and complex 3D
components through computer-controlled technology [4, 5]. In AM technique, the
conventional products could be manufactured as long as the CAD data, materials,
and equipment are available given. Therefore, AM technology could achieve an
integrated and quick response to the demand because the instructions of this
technology come directly from the digital model data without the need for
complicated manufacturing steps such as the die or casting molds [6-8]. In order to
reduce overproduction and transportation fee, it is also possible to produce the only
necessary amount of parts in stock when needed, thus this one-step manufacturing
enables the manufacturers to create small quantities and near-net-shape products at
a low cost. Because of these characteristics, AM technique is of great significance
from the perspective of global and next-generation manufacturing technology.

Research, development, and practical application of additive manufacturing
(AM) technologies, such as three-dimensional (3D) printing processes, have been
carried out actively over recent years [9]. The adoption timeline of AM technique was
shown in Fig.1.1. In the early 1925s, wire arc additive manufacturing (WAAM)
technology has been firstly proposed by Baker [10], and he used the electric arc as
the main thermal source and metallic wire as feedstock to manufacture the product.
From the 1980s to the 2000s, with the emergence of stereolithography (SL)
technology, electronic computers, and industrial lasers, as well as the research of
fused deposition modeling (FDM), selective laser sintering (SLS), selective laser
melting (SLM), and direct metal deposition (DMD) which indicated the arrival of early
metal laser additive manufacturing (LAM) [11-14]. The main application of AM
technique was applied in product design, part production, rapid prototyping, and
concept modeling. In the U.S., President Obama launched the "Advances
Manufacturing Partnership" in 2011. In the European Union, the "The Economist"
magazine believed that AM technology can promote the third industrial revolution.
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The “Additive Manufacturing Aiming Towards Zero Waste & Efficient Production of
High-Tech Metal Products (AMAZE)” led by the Europe Space Agency (ESA) started
in early 2013 with a budget of approximately 2 billion euros. In Japan, the "Ministry of
Economy Trade and Industry (METI)” established a study group on new
manufacturing in October 2013 and compiled a report in February 2014 [15-19]. This
report pointed out that AM technology has played an important role in the innovation
of Japanese manufacturing processes and products. Especially in the shipbuilding
and aerospace industries, they are very keen to take advantage of the
characteristics of different metal additive manufacturing. Figure 1.2 shows the total
AM market between 2014 to 2027, and it is estimated that the total annual growth
rate of the global AM market is about 20% [20]. Due to the growing demand for metal
AM technology, it is necessary to better understand the relationship between
material processing methods, mechanical properties, and microstructures in order to
produce qualified and reliable products suitable for various industries [21].

History of Additive manufacturing

1986 1987 1992 1997 2006 2014 2030-2050

Rapid Stereo-  Selective laser Laser additive Electron Selective Laser (Estimate)
Prototyping Lithography  sintering manufacturing beam melting  Sintering patent Completed

(RP) (SL) (SLS) (LAM) (EBM) expires product

1925 1988 1992 2000 2009 2016
Wire arc additive Fused deposition Selective laser Direct metal FDM patent Mass production
manufacturing modeling Melting deposition expires-growth LEAP
(WAAM) (FDM) (SLM) (DMD) in consumer 3DPs  engine part

Fig. 1.1. Additive manufacturing adoption timeline [15].
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1.1.2 Current state of metal additive manufacturing technology

Metal-based additive manufacturing (MAM) is to use metallic raw materials as a
feedstock on a substrate and then a deposited layer-upon-layer which eventually
produced the desired geometry [22-24]. There are many types of technologies in
MAM, as shown in Fig.1.3. According to the metallic raw materials, MAM
technologies are mainly classified into powder-feeding metal additive manufacturing
(PMAM) and wire-feeding metal additive manufacturing (WMAM). In PMAM, four
powder material feeding processes are proposed: laser powder bed fusion (L-PBF),
laser direct energy deposition (L-DED), electron beam powder bed fusion (EB-PFB),
and plasma arc direct energy deposition (PA-DED), which are distinguished by the
various thermal energy heat source, such as laser beam, electron beam, and plasma
arc [25-27]. In PMAM, these processes can provide thin-scale parts with high
dimension accuracy (10-30 ym) and good surface quality [28, 29]. However, the
MAM method that uses powder materials also has disadvantages, such as a low
deposition rate of 30-100 cm?3h, high material cost, small tolerances of process
conditions, and defect formations [30, 31]. Moreover, the choice for recycled powder
also has some weaknesses such as oxidation, moisture, and materials waste.
Compared with the PMAM, MAM processes consider wire metal as the raw material
that significantly improves material utilization ratio, deposition efficiency, and avoids
pollution by using powder [32]. Thus, WMAM technology has been successfully
applied in fabricating complicated geometries and high near-net-shape ratio metallic
components.

WMAM can be categorized into gas metal arc direct energy deposition (GMA-
DED), gas tungsten arc direct energy deposition (GTA-DED), plasma arc direct
energy deposition (PA-DED), electron beam direct energy deposition (PA-DED), and
laser direct energy deposition (L-DED) [33, 34]. The WMAM that uses the arc heat
source was collectively referred to as wire arc additive manufacturing (WAAM). As
for WAAM, the deposition rate can achieved 350-800 cm3/h due to the higher energy
arc source. WAAM has advantages such as large and middle part fabrication, high
deposition rate, and high fabrication efficiency. However, it has the limitations of
excessive heat input, high distortion, and surface uncleanness [35, 36]. In EB-DED,
the prototype with a different size was built under the deposition rate between 300-
400 cm?h. With the rapid development of the EB-DED method, high-quality near-
net-shape components were proposed with high efficiency and low material waste by
an electron beam for the heat source in a vacuum chamber. This method has made
it challenging due to the evacuation vacuum environment and the high price of the
equipment [37, 38]. Because the deposition process of EB-DED needs to be under a
precision welding environment, the equipment fees of EB-DED are higher than
WAAM and L-DED. L-DED method is deposited by a high-energy laser which
irradiated on the substrate or the previous layer has been widely applied, especially
the metallic wire used as the additive material. However, the L-DED process using
wire materials remains an ongoing challenge due to relatively low deposition rate of
200-400 cm®h, and small tolerances of process conditions [39, 40]. As opposed to
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the laser cold-wire method, the advantage of the laser hot-wire method can
effectively increase productivity, and the degree of freedom of control of the material
is high. For the above-mentioned various reasons, the high power diode laser with
hot-wire feeding system would be targeted as an interesting method because of its
impressive high productivity (400-1000 cm?3/h) and high material use rate (80%-
100%) [41, 42].

Laser Beam H  L-PBF,LDED |

Powder-feedin
— AM g Electron Beam — EB-PBF |
Plasma Arc i PA-DED |
—{Gas Metal Arc—| GMA-DED |

MAM WAAM
Electric Gas Tungsten

A T A — GTA-DED |
L[ Plasma Arc_|—| PA-DED |

Wire-feeding
— AM | Electron Beam = EB-DED |
L] Laser Beam = L-DED |

Fig. 1.3. Categorization of MAM technology [43].

1.1.3 Metal feedstocks of laser additive manufacturing

Strong demands in the automotive, shipbuilding, and aerospace fields have led
many researchers to focus on additive manufactured metallic materials, such as
stainless steel, nickel-based alloys, and aluminum alloys [43-45]. Therefore, there is
an urgent need to develop a AM technology for fabricating various materials at a low
cost.

Compared with other AM technology, laser additive manufacturing (LAM)
technology gained more attention in various metal materials manufacturing due to its
high accuracy, high flexibility, and complex structure merits [46, 47]. As for LAM
technology, this method uses a high-power-density laser beam as the heat source,
which has been manufacturing customized and high-quality components [48]. In
order to improve material utilization efficiency, it is significant to study the laser
reflectivity rate of the metallic materials. Figure 1.4 shows the laser reflectivity rate
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for various metal materials under the temperature of 294 K. It can be concluded that
the laser reflectivity rate of various filler metal materials is related to the wavelength
of the laser radiation. Compared with 1.06 ym, the laser radiation wavelength of 0.81
Mm has a lower reflectivity. The reflected laser of metal, especially pure copper (90%)
and aluminum alloys (85%), resulted in damage to the laser instrument. In addition,
some problems like cracks or incomplete penetration occur, difficulty in control of
heat input, and limitations for wider applications [49,50]. When the wavelength of
0.532, named green laser, the reflectivity of pure copper decrease to 46%. The
traditional LAM with the aid of the green laser made it possible to apply in the pure
copper industry.
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Fig. 1.4 Laser reflectivity rate for various metal materials [50].

1.2 Development of combination diode laser and hot-wire system additive
manufacturing technology

Hot-wire laser additive manufacturing (HLAM) technology is a promising and
potential manufacturing method because of its high deposition efficiency at a low
laser power that results from its dual heat sources, as shown in Fig.1.5. A laser
beam with a high controllability serves as the main heat source, and another heat
source is Joule heat that is generated by a wire current, which heats the filler wire to
its melting point independently from the heat input of the main heat source for base
metal melting.
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On the one hand, the characteristic of the diode laser is that the energy
distribution of the laser spot is hat-shaped, so the energy density in the laser
irradiation area is uniform. A diode laser has advantages over COz2, disk, and fiber
lasers, such as high oscillation efficiency, large and flexible beam creation, and a
highly controllable energy distribution in the beam spot [51-53]. By using an optical
element to arbitrarily change the spot shape, it is possible to fabricate the product
according to its thickness. In addition, the use of the large beam shape and uniform
energy distribution of the optical system can form a low-dilution flat covering layer
over a wide range. In spite of the extremely large amount of deposition, the heat
input of this method is lower than that of arc welding, so it is expected that there will
be fewer problems such as temperature control of the formed product during layering,
bead dripping and reduced spatter and fume.

On the other hand, the hot-wire method can significantly improve the deposition
efficiency and save laser energy [54]. In HLAM, the preheated filler hot wire could be
melted easier with laser irradiation and heat conduction from the molten pool. This
method has become possible to achieve various materials even if it has a high
reflectivity rate. It is expected that even materials with low laser absorption can be
melted with hot wire which is heated to its melting point. The energy heat input for
melting the base metal and preheating the filling filament can be independently
controlled, resulting in low heat input and high deposition efficiency [55, 56]. The
advantages of the HLAM method compared with the cold-wire LAM method are a
higher productivity without an increase in heat input, a high freedom in material
choice, and a high material utilization. Therefore, the HLAM method combined with a
hot-wire system is interesting because of its high productivity and controllability.

Hot-wire _
feeding v Diode laser

system

S

LY

Hot-wire torch

Fig. 1.5. Schematic illustration of hot-wire laser deposition method.
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1.3 Objective and Construction of the thesis

The objective of this paper was to develop a high-efficiency and high-quality
(with no defects) additive manufacturing technology using a combination of a high-
power diode laser and hot-wire method with three types of metallic materials:
Stainless steel, Ni-based alloy, and 5xxx-series Aluminum alloy.

Firstly, A simple calculation method to predict the appropriate wire current is
proposed and confirmed by hot-wire feeding experiments without laser irradiation.
The results of theoretical calculation and experimental value of the appropriate
heating current were studied in detail. In order to clear the experiment verification,
this experiment used a high-speed camera to observe the melting phenomenon. The
appropriate hot-wire current for heating the wire tip to nearly its melting point for four
wire materials (SUS308L, SUS630, Inconel625, and A5356WY) was obtained. Hot-
wire feeding experiments without laser irradiation were performed to experimentally
obtain the appropriate wire current and confirm the calculated values.

Secondly, The hot-wire laser AM by using SUS308L wire was investigated.
High-speed imaging was performed to monitor clear wire melting phenomena and
molten pool formation during AM processing by combining hot-wire feeding and
diode laser irradiation. The two-layer deposited samples were then proposed and
evaluated. The effect of wire feeding rate (wire feeding speed / process speed) on
first and second-layer evaluated parameters (e.g. bead width and bead height) were
investigated. A window of three-layer deposition for a combination of process
parameters has been developed. The effect of energy heat input on melting
phenomenon and bead appearance of three-layer deposition was investigated.

Then, the AM conditions for the three wire materials (SUS308L, Inconel625,
and A5356WY) were also investigated using the appropriate wire current calculated
using the proposed method. The effect of process parameters, such as laser power,
process speed, and the wire feeding rate on bead characteristics was investigated
by cross-sectional evaluations on three-layer depositions. The optimized AM process
parameters were obtained from the viewpoint of higher material utilization and more
stable bead formation according to cross-sectional evaluations. Three 50-mm-height,
8-mm-width, and over 200-mm-length samples were fabricated by using optimized
process conditions, and tensile tests were performed by using the large sample.

Finally, a hot-wire with narrow diode laser spot AM technique was investigated
for the deposition of 630 stainless steel. The effect of processing conditions including
the wire feeding position, defocus length and welding direction on the stability of
deposition along with the effect of the energy density distribution and process speed
on the neat net shape rate of the deposited three-layer was investigated. Moreover,
the microstructure of the materials fabricated at difference process speed was
evaluated.
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Chapter 1 introduces the background and objective of this research, illustrates
the overall construction of the thesis.

Chapter 2 reviews the previous and present situation of the researches on AM
technology.

In Chapter 3, the appropriate hot-wire current for heating the wire tip to nearly
its melting point for four types of wires (SUS308L, SUS630, Inconel625, and
AS5356WY) was investigated.

In Chapter 4, a high-efficiency hot-wire laser AM technology for SUS308L wire
was developed. The two-layer deposited samples were then proposed and evaluated.
A window of three-layer deposition for a combination of process parameters has
been developed.

In Chapter 5, the optimized AM conditions for the three types of wires
(SUS308L, Inconel625, and A5356\WY) were also investigated using the appropriate
wire current calculated using the proposed method. The effect of process
parameters on three-layer depositions was investigated by cross-sectional
evaluations. Three large-wall parts and tensile tests were performed by using the
large-wall sample.

In Chapter 6, a hot-wire with narrow diode laser spot AM technique was
investigated for the deposition of 630 stainless steel. The effect of processing
conditions including the wire feeding position, defocus length and welding direction
on the stability of deposition. The microstructure of the materials fabricated at
different process speed was evaluated.

In Chapter 7, summaries this thesis and proposes the future work.
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Chapter 2

Literature Review

2.1 Introduction

This chapter reviews the theoretical backgrounds and relative research on
metal additive manufacturing (MAM) technology. Firstly, the present research trends
of powder-feeding MAM techniques, such as selective laser melting (SLM), selective
laser sintering (SLS), and powder directed energy deposition (P-DED) are discussed
in detail. The applications and problems of powder-feeding MAM are introduced.
Then, the wire-feeding MAM technologies with three types of thermal sources (e.g.
arc, electron beam, laser beam) are studied. The MAM technologies of various
metallic materials (e.g. Stainless steel, Ni-based alloys, Aluminum alloy) are
summarized. Finally, the history and progress of a novel technology, which is
combined with a hot-wire system and a high-power diode laser system, was
discussed in detail.

2.2 Research and development status of MAM technology

2.2.1 Powder-feeding MAM

Powder-feeding MAM has been developed in order to produce high precision
and complex 3D part. Many literatures proposed that MAM using metal powder as
the raw material has the advantage of a high accuracy appearance and a low
surface roughness [57, 58]. Table 2.1 shows the literature summary regarding
powder-feeding MAM technologies, such as SLM, SLS, and P-DED. It is clearly
found that compared with DED, the SLM and SLS method can be used to fabricate
higher dimensional accuracy parts at high flexibility in the same workstation [59].

Mumtaz et al [60]. used Inconel 625 powder to produce thin-walled parts with a
layer thickness of 10~50 um and a precision of + 0.04 mm by using SLM process.
He found that the minimum side surface and top surface roughness is 9~10 ym. Zhu
et al [61]. successfully fabricated walled parts with a deposition rate of 0.006 kg/h,
dimensional accuracy of £ 0.05 mm, and surface roughness of 14~16 ym by using
the SLS method. Compared with PBF, P-DED can significantly improve the layer
thickness of 200~500 uym and deposition rate [61-63].
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Table 2.1 Literature summary regarding metal powder feeding AM technologies

Process Layer Deposition Dimensional Surface Reference
Thickness (um) rate (cm¥h) accuracy (mm) | roughness (um)
SLM 10~50 ~20 +0.04 9~10 Mumtaz (2009)%%
SLS 75 ~30 +0.05 14~16 Zhu. (2003) 6"
} _ ~ - - Keist (2016) ©2];
P-DED 200~500 60~360 0.5~1.0 4~10 Shah(2010)

2.2.2.1 Powder bed fusion

PBF is that spread metal powder on the bed and uses the high-energy laser as
a heat source to selectively melt, solidify or sinter the parts to be formed, as shown
in Fig. 2.1. It is significant for PBF is to control the transformation between solid
phase and liquid phases of deposited powder in each layer. PBF provides high
flexibility parts with a low laser power (<500 W) and high precision [64, 65]. However,
PBF has several major disadvantages. Firstly, PBF is the most expensive MAM
technology due to its expensive powder materials, slow deposition efficiency, and
high equipment costs. Then, PBF has serious environmental pollution and other
problems. In order to avoid the degradation of mechanical properties caused by the
oxidation of the powder in the air, the process is carried out in a vacuum or a closed
chamber with inert gas [66]. Moreover, PBF has a greatly restricted in manufacturing
large parts due to its large amount of powder materials which need to manage and
store [67]. Finally, the powder material undergoes rapid heating and cooling during
melting. The application of local concentrated energy resulted in localized residual
stress, nonhomogeneous and anisotropic microstructure, as well as voids and pores
that occurred in the microstructure. These factors induced crack initiation and
degrades the mechanical properties of the deposited metal [68].

e

Deposited metal

Laser beam

00 oo Pore
0000000000
0000000000

+
Metal powder

Fig. 2.1. Schematic illustration of PBF [66, 69].
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2.2.2.2 Powder directed energy deposition

The powder materials in P-DED are supplied from the powder feeder, and it is
carried by the internal gas through the nozzle to the melting area, as shown in Fig.
2.2. Different from the PBF method with the respreading powder, the characteristic of
P-DED is that the powder flow through the nozzle, and the laser beam is
simultaneously transported on the substrate [70]. During the deposition process, a
protective gas (normally argon) flow, which is applied to the molten pool area, to
ensure a good melting environment [71]. Compared with PBF, it is significantly better
in terms of deposition rate and layer thickness of each layer. However, there are
some limitations, such as required support structures and the challenge to deposit

sharp corners [72].
e 0

y Laser beam

I
I
I
1
1
|
|
|
|
|
|
| Powder nozzle
|

I

|

}

Metal powder

Deposited metal

Base metal

Fig. 2.2. Schematic illustration of P-DED [69, 70].

2.2.2 Wire-feeding MAM

Wire-feeding MAM technology is used to manufacture large expensive
components and complex functional metal objects. In comparison with powder
materials, the use of metal wires in MAM can significantly improve the material
utilization rate, production efficiency, and costs [73]. Moreover, wire-feeding AM
does not expose workers to the dangerous powder environment. Metal wire is thus
used instead of metal powder as a feedstock material in MAM to produce large
structure components with a high deposition efficiency [74].

Ding et al. [32] summarized the current research and development status of wire-
feed AM technology, and pointed out that the future challenges, such as high
residual stresses and distortion, caused by excessive heat input. The deposition rate
of the wire-feeding AM technology is extremely high, which promotes its application
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in building median and large-sized parts [75]. Table 2.2 shows the literature
summary regarding wire-feeding MAM technologies. State-of-the-art studies have
shown that metal-based AM technology can be categorized into three types
according to the heat source: wire and arc additive manufacturing (WAAM), electron
beam freeform fabrication (EBF?), and laser additive manufacturing (LAM).

Table 2.2 Literature summary regarding wire-feeding MAM technologies

Layer Deposition Dimensional Surface
Process Thickness rate accuracy roughness Reference
(kM) (cm?/h) (mm) (kM)
3 N N - Wu et al. (2019) B,
EBF N/A 360~720 1.0~1.5 8~15 Taminger et al. (2006)
_ - Xiong et al. (2017) 184,
WAAM 1000~2000 720~1200 10.2 200 Colegrove et al. (2013) %
- - Baufeld et al. (2011) %
LAM >1000 120~1000 +0.03 8~16 Ding et al. (2015)

2.2.2.1 Electron beam freeform fabrication

The EBF?® technique, developing from rapid prototyping processes, employs
electron beam as the heat source for manufacturing high-performance metallic
component, as shown in Fig. 2.3. In the EBF? process, the metal wire is sent to the
molten pool, which is created using an electron beam in a vacuum chamber. Among
the wire-feeding AM technologies, the EBF? process has many advantages such as
high deposition rates, high energy efficiency, high materials freedom, and good
protection for molten pools due to the vacuum environment [76, 77].

Electron beam gun

Filler wire

Electron beam

Deposited metal

Base metal

Fig. 2.3. Schematic illustration of EBF? [69, 76].
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Xu et al. [78] prepared a Ti-6Al-4V block part by EBF? process and studied the
microstructure and mechanical properties of the deposited samples. However, the
disadvantage of EBF? is that this process takes a lot of time to evacuate the vacuum
container, and the size of the manufacturing components is also limited by space
[79-82]. Moreover, Cordero et al. [80] proposed that high energy and small focusing
radius of electron beam cause a complex thermal behavior, such as rapid
solidification at a large temperature gradient during EBF3.

2.2.2.2 Wire arc additive manufacturing (WAAM)

WAAM method makes use of an electrical arc as a source of fusion to melt the
metal wires for the production of medium and large complexity parts, as shown in Fig.
2.4. Williams et al. [83] proposed that a variety of components, such as Ti-6Al-4V
spars, landing gear assemblies, aluminium wing ribs, steel wind tunnel models and
cones have been successfully fabricated by using WAAM. Xiong et al. [84] also
produced a large structural parts (~3000 mm) under a high fabricating efficiency.
However, WAAM method also has some drawbacks, such as high dilution,
overheating, coarse grains, and surface uncleanness [85, 86]. However, uneven
heat distribution cause serious accumulation in certain areas, resulting in residual
stress and deformation. Factors such as arc ignition and arc extinguishing process
lead to relatively poor accuracy and surface finish of molded parts [87]. Colegrove et
al. [88] also proposed that excessive heat input leads to a longer high temperature
residence time, a wider welding heat-affected zone, and severe overheating, which
caused the formation of coarser grain microstructure resulting in the decreases of
the plasticity and toughness.

MAG
Bower MAG torch
supply
_ Filler wire

Deposited metal ~ / \\\‘
e

Base metal

Fig. 2.4. Schematic illustration of WAAM method [69, 87].
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2.2.2.3 Laser additive manufacturing (LAM)

The LAM method has been applied widely and uses a high-energy density laser
that is irradiated on a substrate or previous layer using metallic wire as common
additive materials [89]. As schematically shown in Fig. 2.5, this process normally
consists of a laser, a robot system, accessorial mechanisms, and a wire-feeding
system. The LAM that used wire materials can improve the deposition rate
significantly compared with the use of powder materials with a lower utilization rate
(20%) [90, 91]. In LAM, the wire feeding position, wire orientation, wire feeding angle,
deposition direction and detailed parameters for different materials have been
investigated by many researchers to obtain defect-free beads and achieve good
process stability for multi-layer deposition [92]. However, the conventional LAM
process that uses cold wire materials remains an ongoing challenge because of the
high reflectivity on some materials, the inability to control base metal melting and
cold wire melting independently, and small process condition tolerances [93].

Huang et al. [94] built multi-layered samples using an A5087 Al alloy wire by LAM,
and found that the non-optimized process parameters led to pores and unstable
layers. The LAM method using cold wire as a filler material also has significant
drawbacks. The higher reflectivity of cold wire, especially aluminum alloy, reduce the
energy absorption and deposition rate. It is also difficult to precisely control the heat
inputs to melt the cold wire and substrate independently, which limits wider
applications [95]. Therefore, the LAM method combined with a hot-wire system is
interesting because of its high productivity and controllability.

Shielding torch

~—Laser beam
|

\

Filler wire =
Deposited metal

Base metal

Fig. 2.5 Schematic illustration of LAM [69, 89].
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2.3 Additive manufacturing technology for various metal materials

Strong demands in the automotive, shipbuilding, and aerospace fields have led
many researchers to focus on additive manufactured metallic materials, such as Fe-
based, Al-based, Ti-based, Co-based and Ni-based [96, 97]. It is necessary to
critically analyze the metal materials and their recent research on AM techniques,
which use a variety of metal materials for a wide range of applications. The metal
materials under main kinds such as stainless steel, nickel-based alloys, and
aluminum alloy are completely presented in the following sections.

2.3.1 Stainless steel

Presently, many industries applications have dealt with the AM technology by
using the stainless steels because of its lower level of carbon, high corrosion
resistance, and high mechanical properties [98]. The stainless steel can be
categorized into many types according to the microstructure: austenitic, martensitic,
ferritic, and austenoferritic duplex stainless steel [99]. The phase characteristic and
microstructure of stainless steel is dictated by the chemical composition, such as
chromium, nickel, carbon, carbon, etc., and cooling rate [100]. Thus, the industries
application of stainless steel can be decided by the characteristics, such as corrosion
resistance, ductility, and stability of phases in stainless steel alloy.

Xu et al. [101] investigated the effect of welding parameters on deposited metal
and produced a 50 layer sample of 316L stainless steel with 60 mm height by using
laser metal deposition. He found that the quality and thickness of each layer are
related to the volume of deposited material per unit time and the heat input.
Moreover, the solidification rate is influenced by the heat input and wire feed rate.
Ocylok et al. [102] investigated the effect of the main process parameters (laser
power, velocity and, wire feed rate) on the properties of deposited stainless steel
316L samples by using laser metal deposition AM technology. He found that the wire
feed rate has nearly linear with the height of the layer and the heat input into the
base material decreases at a higher wire feed rate at fixed laser power. Hu et. al
[103] used 17-4 PH stainless steel powder to fabricate 3D parts via PBF. LeBrun et.
al. [104] studied the mechanical performance at various thermal processing of tensile
specimens machined from bulk 17-4 PH produced by using PBF. Le et al. [105]
successfully fabricated thin-walled 308L stainless steel parts by using the WAAM
and investigated the effect of processing parameters on the geometry of deposited
bead and mechanical properties. They found that the microstructure of wall mainly
typically composed of the columnar austenite dendrites and residual ferrite with three
types morphologies, which are vermicular morphologies, and lathy. Li et al. [106]
also built a 50 mm cubic-walled 308L stainless steel by using the laminar plasma
additive manufacturing process, and he point out that the wall has mainly consisted
of columnar and equiaxed dendrites, and the columnar dendrites gradually
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transformed to equiaxed dendrites from middle region to top region. Wen et al. [107]
investigated the influence of linear heat input on microstructure and corrosion
behavior of austenitic stainless steel by using WAAM. He found that the primary
dendrites spacing of the deposited metal increases with increases of linear heat
input. In other words, the cooling rate of steel is related to the growth of primary
dendrites spacing and the corrosion resistance. In the WAAM, the cooling time for
the structure to transform from &-ferrite to austenite is related to the amount of linear
heat input. Larger heat input caused complex alloy elements to undergo complicated
solidification processes and repeated heating processes. These processes
aggravated the segregation of elements and further affect the microstructure and
corrosion of stainless steel. However, these kinds of it has the limitations of
excessive heat input and surface uncleanness [108, 109].

2.3.2 Nickel-based alloys

Nickel-based alloys is widely applied in marine engineering for many years
because of its excellent corrosion resistance, high yield strength, and high
temperature operating temperatures [110, 111]. Nickel-based alloys are mainly
austenitic precipitation hardened superalloys, such as Inconel 625, Inconel 718 alloy,
which composed by a amount of Ni and Cr elements. Thus, the high weldability of
Nickel-based alloys is very suitable to applied in AM process [112-114]. Baufeld [115]
built an Inconel 718 sample by using shaped metal deposition and compared the
mechanical properties of Inconel 718 samples with as-cast material, EBF3, and LAM
process. He found that the tensile strength of sample by shaped metal deposition is
slightly higher than that of as-cast materials but lower than samples built by laser
and electron beam AM process due to the lower cooling rate of the wire-based
tungsten inert gas welding.

Wang et al. [116] explored the effect of location on microstructure and
mechanical properties of Inconel 625 samples manufactured by using gas tungsten
arc welding. The microstructure analysis showed that the cellular grains without
secondary dendrites in the near-substrate region. With increasing layer, the grain
morphology changed to columnar dendrites structure, and transformed to the
equiaxed grain in the top region. Because of the temperature gradients and cooling
rates in different regions, heterogeneous microstructures are formed in the top
region, with larger dendritic arm spacing and more laves phases resulting in the
higher tensile strength and hardness. Some alloying elements (e.g. Nb and Cr)
undergo solid solution strengthening to increase the strength of the alloy, but the
disadvantage is that these alloying elements increase the solid-liquid two-phase
temperature range of the solid solution (about 75 °C). This intensifies the enrichment
of some elements (e.g. Nb and Mo) during the solidification process and leads to the
formation of non-beneficial phases, which seriously affects the properties of the alloy
[117, 118]. Thus, Inconel 625 alloy produced by WAAM process has a high heat
input and a complex heat transfer, and it is easily leads to a decline in product quality
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and performance [119, 120]. Amato et al. [121] compared the microstructures and
properties of Inconel 625 fabricated by electron beam melting and selective laser
melting. He found that the microstructure of both processes exhibited columnar
architectures by y"bct Ni3Nb, but each contains a complex array of different
precipitates due to different cooling rates. The columnar plates of y" (Ni3Nb)
precipitates appeared in the EBM sample, and the microstructures of SLM are
columnar arrays of fine y' nanoparticles.

2.3.3 Aluminum alloy

In order to save energy and reduce pollution, countries all over the world are
accelerating the process of lighting transportation tools. The manufacturing
technology of lightweight materials represented by aluminum alloy has gradually
replaced steel materials and has become the main development direction for
lightweight manufacturing of vehicles and ships [122, 123]. The structural integration
and low-cost manufacturing requirements make the development of aluminum alloy
AM an inevitable trend. Aluminum alloys have been widely used in aerospace, rail
transit, automobile manufacturing, medical equipment due to its high specific
strength, low density, high electrical, thermal conductivity, and good corrosion
resistance [124, 125].

At present, prevalent Aluminum alloys such as 7xxx series [126], 6xxx series
[127], 5xxx series [128, 129], 4xxx series [130], and 2xxx series [131, 132] have
been successfully manufactured by AM process. Many researchers used the Al alloy
to manufacture parts by using the WAAM process. Hauser et al. [130] investigated
the porosity in WAAM of 4043 series Al alloys. He found that with the shielding gas
flow ratio increases, the porosity in Al samples increases due to the high
solidification rate of the molten pool by forced convection. Then, because of the high
thermal conductivity and low thermal efficiency of aluminum alloy, the temperature
spreads rapidly along the substrate or component. The rapid solidification rate
caused the limitation of arc energy of molten pool and filler wire resulting in a low
deposition rate of aluminum alloy by using the WAAM process. The excessive heat
input in WAAM reduces the shape accuracy of the deposited structure, declines the
stability of the deposition process, and leads to a sharp drop in mechanical
properties [125, 128]. In order to reduce the porosity in arc welding, Fu et al. [132]
proposed a novel method of hot-wire arc AM technology to fabricate 2024 aluminum
alloy. He found that with increases of the hot-wire current, the porosity firstly
decreases, and afterward increases progressively. The mechanical properties are
significantly increased with the decrease of porosity by using hot-wire arc AM
technology. Aboulkhair et al. [103] summarized AM process of Al-alloy using
selective laser melting. He pointed out that SLM is also a challenging process to
produce Al alloy due to the difficulties associated with laser-melting Al powder where
parts suffer various defects. On the other hand, it is now possible to manufacture
almost defect-free Al-Si alloy parts using SLM due to the presence of the Si hard
phase, which poses limitations on their machinability. Huang et al. [129] successfully
produced 5A06 Al alloy multi-layered samples by using laser wire-feed metal AM
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technology. He found that with optimized process parameters (e.g. Wire feed angle,
traverse speed, laser power, and overlap ratio), the multi-layered samples are
characterized by a trace amount of porosity and are crack-free. The non-optimized
process parameters led to pores and unstable layers. The LAM method using cold
wire as a filler material also has significant drawbacks. The higher reflectivity of cold
wire, especially aluminum alloy, reduce the energy absorption and deposition rate. It
is also difficult to precisely control the heat inputs to melt the cold wire and substrate
independently, which limits wider applications. Therefore, the LAM method combined
with a hot-wire system is interesting because of its high productivity and
controllability.

2.4 The development of hot-wire welding method

The hot-wire method has a high degree of freedom in selecting wire materials
because the wire is heated to just below its melting point by only Joule heating [134].
In 2003, Hori et al. [135, 136] proposed a novel method of hot-wire Tig welding
method, which uses pulsed current to heat filler wire, as shown in Fig.2.6. He found
that hot-wire Tig is an effective and possible method to reduce the influence of
magnetic arc blow by keeping a sufficient non-pulse period of the wire current during
welding.
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Fig. 2.6. Schematic illustration of hot-wire TIG welding [135].

A suitable process condition is very important for guaranteeing stable melting
and avoiding defects during hot-wire feeding. Shinozaki et al. [134] investigated the
bead appearance and melting phenomenon during the ultra-high-speed GTA welding
method using pulse-heated hot-wire, as shown in Fig.2.7. He found that the bead
surface with typical defects was caused by both of excessive high and excessive low
current. Moreover, the welding phenomenon with filler wire excessively soften and
spatters occurs because of too high wire temperature, and with filler wire bumped
into the molten pool bottom because of too low wire temperature. In other words,
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wire tip melting was affected mainly by the wire current, the feeding position, and the
feeding angle. These process conditions need to be controlled within suitable ranges.
The filler wire temperature is the main parameter that is required to maintain wire
melting phenomena.

In the layer-upon-layer process, an unsuitable wire temperature results in
spatter generation and a non-uniform deposited layer with defects. Shinozaki et al.
[137] also investigated the temperature distribution of three kinds of filler wires (e.g.,
stainless steel, mild steel, and Ti) during ultra-high-speed GTA using a pulse-heated
hot-wire, as shown in Fig.2.8. He found that the hot-wire current can be estimated
under various welding conditions (e.g., filler wire diameter, wire material properties,
wire feeding speed). A suitable hot-wire current is the dominant parameter for stable
molten pool creation and hot-wire melting. Liu et al. [138] pointed out that the hot-
wire temperature is related to the weld bead characteristics. Wen et al. [139]
proposed that a laser process with a preheating of the filler wire to an appropriate
temperature could improve the welding efficiency and deposition rate significantly
and reduce the heat input.

The novel hot-wire process with a high-power diode laser has been investigated
and developed. Yamamoto et al. [140] proposed the laser hot-wire welding method
for the lap joint of 980 MPa class high-strength steel sheets (thickness: 1 mm) with
wide gap, as shown in Fig. 2.9a. He found that the laser hot-wire method makes the
penetrate hole and the molten pool by laser beam irradiation, and the hot-wire
heated up through energization fills the penetrated hole of the lap joint. Kadoi et al.
[142] investigated the effect of wire conditions and welding conditions on welding
phenomenon and bead formation using hot-wire laser fillet joint welding method, as
shown in Fig. 2.9b. Todo et al. [143] found that the laser hot-wire welding with the
optimized parameters (laser power, defocus length, and wire feeding position) can
achieve stable wire feeding, molten pool creation and well-formed weld bead, as
shown in Fig. 2.10.
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Fig. 2.7. The effect of wire current on temperature distributions, wire feeding
phenomenon, and bead appearance [137].
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Fig. 2.10. Effect of wire feeding position on welding phenomenon [143].

The advantages of the hot-wire laser method compared with the cold-wire laser
method are a higher productivity without an increase in heat input, a high freedom in
material choice, and a high material utilization [140-142]. Liu et al. [138] found that
the laser process with a hot wire reduced the laser power consumption and heat
input. Bambach et al. [144] compared the laser deposition performance using
powder, cold wire, and hot-wire of Inconel 718, and found that the hot-wire process
improved the deposition rate by ~100 cm3h compared with the cold-wire process.
Nie et al. [145] studied the high deposited rates of H13 steel with a low laser power
(6 kW) by the combination of hot-wire system and laser beam. Nurminen et al. [146]
compared laser processes using powder, cold-wire, and hot-wire feeding and found
that the laser process with the hot wire reduced the dilution rate and increased the
deposition rate. The hot-wire process improved the deposition efficiency two to four
times compared with the powder and cold-wire processes. Wei et al. [147] found
that the laser process with hot-wire feeding improved the energy efficiency
coefficient and reduced the energy consumption by ~16% compared with the cold-
wire process. Through the above-mentioned various reasons, the high power diode
laser with hot-wire feeding system would be targeted as an interesting method
because of its impressive high deposition rate and high material use rate (80-100%).

Hot-wire as a feedstock in WMAM processes has been used mainly with arc
[148], plasma [149], laser beam heat source [145]. Hot-wire as an independent heat
source in AM processes can modify cooling rate, improve deposition efficiency, and
improve formation of ferrite in comparison with cold-wire. Fu et al. [132] found that
the WAAM process with hot-wire could significantly reduce porosity and improve the
wire deposition rate from 86 cm?h to 301 cm®/h. To reduce the heat input, ultracold-
wire arc AM and hot wire WAAM have been proposed by Rodrigues et al. [150] and
Li et al. [148]. Poolperm et al. [151] proposed that the advantages of the hot-wire
plasma welding process compared with the cold-wire plasma welding are higher
design flexibility, a higher deposited quality, and a lower dilution percentage.
However, the hot-wire based on arc and plasma heat source has several limitations,
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such as the high heat input and messy work environment. The novel hot-wire laser
process with a high-power diode laser has been investigated and developed [152,
153]. In HLAM, the diode laser has advantages of beam shape flexibility, a large
beam creation (beam width over 10 mm), and a highly controllable and uniform
energy distribution (1 mm x 12 mm rectangular spot) in a large beam spot compared
with the fiber laser (0.4—1 mm circular spot) [154]. The HLAM combined with a high-
power diode laser has a large potential to produce a large, wide, and flexible-sized
product with a high productivity, a high material utilization, and a low heat input.
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Chapter 3

A study of appropriate current calculation method of various
wires using hot-wire method

3.1 Introduction

A suitable hot-wire current is the dominant parameter for guaranteeing stable
melting. The theoretical studies [134, 137, 141-143] proposed that the appropriate
temperature of the hot-wire tip is near its melting point. In the HLAM, it is time-
consuming to obtain the appropriate hot-wire current for multi-layer deposition.
However, there remains a lack of studies regarding calculated methods for selecting
the appropriate hot-wire current for various filler materials. Thus, based on the heat
equivalent and heat conservation, a simple current calculation method of hot-wire
was proposed to calculate the appropriate current of various materials and estimate
the wire temperature distribution.

It is also complicated to control the temperature of the preheating filler hot wire.
There are many process parameters, such as the wire feeding speed, wire current,
wire diameters, and material physical properties cause three modes in the hot-wire
feeding such as fusing mode, continuous mode, and stick mode. Moreover,
unsuitable hot-wire current value caused fusing mode and stick mode resulted in
discontinuous bead with defects [55, 138, 139].

This chapter proposes a simple calculation method to predict the appropriate
hot-wire current for heating the wire tip to nearly its melting point for four types of
wire materials (SUS308L, SUS630, Inconel625, and A5356WY). Hot-wire feeding
experiments without laser irradiation were performed to experimentally obtain the
appropriate wire current and confirm the calculated values. The appropriate current
value under different conditions (e.g. wire feeding speed, temperature-dependent
specific heat, temperature-dependent specific gravity, and temperature-dependent
specific electrical resistivity) was studied in detail. Moreover, the melting
phenomenon of the filler wire was observed in detail using a high-speed camera.

3.2 Methodology of hot-wire heating phenomena and appropriate hot-wire
current

3.2.1 Introduction of the equipment using in hot-wire heating experiment

Figure 3.1a shows the experimental setup of hot-wire heating on a plate without
laser irradiation for the four types of filler wires. The hot-wire heating system
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consisted of a hot-wire feeder / power supply, a two-axis slider, and a high-speed
monitoring camera, as shown in Fig. 3.1b. The specimen was moved and fixed by
the jig on the two-axis slider. The inverter hot-wire feeder / power supply equipment
(Babcock-Hitachi K.K.; IV1320) was used to heating the cold wire to near its melting
point, as shown in Fig. 3.2. A filler wire for hot wire is electrically heated through a
positive-direct current base on Joule heating’s principle. The two-axis slider (IAl
RCS-2SS8C) was used to control the X-Y axis movement of the workpiece. The
high-speed camera (HX-7, NAC Co., Ltd, Japan) with a lighting equipment assisted
was used to monitor the wire feeding phenomenon and bead formation for various
process conditions.

Light

Hot wire

Wire feeder

[+
Wire \
heating Lighting

power
source

I — I Substrate

(b)

Fig. 3.1. Experimental setup of hot-wire heating on a plate without laser irradiation.
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Fig. 3.2. Hot-wire feeder / power supply machine.

3.2.2 Materials used

The hot-wires heating experiment has been investigated in terms of application
to the three types of metallic materials: Stainless steel, Ni-based alloy, and 5xxx
series Al alloy. Four filler wires with a 1.2-mm diameter were used: 308L stainless
steel, 630 stainless steel, 625 Ni-based alloy, and A5356WY Al alloy. 590 MPa-class
steel plates with 12-mm thickness and 490 MPa-class steel plates with 9-mm
thickness were used as a base plate for the SUS308L, SUS630, and Inconel625 filler
wires. A50830 with 20-mm thickness were also used for the A5356WY filler wire, as
shown in Fig. 3.3. The chemical compositions of the filler wires and base metals are
shown in Tables 3.1 and 3.2. The surface of the base metal was polished and
cleaned using acetone to remove oxide scaling before the experiment.

100 100 100

00€
ooe
00€

490 MPa-class steel 590 MPa-class steel A50830

Y

[mm] :

2 [mm] 20 [mm]

Fig. 3.3. Schematic diagrams of base metal.
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Table 3.1 Chemical compositions of stainless steel and Ni-based alloy

Chemical composition, mass%
Material
C Sj Mn = S Ni Cr Mo Cu | Nb+Ta | Fe
SUS308L 0.01 | 0.38 | 1.60 | 0.024 | 0.001 | 9.98 | 19.87 | 0.09 - - Bal.
SUS630 0.02 | 042 | 0.51 | 0.022 | 0.001 | 480 | 16.16 | 0.06 | 3.34 | 022 | Bal
Inconel625 0.02 | 0.09 | 0.01 | 0.003 | 0.001 | Bal. | 222 | 9.24 - 354 | 04
590'\22""9"0'833 0.08 | 038 | 150 | 0.011 | 0.002 | 001 | 021 | 001 | - - | BaL
490 MPa-class | 15 | 045 | 152 | 0.007 | 0.002 | - ; ; ; - | BaL
steel
Table 3.2 Chemical compositions of Al alloys
Chemical composition, mass%
Material
Si Mg Mn Cr Zn Al
A5356WY 0.25 45~55 0.05~0.20 0.05~0.20 0.1 Ball.
A50830 <0.4 4.0~4.9 0.4~1.0 0.002 <0.25 Bal.

3.2.3 Process conditions

Table 3.3 lists the process conditions of the hot-wire heating experiment without
laser irradiation. The process parameters of the wire feeding speed and wire current
were varied to obtain the appropriate wire current depending on the filler wire
material and wire feeding speed. The wire feeding rate (i.e., wire feeding speed /
process speed), which indicates the deposition volume per length, was varied by
changing the combination of process speed and wire feeding speed. The power
supply distance is the distance between the power supply point and the substrate
along the feeding direction. For the same hot-wire current value, the longer the
power supply distance is, the longer the heating time and the higher and stabler the
temperature distribution are. The wire feeding speed was various from 0 to 20 m/min,
wire current was various from 93 A to 314 A, the power supply distance of 50 mm
and 70 mm. The wire feeding angle fixed as 45° combine with forward wire feeding
direction was used in this experiment.
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Table 3.3 Process conditions of hot-wire heating experiment

Wire type SUS308L(P1.2mm) Inconel625(d1.2mm)
Wire feeding rate 4.2 21 21 21 10 20 20 20
Wire feeding speed, | 54 | 100 | 150 | 20.0 50 | 10.0 | 150 | 20.0
m/min
Wire current, A 118 161 201 234 111 158 197 220
Process speed, 12 | 48 | 72 | 96 05 | 05 | 1.0 | 15
m/min
Wire feeding direction Forward Forward
Wire feeding angle, 45 45
deg.
Power supply point, 50 50
mm
Wire type A5356WY(P1.2mm) SUS630(P1.2mm)
Wire feeding rate 1.0 1.0 1.0 1.0 4.2 2.1 2.1 2.1
Wire feeding speed, | 54 | 100 | 150 | 20.0 50 | 100 | 15.0 | 20.0
m/min
Wire current, A 173 230 284 314 93 131 161 186
Process speed, 48 | 96 | 144 | 192 12 | 48 | 72 | 96
m/min
Wire feeding direction Forward Forward
Wire feeding angle, 45 45
deg.
Power supply point, 50 70
mm

3.3 Hot-wire feeding experiments without laser irradiation

An appropriate hot-wire current is the key point for guaranteeing continuous
and smooth wire feeding. Various hot-wire current cause such three types in the hot-
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wire feeding as fusing mode, smooth mode and stick mode. Figure 3.4 shows high-
speed images that indicate three typical types of hot-wire feeding phenomena
without laser irradiation, sticking type, smooth feeding type, and fusing type. The
SUS308L wire using a fixed wire feeding speed (Vr) of 15 m/min, process speed (Vp)
of 7.2 m/min, and wire feeding rate (Vr/ Vp) of 2. When the wire current was low, the
hot-wire tip stuck on the substrate surface frequently, and unstable wire feeding
occurred because insufficient wire heating could not increase the wire tip
temperature (see Fig. 3.4a). When the wire current was excessively high, fusing and
spattering occurred because the hot-wire temperature reached its melting point
before contacting the substrate (see Fig. 3.4c). When the wire current was set to an
appropriate value, the hot wire heated to its melting point at the wire tip on the
substrate surface, and smooth and stable feeding was achieved (see Fig. 3.4b). The
same tendency was confirmed for all hot-wire feeding speeds from 5 to 20 m/min.
The estimates and experimental investigations showed that the wire tip temperature
must be near its melting point to achieve smooth and stable hot-wire feeding with a
high feeding speed by setting the appropriate wire current. Efficient hot-wire feeding
can be achieved on many filler wire types by setting the appropriate wire current that
was estimated by using the proposed calculation method based on each material
property.

V, : 15 m/min V,:15m/min = o > Mgpin

. o,

Fusing
@}

Fig. 3.4. Typical hot-wire heating phenomenon of SUS308L:
(a) stick mode; (b) smooth mode; (c) fusing mode.

Figure 3.5 shows the wire heating phenomena produced by three different wire
currents (153, 158, 163 A) and Inconel625 wire using a fixed wire feeding speed of
10 m/min, process speed of 0.5 m/min, and wire feeding rate of 20. It is difficult to
judge the melting phenomenon by using the Al-alloy wire, which covered with an
oxide film on wire surface. Thus, the evaluation was based on the time sequence
melting behavior of the hot-wire from the high-speed image of the experiment. Figure
3.6 shows the time sequence of high speed image of A5356WY produced by three
different wire currents (224, 230, 236 A). At this stage, the wire feeding rate was
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fixed at 1, a process speed of 9.6 m/min, a wire feeding speed of 10 m/min, and a
wire feeding angle of 45 degrees was used.

Vp : 10m/min Vp : 10m/min

#

Fig. 3.5. Typical hot-wire heating phenomenon of Inconel625:
(a) 153 A; (b) 158 A; (c) 163 A.

V, : 10 m/min

V, : 10 m/min

Stable

T+0.05s

(C) Vp : 10 m/min

Fig. 3.6. Time sequence of high speed image of AS356\WY:
(a) 224 A; (b) 230 A; (c) 236 A.

Figure 3.5a and Figure 3.6a show that the filler wire tip poked the base metal
surface, and an unstable metal bead was deposited. This phenomenon occurred
because of the relatively low wire current, which could not properly heat the wire tip
to its melting point. The insufficient temperature of the hot-wire tip could then not
achieve smooth deposition on the base plate. With the hot-wire current was
increased (see Fig. 3.5c and Fig. 3.6¢), the fusing frequently occurred at the hot-wire
tip with spatters. This phenomenon occurred because of the excessive wire current,
which brought the wire tip temperature to its melting point before contacting the base
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plate surface. When the appropriate hot-wire current was applied (see Fig. 3.5b and
Fig. 3.6b), smooth hot-wire feeding was observed and a uniform bead stably formed.

Figure 3.7 shows the appropriate hot-wire current of the three filler materials for
wire feeding speeds varied between 5 and 20 m/min. The tendency of the wire
current increment was the same, and the appropriate hot-wire current was increased
when the wire feeding speed increased from 5 to 20 m/min. The appropriate current
of the A5356WY wire is considerably higher than that of the SUS308L and

Inconel625 wires on a fixed wire feeding speed because of its lower electric
resistance.

SUS308L Inconel 625
< _ < -
300 | 9=1.2mm - 300 | 9=1.2mm
c L=50 mm c L=50 mm
o [
= =
S S
o (8]
o o
= =
= P
0 5 10 15 20 25 0 5 10 15 20 25
Wire feeding speed, m/min Wire feeding speed, m/min
400 400
A5356WY SUS630
< < 12
. 300 [ ¢=1.2 mm g 300 ‘II.’:?E) mm
] L=50 mm o =70 mm
5 200 5 200
(3] o
o o
= 100 = 100
= 2
0 : : : . 0
0 5 10 15 20 25 0 5 10 15 20 25
Wire feeding speed, m/min Wire feeding speed, m/min

Fig. 3.7. Appropriate hot-wire currents for each filler material obtained by hot-wire
heating experiments without laser irradiation.

3.4 Simple calculation method for estimating appropriate hot-wire current

3.4.1 Introduction of simple calculation model

A simple theoretical calculation method for deriving the appropriate hot-wire
current is proposed to more flexibly use various materials in the HLAM process.
Figure 3.8 shows a schematic diagram of the proposed calculation method. The
distance between the power supply point and substrate is defined as the wire supply
distance, which is the Joule heating region, as shown in Fig. 3.8a. The temperature
distribution is calculated according to the power supply distance, as shown in Fig.
3.8b. This method divides the power supply distance into a small length of 0.1 mm,
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and the overall temperature distribution can be obtained by calculating the
temperature increment at each 0.1-mm segment. Three factors are taken into
account in the simple calculation method, namely the (1) heat generated by Joule
heat, (2) heat generated by contact resistance, and (3) heat loss from heat
convection. The Joule heat and contact resistance are the main factors for the
temperature rise of the hot-wire, whereas heat convection is considered as the main
during the wire heating process. The precise temperature
distribution with power supply distance and the temperature at the hot-wire tip can be

mechanism of heat loss

obtained by calculating the temperature increase in each segment.

Power supply point

Joule generation of heat by contact resistance j, 1o generation of heat

RC of wire and contact electrode by resistance of wire
ATATATAT eeeeeeeessesse ATAT
aRYaYava

L I I )

[Qu,]

Heat convection
Power supply point

® [Heat generation by Joule heat |
® [Heat generation by contact resistance
® [Heat loss from heat convection |

Fig. 3.8. Schematic diagrams of the simple method for calculating the appropriate

(b)

hot-wire current.
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3.4.2 Simple calculation equations

The amount of temperature increment for each element was calculated, and the
temperature distribution of the entire wire was obtained by repeating the calculation
from the feeding point to the tip of the wire and adding the amount of temperature
increment, as shown in Fig. 3.8.

Firstly, the resistance for each element was calculated from the equation. Then,
the energizing time for each element was calculated from the formula. Using the
resistance per element and the energization time per element, the amount of heat
obtained by Joule heat generation per element was calculated from the equation.
Finally, the amount of temperature increment obtained by each element due to Joule
heat generation was calculated from the equations. The above calculation was
started from the feeding point and repeated until the end of the wire. The appropriate
preheated hot-wire current is the temperature of the wire tip is near the melting point
just before the tip of the wire hits the molten pool. The detail of steps and equations
as follows:

Calculate the temperature increment for each segment, repeat the calculation
from the power supply point to the wire tip, and add up the temperature increment.
Thus, the temperature increment (AT) on each 0.1-mm segment is given as:

AT=Q/(CmXmm XL XIIr?) (3.1)

Where C() is the temperature-dependent specific heat (J/kg-°C), m() is the
temperature-dependent specific gravity (kg/m?3), r is the radius of the filler wire (mm),
and L is the segment length (0.1 mm).

The net heat increase Q is equal to the gap between the heat generated by the
Joule heat into the segment (Qin) and the heat loss from the segment (Qout), which is
given as:

Q = Qin - Qout (3.2)

Where Qin is the heat generated by the temperature-dependent electric
resistance of the filler wire material of each 0.1-mm segment (J), and can be
described as:

Qin = Ry X2 Xt (3.3)

Where R(m) is the temperature-dependent resistance of the filler material (Q2), | is
the hot-wire heating current (A), and t is the heating time through segment length L
(s). Then, the temperature-dependent electric resistance R(r) is given as follows:
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R =(Rc + pm)XL/ITXr? (3.4)

Where p(r) is the temperature-dependent specific electrical resistivity (Q-m),
and Rc is the contact resistance (Q). The heating time t through a segment length L
(0.1 mm) is given as:

t=DX60XL/ Ve (3.5)

Where D is the duty ratio (50%) of the wire heating current, and VF is the wire
feeding speed (m/min).

Qout is the heat loss from heat convection to the atmosphere area during wire
heating (J), and can be described as:

Qout = hXAXAT (36)
A=ITXr (3.7)
AT= TW_ Ta (38)

Where h is the comprehensive heat loss coefficient (W/m?-K), A is the surface
area of a segment (m?), Tw is the temperature of the filler wire (°C), and Ta is the air
temperature (°C).

By substituting Eqgs. (3.2)—(3.8) into Eq. (3.1), the temperature increment AT on
each 0.1-mm segment can be described as:

T = 12 60xLxDx(Rc+p(1))  hx(Tyy—Ta)
— — X —
VF 2 xszC(T)xm(T) C(ryxm(ryxL

(3.9)

Equation (3.9) shows that the temperature increment of the filler wire is related
to many factors, including the physical properties of the material, diameters of the
filler wire, comprehensive heat loss coefficient, wire heating current, and wire feeding
speed. As for the same material, the wire temperature increment in segment length L
is positively correlated with the square of the wire current |, and negatively correlated
with the wire feed speed Vr and filler wire diameter. The contact resistance Rc and
comprehensive heat loss coefficient h are also important factors that affect the
temperature increment during wire heating.

3.4.3 Physical properties

Figure 3.9a—c shows the physical properties of four materials used in this study,
namely the temperature-dependent specific electrical resistivity, temperature-
dependent specific gravity, and temperature-dependent specific heat, respectively.
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Fig. 3.9. Physical properties of the four investigated materials:
(a) temperature-dependent specific electrical resistivity; (b) temperature-dependent
specific gravity; and (c) temperature-dependent specific heat [155-160].
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In order to clear the physical properties of four materials, these were used in
the calculation by making an approximate expression by the method of least squares.
the equations of the temperature-dependent specific electrical resistivity (p),
temperature-dependent specific gravity (m), and temperature-dependent specific
heat (c) are given as:

SUS308L

p=2.95E - 5T? + 8.98E - 2T + 67 .4 (3.10)
m = -0.4637T + 8040 (3.11)
c=-5.30E-11T* + 2.28E - 07T3 - 3.23E - 4T2 + 0.333T + 458 (3.12)
Inconel625

p =-1.70E - 05T2 + 0.0234T + 129.43 (3.13)
m =-0.4763T + 8486.9 (3.14)
C=6.74E - 06T + 0.2379T + 405.41 (3.15)
A5356WY

p=1.25E-07T3- 7.75E - 05T? + 0.0224T + 6.1041 (3.16)
m = -0.6715T + 2653.4 (3.17)
c=2.70E -4T2+ 0.381T + 898.57 (3.18)
SUS630

p=3E-08T3- 9E - 05T2+ 0.1109T + 94.834 (3.19)
m = -0.463T + 7780 (3.20)
¢ = 0.3793E - 0.0003T? + 454.38 (3.21)

36



Chapter 3
A study of appropriate current calculation method of various wires using hot-wire method

3.4.4 Pulse current

In the calculated method, the hot-wire heating current (A) and heating time
through segment length L (t) are related to the pulse current. As shown in Eq. 3.3,
the Joule heating value is proportional to the square of the wire current value. The
pulse current can be divided into two types: real pulse current and ideal pulse current,
as shown in Fig. 3.10a. The ideal pulse current is generated with no buffer at the
current rising and falling time. Therefore, the pulse current that generates the same
amount of heat as the actual pulse current was reproduced and reflected in the wire
temperature calculation method. The squared value of the actual pulse current and
the squared value of the ideal pulse current was integrated over the unit pulse period.
The ratio of the squared value of the actual pulse current to the squared value of the
ideal pulse current was then calculated. This was done for 100 arbitrary pulse
currents, and the average value was calculated. The squared integral of the actual
pulse current was found to be 97.22% of the squared integral of the ideal pulse
current, as shown in Fig. 3.10b.
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Fig. 3.10. Pulse current used in hot-wire system

3.5 Effect of contact resistance and heat loss coefficient

The heat generated by the contact resistance between the filler wire and
contact tip during the wire heating process must also be discussed in detail. Heat is
lost from the periphery of each segment during wire heating. The heat dissipation to
the periphery of the wire is calculated by assuming the comprehensive heat loss
coefficient h, which is proportional to the temperature difference between the surface
area of the wire and the air environment.
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The hot-wire tip temperature was estimated according to the following four
thermodynamic assumptions for the comprehensive heat loss coefficient and contact
resistance:

1) The heat loss from heat convection and heat generation by contact resistance
are ignored (h =0, Rc = 0).

2) The heat loss from heat convection is considered, but the heat generation by
contact resistance is ignored (Rc = 0).

3) The heat generation by contact resistance is considered, but the heat loss from
heat convection is ignored (h = 0).

4) The heat loss from heat convection and heat generation by contact resistance
are both considered.

Figures 3.11a—c show the calculated appropriate hot-wire currents for SUS308L,
Inconel625, A5356WY, and SUS630, respectively. The results are calculated based
on the above four assumptions, and the measured results are shown in all three
graphs. When heat loss is ignored (h = 0), the appropriate wire current required to
heat the wire tip to its melting point (red circles and green squares in Fig. 3.11) is
lower than that when the heat loss is considered (h = 1) (blue triangles and black
diamonds symbols in Fig. 3.11). There are also small differences of the calculated
wire current reductions between the red and blue symbols and green and black
symbols for all four filler materials. In terms of the contact resistance effect, the
largest effect was observed for the A5356WY filler wire (i.e., the largest difference
between the red and green symbols and blue and black symbols), whereas the
smallest effect was observed for the Inconel625 filler wire (i.e., negligible differences
between the associated symbols). The SUS308L and SUS630 filler wire showed
intermediate differences in the calculated wire current, reflecting an intermediate
effect of the contact resistance.

The above results indicate that the contact resistance largely affects the
temperature increase of material with relatively low electrical resistivity at
approximately room temperature (i.e., at the power supply point) because the
contact resistance becomes relatively larger than the material electrical resistivity at
that point. Figure 3.9a shows that the electrical resistivity follows SUS308L <
SUS630 < Inconel625 when the temperature is lower than 700 °C, while the
electrical resistivity follows SUS308L < Inconel625 < SUS630 when the temperature
is higher than 700 °C. Compared with the other materials, the electrical resistivity of
A5356WY is the lowest. A comparison of the four types of the calculated wire current
and appropriate wire current obtained by the experiments shows that the assumption
that considers both the heat loss from heat convection and heat generation by
contact resistance yields the best agreement, as indicated by the black diamond
symbols in Fig. 3.11.
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Fig. 3.11. Calculated appropriate hot-wire currents and experimental results.

3.6 Summary

In this chapter, four types of filler materials (SUS308L, Inconel 625, A5356WY,
and SUS630) were used in a hot-wire heating on the plate without laser irradiation
experiment. The effect of the hot-wire current on the stability of the wire feeding
phenomenon was investigated. A simple calculation method is proposed and its
estimated result was confirmed by the experimental investigation. The conclusions
are summarized as follows:

1) The hot-wire heating current is an important parameter to achieve stable and
smooth wire feeding. Excessively low and high wire currents result in insufficient
wire-tip temperature with poking on the base metal surface and fusing and
spatter formation, respectively.

2) A simple calculation method is proposed to estimate the appropriate hot-wire
current. As for the same material, the wire temperature increment in segment
length L is positively correlated with the square of the wire current |, and
negatively correlated with the wire feed speed Vr and filler wire diameter.

3) The estimated current is in good agreement with the experimental values over a
wide range of wire feeding speeds from 0 to 20 m/min for all four filler materials,
considering both heat loss from heat convection and heat generation by contact
resistance.
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Chapter 4

Development of the AM technology by using hot-wire system and
high-power diode laser

4.1 Introduction

According to the previous study in Chapter 3, a simple method for calculating
the appropriate wire current of four types of wires was investigated. Through this
calculation method, the appropriate current of filler wire could be obtained under
various wire feeding speed. The originality purpose of this study is to a combination
of the diode laser irradiation and hot wire method. However, calculated results and
experimental results were established under the condition without the laser
irradiation, it needs to be combined with a laser heat resource to realize the
manufacturing of the multi-layer deposition.

In this chapter, the suitable process conditions for SUS308L filler wire were
investigated by hot-wire laser AM using a high-power diode laser as the main heat
source with a large rectangular beam spot. Firstly, A high-speed camera was used to
observe the molten pool formation and hot-wire feeding during the HLAM
experiments to clearly investigate the deposition process phenomena. Effect of wire
feeding rate on first and second-layer evaluated parameters (e.g. bead width and
bead height) was investigated. Secondly, a window of three-layer deposition for a
combination of process parameters has been developed. There are many
parameters involved in the process conditions, including laser power, process speed,
wire feeding rate, and energy heat input, mainly affect the melting phenomenon and
bead appearance of three-layer deposition. Finally, the effects of laser spot size on a
bead shape and cross-sectional characteristics were investigated.

4.2 Introduction of multi-layer deposition equipment of the hot-wire laser AM
method

Figure 4.1a shows the experimental setup of the HLAM to fabricate the multi-
layer deposition. The HLAM system consisted of a 6-kW high-power diode laser with
a combination of optical lenses, a hot-wire feeder / power supply, a two-axis slider, a
six-axis robot, a high-speed monitoring camera, and a gas shielding box. The
specimen was moved and its process speed was controlled by the two-axis slider,
the six-axis robot set the laser irradiation angle, and the defocus length was set, as
shown in Fig. 4.1b. The laser system used a 6 kW high-power diode laser (LDH
6000-40) and the laser head is fixed to a six-axis articulated robot (Kawasaki

40



Chapter 4
Development of the AM technology by using hot-wire system and high-power diode laser

Machine Systems, FS10N), so that the irradiation angle and defocus length of the
laser could be changed as needed, as shown in Fig. 4.2. A high-speed camera with
laser lighting and a band-pass filter were used for in-situ observation of wire melting
and molten pool formation for all of the filler materials and process conditions, as
shown in Fig 4.3 and Fig.4.4.

As a hot-wire system, a wire heating power supply (Babcock-Hitachi, 1V1320)
was used, and power was supplied from the wire feed nozzle to the base metal. The
current value and wire feeding speed can be set using a built-in servo moto feeder.
The heating of the wire was set to a pulse frequency of 100 Hz and a duty cycle of
50% per waveform. The temperature of the filler wire could be heating near to the
melting point before entering into the molten pool. The specimens were fixed to the
fixture of the processing table on the bi-axial table (IAl RCS-2SS8C).

High speed camera

Diode Laser

Hot-wire torch

Shielding box

(@)
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Laser irradiation angle
|

Base metal

Filler wire

Hot-wire torch

Power supply point

~ Welding direction

(b)

Fig. 4.1. Experimental setup of HLAM for fabricating multi-layer deposition.

Fig. 4.2. Diode laser oscillator.
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Fig. 4.3. High-speed camera. Fig. 4.4. Laser lighting equipment.

Table 4.1 Rectangular beam shapes with different focal length

Focal length (Focusing lens)

Homogenizer (Type) 200 250 400 500 600 800 1000
LL2.20 23 28 45 56 68 90 113

:g LL2.35 13 16 26 32 39 51 64
& | LL2.35-edge 13 16 26 32 39 51 64
§ LL2.54 8 11 17 21 25 34 42
8 | LL2.85 5 7 1" 13 16 21 27
LL2.146 3 4 6 8 9 12 15

< | Colli 100 mm (Core 0.4 mm) 0.8 1.0 1.6 2.0 2.4 3.2 4.0
-§ Colli 80 mm (Core 0.4 mm) 1.0 1.3 2.0 2.5 3.0 4.0 5.0
% Colli 100 mm (Core 1 mm) 2.0 3.0 4.0 5.0 6.0 8.0 10.0
— | Colli80 mm (Core 1 mm) 2.5 3.1 5.0 6.3 7.5 10.0 12.5

Table 4.1 shows the rectangular beam shapes with different focal length. The
width and the length of laser spot can be selected by adjusting the combination of a
homogenizing and focusing lenses. Figure 4.5 shows a schematic diagram of the
laser head created by the combination of fiber core diameters, collimator lens,
homogenizer, and focusing lens, which decided the rectangular beam width and
length. In this study, the HLAM process used a 6-kW high-power diode laser with a
large rectangle beam spot and a high-power wire heating power supply with a
maximum current above 400 A.
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Six kW is high-power compared with the PBF process; however, the HLAM
process uses the much larger laser spot size — in other words, the laser energy
distribution of HLAM is relatively small. In addition, the deposition rate of HLAM is
much larger than that of PBF. The high-power wire heating power supply can heat
the filler wire to its melting point under the high-speed condition for filler wire feeding.
A specimen was fixed on a biaxial slide table to achieve precise and stable motion.
The filler wire was fed from the front as the wire leading process

| Fiber core | Fiber core Fiber care Fiber core
0.4 mm 0.4 mm 1.0 mm
+ Collimator Collimator Collimator
100 mm 100 mm 100 mm
| Collimator | 4L <L <L
Homogenizer Homogenizer Homogenizer
+ LL2.85 LL2.146 LL2.146
I Homogenizer | O U U
Focusing lens Focusing lens Focusing lens
+ 400 mm 400 mm 200 mm
| Focusing lens | . . :
Spot size out put Spot size out put Spot size out put
(Just focus) (Just focus) (Just focus)
" - '
16§ 16 . 2,
" mm 6 mm 3 mm

Fig. 4.5. Laser head and beam shape.

4.2.1 Materials used

A JIS-Z3321-YS308L filler wire with a 1.2-mm-diameter and a base metal of
590-MPa-class steel plate with a 200-mm length, a 100-mm width, and a 9-mm
thickness were used. The chemical compositions of the filler wire and base metal are
shown in Table 4.2. Oxide on the base-metal surface was polished and degreased
with acetone before the experiment.
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Table 4.2 Chemical compositions of filler wire and base metal

Chemical composition, mass%
Material
C Si Mn P S Ni Cr Mo Fe
SUS308L 0.01 | 038 | 160 | 0.024 | 0.001 098 | 1987 | 009 | Bal
590 '\gtzzc'ass 008 | 038 | 150 | 0.011 | 0.002 | 0.01 021 | 001 | Bal

4.2.2 Experimental procedure

Table 4.3 shows the range of process parameters selected from the HLAM
experiment. The three types rectangular laser spot with a 5° laser irradiation angle of
the laser beam were applied. The process parameters, such as laser power, process
speed, wire current, and wire feeding rate (wire feeding speed / process speed) were
varied respectively during the multi-layer deposition. The laser leading and the angle
between the substrate and the filler wire of 45° were used. The high-purity argon gas
was used for shielding the molten pool and prevent oxidation with a shielding box at

a flow rate of 30 L/min.

Table 4.3 Process conditions.

Core, um 400 400 1000
Homogenizer LL-line2.85 | LL-line2.146 | LL-line2.146
Focus lens, mm 400 400 200
Collimator, mm f100 f100 F80
Laser power, kW 3.3~5.5

Defocus length, mm

0 (Just focus)

Laser spot size, mm x mm

16%x11L | 1.6%x6L | 20%x3.0t

Welding direction Forward (wire leading)
Power supply distance, mm 50
Process speed (Vp), m/min 0.24~0.5
Wire feeding _speed(VF), 0.9 ~ 20
m/min
Wire feeding rate, (VF/ Vp) 2.5~40
Wire current, A 58 ~ 234
Wire feeding angle, degree 45
Wire feeding position, mm 0.8
Shielding gas (Ar), L/min 30
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To clear the deposition process, the phenomenon of molten pool behavior
during deposition was visually observed and recorded in situ using a high-speed
camera (HX-7, NAC Co., Ltd, Japan). The monitoring conditions of the high-speed
camera are listed in Table 4.4. The deposition process was illuminated with a lighting
laser with a wavelength of 808 + 5 nm to acquire bright images, while a bandpass
filter with a transmitted wavelength of 808 + 5 nm (Jena Optic Co., Ltd, Japan) was
installed with an optical lens.

Table 4.4 Monitoring conditions of in-situ observation.

High-speed camera HX-7

Frame rate, fps 1000
Aperture Closed

Focus lens, mm 200
Band pass filter, nm/FWHM 808 +5
Wave length, um 808 +5

Laser lighting, W 30

Shutter speed, s 1/5000

4.2.3 Typical bead appearance and melting phenomenon

Figure 4.6 shows typical bead appearances of three-layer depositions of sound
beads and wire stubbing beads. After calculating the hot-wire current by the previous
method, sound beads without defects were obtained by combining suitable process
parameters (see Fig. 4.7a). When the process parameters were unsuitable, for
example, the wire feeding rate was greater than the constant combination of laser

power and process speed, and a low-quality bead like wire stubbing was observed
(see Fig. 4.7b).

Sound bead - :

Wire stubbing -

Fig. 4.6. Typical bead appearance of SUS308L wire.
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Smooth N S_,p,»'kes /

Deposited metal Deposited metal

Welding direction Welding direction

(a) (b)

Fig. 4.7. Schematic illustration of melting phenomenon:
(a) Smooth; (b) Wire stubbing.

4.2.4 Cross-sectional observation and evaluated parameters

Figure 4.8 shows a schematic diagram of cross-sectional sampling locations,

with @ and @ indicating deposition starting points at 20 and 50 mm, respectively.
Two cross-sections were longitudinally cut with a distance of 10 mm, and the bead

width (W) and bead height (H) were measured.

sectional

Figure 4.9 shows a schematic illustration of the cutting positions for the cross-

samples were polished by 100, 200, 500 Silicon carbide sandpaper.

60 mm

Welding direction

L
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observation and evaluated parameters. Three cross-sections were
longitudinally cut with a distance of 20 mm, and effective width (WE), the maximum
height (Hwm), the effective height (He), and the near net shape rate were measured.
The near net shape rate is the ratio of the effective area to the deposited area, as
shown in Fig. 4.9. In order to observe the penetration depth and defects, the cut
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Fig. 4.8. Cutting positions for cross-sectional observation of first and
second-layer and evaluated parameters.

Effective Width

(We)
125 m
R N L —— -
12 3 .
40 20 20 = E=) MNear net shape rate =
- @
Cross-segtions E E = Effective area "
Effecti L
2 ective area é Deposited area
B 3
= =
w

Welding direction mm

Ll

Fig. 4.9. Cutting positions for cross-sectional observation of three-layer and
evaluated parameters.

4.2.5 Definition of energy heat input

The process parameters are the key to influence the quality of the deposited
bead and phenomenon, namely laser power, process speed, laser spot size, and
wire feeding speed. To combine these process parameters, the definition and
evaluation of the energy heat input (J/mm?3) and wire feeding rate are illustrated in
Equations (1) and (2).

Energy density input = —2 4.1)
As*Vp

Wire feeding rate = % 4.2)
P
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Where Lp is the laser power, in W; As is the area of laser spot size, in mm; Vp is
the process speed, in m/min; Vr is wire feeding speed, in m/min.

4.3 Feasibility study of two-layer deposition by hot-wire laser method

4.3.1 Molten pool formation during HLAM process

A high-speed camera was used to observe the molten pool formation and hot-
wire feeding during the HLAM experiments to clearly investigate the deposition
process phenomena. Figure 4.10 shows the high-speed images during molten pool
formation at the start region of the HLAM process using SUS308L.

(b)

Laser beam irradiate on
base metal

Shielding box

Laser beam

Base metal

Torch Torch

Welding direction| Welding direction
Welding direction| Welding direction

e
o
e
Q
)
—
©
(o}
=
"
2
=
0
=]
(& ]
(6]
R
©
(=2}
=
=
=

Fig. 4.10. High-speed images during molten pool formation at the HLAM process
start region on SUS308L.

Before laser irradiation, the filler wire tip touched the surface of the base metal
and the energization started for wire heating (Fig. 4.10a). After the laser beam began
to irradiate on the base metal at a distance of 0.8 mm from the filler wire tip, the
specimen on the sliding table and filler wire feed remained stationary for a short time
of approximately 1 s (Fig. 4.10b). The surface of the base metal gradually melted by
the laser irradiation, and a small molten pool formed (Fig. 4.10c). As time progressed,
the size of the molten pool gradually increased and stabilized owing to the large-
sized beam spot with low energy density, and the filler wire was not fully heated by
Joule heat (Fig. 4.10d). After the wire feeding gradually started, the wire tip
temperature reached its melting point by pre-Joule heating during the stationary term
and heat input from the laser irradiation. The hot wire tip started melting at the edge
of the laser spot and the molten pool gradually increased (Fig. 4.10e). Upon moving
the table, the hot wire was steadily fed into the molten pool and fully melted. After the
above beginning process period, the specimen on the slide table started to gradually
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move and the filler wire feeding speed and wire current increased linearly to the
appropriate condition obtained in the previous section. The molten pool grew with
increasing deposition volume from the hot wire, and the molten pool rapidly cooled to
form a bead (Fig. 4.10f).

4.3.2 Effect of wire feeding rate on 15t and 2" layer

Fig. 4.11 and 4.12 show the bead appearances and cross-sections of 15t and
2" Jayer when the wire feeding rate varied from 20 to 40 at a fixed process speed of
0.3 m/min and laser power of 5.5 kW. A smooth and stable bead could be obtained
although the wire feeding rate changed 2 time (see Fig. 4.11). The evaluation
parameters (e.g. bead width and height) of the 15t and 2" layer cross-sections were
listed in Table 4.4. As a result, the height increased with an increase in wire feeding
rate since a larger amount of filler wire melted into molten pool. The bead width of all
samples was around 11 mm. The height of 18! layer was from ~3.0 to ~5.5 mm and
2" |Jayer from ~5.4 mm to ~8.6 mm. However, a excessive wire feeding rate of 40
resulted in penetration defects in 15t layer (see Fig. 4.12c) and a swollen and rough
side 2™ layer since an excessive amount of filler wire reflects the laser irradiation
which cannot melt substrate fully.

Bead appearance Wire feeding rate
Welding direction 10 mm
g |8
acl,| £
23| 3
ie°| 8
o e
a s
Fig. 4.11. Bead appearances. Fig. 4.12. Cross-section samples.

Table 4.4 Cross-sectional characteristics of the 15t and 2"? -layer deposition.

First layer Second layer
Materials| Wire feeding rate
Width, mm Height, mm Width, mm Height, mm
20 111 3.0 11.0 5.4
SUS308L 30 10.9 4.1 10.8 7.1
40 11.2 55 11.0 8.6
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4.4 Three-layer deposition by HLAM process

4.4.1 Establishment of process parameters window of three-layer

Figure 4.13 shows the process windows of bead appearance evaluation under
process parameter combinations of (a) laser power and process speed, and (b) laser
power and the wire feeding rate. The red circles indicate the sound bead, and the
black crosses indicate a bead with the typical defect of bead appearance. As shown
in Figure 4.13a, when the wire feeding rate was fixed at 20, the lowest laser power
limit existed for each process speed. As the process speed increased, a higher laser
power was required to obtain the sound bead. The laser power should be combined
with the appropriate process speed to achieve sufficient heat input for the sound and
stable processing phenomena. When the process conditions were unsuitable, for
example, the laser power was too low or the process speed was too high, and the
inadequate lower heat input led to un-stable processing phenomena and poor-quality
beads. As shown in Figure 4.13b, when the process speed (Vp) was fixed at 0.3
m/min, each wire feeding rate of the filler materials had laser power limitations to
obtain sound bead appearances. A high and wide range of wire feeding rates (WFR)
from 20 to 40 was achieved for a 6-kW laser power by using HLAM.

»
»

55 A DD 55 DO
st O O X s O O X
‘g_;' 45 | O §4.5 - X
g 4r O X g 4 O X
E 35 1 O WFR: 20 E 35 r O X V,: 0.3 m/min
3 3t >< O : sound bead 3 3t X (O: sound bead
25 ‘ X : Defect 25 | . X : Defect
0.2 0.3 0.4 0.5 0.6 10 20 30 40 50
Process speed, m/min Wire feeding rate

(a) (b)
Fig. 4.13. Process windows of three-layer bead appearance evaluation for process

parameter combinations of
(a) Laser power and process speed and (b) Laser power and wire feeding rate.
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4.4.2 Effects of process parameters on melting phenomenon
4.4.2 .1 Effect of process speed and laser power

Figure 4.14 shows high-speed images during processing for various
combinations of process speed and laser power using a fixed wire feeding rate of 20.
Figure 4.14a shows that when the process speed (Vr) was 0.3 m/min and the laser
power (Lp) was 4 kW for a fixed wire feeding rate (WFR) of 20, the filler wire was fed
smoothly and continuously at the centers of the laser beam spot and molten pool
front in the width direction during deposition. The same wire feeding and melting
phenomena were observed at high-er process speeds of 0.4 and 0.5 m/min when a
higher laser power from 4.4 to 5.5 kW was applied, as shown in Fig. 4.14c. These
smooth and stable melting phenomena yielded smooth and sound bead
appearances. When a higher process speed of 0.4 m/min was applied for a fixed
laser power of 4 kW, the filler wire was not fed smoothly and stably into the molten
pool, and it protruded from the molten pool as shown in Fig. 4.14b. The same
tendency was observed at other process speeds of 0.3 and 0.5 m/min when a laser
power of 3 and 5 kW was applied, respectively, as shown in Fig. 4.14d. Low-quality
three-layer deposition with unmelted protruded wires at the bead sides was observed,
as shown in Fig. 4.14b,d.

Process speed, m/min

0.3 0.4 0.5
O (@] O

Laser power, kW

Welding direction |
Welding direction 5|l

¥ -
i
- ~
A TS
@.vﬁ‘
Wi

Laser spot r 3 Laser é;lt 2

30

Fig. 4.14. The phenomenon of deposition for varied as process speed and laser
power: (a) Lr = 4.0 kW, Ve = 0.3 m/min; (b) Lr = 4.0 kW, Ve = 0.4 m/min; (c) Lp =
5.0 kW, Ve = 0.4 m/min; (d) Lr = 5.0 kW, Ve = 0.5 m/min.
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4.4.2.2 Effect of wire feeding rate and laser power

Figure 4.15 shows high-speed images during processing for various
combinations of wire feeding rates and laser power using a fixed process speed of
0.3 m/min. Figure 4.15a shows that when the WFR is 30 and the laser power (Lp) is
5 kW at a fixed process speed of 0.3 m/min, the filler wire is fed smoothly and
continuously at the center of the laser beam spot and molten pool front in the width
direction during deposition. The same smooth and stable processing phenomena
were observed at other wire feeding rates of 20 and 40 with appropriate laser powers,
as shown in Fig. 4.15a. When a larger wire feeding rate of 40 was used at a fixed
laser power of 5 kW, the filler wire was not fed smoothly and stably into the molten
pool, and it protruded from the molten pool, as shown in Fig. 4.15d. The same
tendency was observed at other wire feeding rates of 20 and 30 m/min when a lower
laser power was applied, as shown in Fig. 4.15b. Almost the same processing
phenomena and bead creations were observed for both combinations of laser power
and process speed for a fixed wire feeding speed and laser power and wire feeding
rate at a fixed process speed.

Wire feeding rate

20 30 40
O O O

5.5

5.0
Weldind'ﬁirecfion

Laser power, KW
45
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Welding direction
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Fig. 4.15. The phenomenon of deposition for varied as wire feeding rate and laser
power: (a) Lr = 3.3 kW, WFR = 20; (b) Lr = 3.3 kW, WFR = 30; (c) Lr = 4.5 kW,
WFR = 30; (d) Lr = 4.5 kW, WFR = 40.
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4.4.3 The map illustrating the three-layer deposition for varied energy heat
input and wire feeding rate

Fig. 4.16 shows the map illustrating the three-layer deposition for varied energy
heat input (Y-axis) and wire feeding rate (X-axis). In this map, the process conditions
(laser power, process speed, and laser spot size) will be represented by energy
density input. It is observed that the wire feeding rate has a limited energy heating
input at various process speeds. The wire stubbing area increases with the increase
of the wire feeding rate and decreases with the increase of energy heat input. When
the wire feeding rate of 30, the energy heat input is 46 J/mm?3, the wire stubbing was
observed. Increase the energy heat input to the 51 J/mm3, the sound bead with no
defects was observed. This confirms the fact that the defects could be eliminated by
either increasing the energy heat input or decreasing the wire feeding rate.

70

Sound bead area

60

50

\® O O
\
\
o

Energy heat input, J/mm?
\\

40 —

Wire stubbing

“ -
30 V,mmn 03 04 05
Sound bead D O
| Wire stubbing area Wire Stubbing /2N
20
20 25 30 35 40

Wire feeding rate

Fig. 4.16. The map illustrating the three-layer deposition of SUS308L.

4.4.4 Effect of rectangular laser beam with varied laser spot width

Fig. 4.17 shows the effect of laser spot width on effective width and wire feeding
rate when the energy heat input was fixed at 52.1 J/mm3. The effective width
increases with the laser spot width increases, as shown in Fig. 4.17a. The suitable
laser spot width can be selected according to the size of the model to manufacture.
Moreover, the wire feeding speed is also positively related to the laser spot width,
and different wire feeding rate corresponds to the suitable laser spot width.
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Fig. 4.17. Effect of laser spot width (Lr = 5.5 kW, Vp = 0.36 m/min):
(a) Effective width; (b) Wire feeding rate.
4.5 Summary

In this chapter, the process windows to obtain sound beads for various
combinations of process parameters were obtained by three-layer deposition. The
effect of process parameters on processing phenomena, the bead appearance, and
the cross-sectional characteristics was discussed in detail by using high-speed
images and cross-sectional measurements. The conclusions were as follows:

1) Process windows for a laser power from 3 to 5.5 kW, process speeds from 0.3 to
0.5 m/min, and a wire feeding rate from 20 to 40 were obtained. A large width
above 10 mm and a high deposition rate above 800 cm3/h were achieved.

2) The energy heat input was proposed as being key to obtaining adequate and
stable melting phenomena. Each wire feeding rate from 20 to 40 had a lower
limitation of energy heat input from 35 to 60 J/mm3 to create sound deposited

layers.

3) A sufficiently high wire feeding speed (rate) should be used according to the laser
beam width and processing speed before optimizing other parameters in the
proposed HLAM process.
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Chapter 5

Investigation of phenomena and optimization parameters of
various materials for the large-wall formation

5.1 Introduction

Nickel-based alloy was born in the 1940s. Due to its excellent mechanical
properties such as structural stability, high-temperature oxidation resistance and high-
temperature strength, it has gradually become the most widely used superalloy.
Especially in the aerospace manufacturing industry, such as turbine blades and
turbine disks. According to incomplete statistics, in the aerospace manufacturing
industry, there are more than 1500 parts made of nickel-based alloys. With the
promotion of the application of additive manufacturing technology in nickel-based
alloys, the organization and performance of nickel-based alloy additive manufacturing
components have attracted widespread attention from scholars [60,117,118].

Aluminum alloy has high specific strength, low density and good corrosion
resistance. It is widely used in aerospace, rail transit, automobile manufacturing,
medical equipment and other fields. In order to save energy and reduce pollution,
countries all over the world are accelerating the process of lightening transportation
tools. The manufacturing technology of lightweight materials represented by aluminum
alloy has gradually replaced steel materials and has become the main development
direction for lightweight manufacturing of vehicles and ships. The structural integration
and low-cost manufacturing requirements make the development of aluminum alloy
laser fuse additive manufacturing an inevitable trend [122-124].

In chapter 4, the appropriate combination of energy heat input and wire feeding
rate for the SUS308L wire has been investigated. The purpose of this chapter is to
obtain the optimized process parameters of three types of wires (Stainless steel, Ni-
based alloy, and Al alloy). The first part is that the bead appearances and bead shape
are observed to evaluate the effects of parameters on the characteristics of cross-
sections such as effective width, effective height, maximum height, and near net shape
rate. Then, the optimized process parameter of three types of wires (SUS308L,
Inconel625, and A5356WY) for sound three-layer deposition and large wall modeling
were investigated. The second part is to investigate the mechanical properties of large-
wall parts of the proposed items such as tensile test and elongations compared with
standard requirements.
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5.2 Experiment procedure and methodology

5.2.1 Materials and specimen used

Three types of filler wires with a 1.2-mm diameter were used: SUS308L stainless
steel, Inconel 625Ni-based alloy, and A5356WY Al alloy. 590 MPa-class steel plates
with 12-mm thickness and 490 MPa-class steel plates with 9-mm thickness were used
as a base plate for the SUS308L and Inconel625 filler wires. A50830 plates with 20-
mm thickness were also used for the A5356WY filler wire. The chemical compositions
of the filler wires and base metals are shown in Tables 5.1 and 5.2. The surface of the
base metal was polished and cleaned using acetone to remove oxide scaling before
the experiment.

Table 5.1. Chemical compositions of stainless steel and Ni-based alloy

Chemical composition, mass%

Material
C Si Mn P S Ni Cr Mo Nb+Ta Fe

SUS308L 0.01 ] 0.38 | 1.60 | 0.024 | 0.001 | 9.98 | 19.87 | 0.09 - Bal.

Inconel625 0.02 | 0.09 | 0.01 | 0.003 | 0.001 Bal. 222 | 924 3.54 0.4

590 MPa-class

0.08 | 0.38 | 1.50 | 0.011 0.002 | 0.01 0.21 0.01 - Bal.
steel
490 MPa-class [ 15 | 045 | 1.52 | 0.007 | 0.002 | - - - - Bal.
steel
Table 5.2. Chemical compositions of Al alloys
Chemical composition, mass%
Material
Si Mg Mn Cr Zn Al
A5356WY 0.25 4.5~55 0.05~0.20 0.05~0.2 0.1 Bal.
A50840 <0.4 4.0~4.9 0.4~1.0 0.002 <0.25 Bal.

5.2.2 Process conditions

In this experiment, the three-layer deposition of SUS308L, Inconel625, and
A5356WY wires were investigated. The schematic illustration of three-layer deposition
and evaluated parameters was shown in Fig. 4.9. All of the equipment such as a laser
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power source, hot-wire machine, a high-speed monitoring system, and so on follows
in Chapter 4, as shown in Fig. 4.1.

Table 5.3 shows the range of process parameters selected for the three wires
HLAM experiment. The wider and narrow (1.6 x 11 mm) rectangular laser spot with a
5° laser irradiation angle of the laser beam was applied. The combination of a 400-
mm collimator, LL-line2.85 homogenizer, 400-um core and 400-mm focusing lens
creates the rectangular laser beam having the 11-mm length and 1.6-mm width at a
just focus. The process parameters, such as laser power, process speed, wire current,
and wire feeding rate (wire feeding speed/process speed) were varied respectively
during the multi-layer deposition. The forward welding direction and the angle between
the substrate and the filler wire of 45° were used. The high-purity argon gas was used
for shielding the molten pool and prevent oxidation with a shielding box at a flow rate
of 30 L/min.

Table 5.3. Process conditions.

Material SUS308L | Inconel625 | A5356WY
Core, ym 400
Homogenizer LL-line2.85
Focus lens, mm 400
Collimator, mm f100
Laser power, kW 5.0~6.0
Defocus length, mm 0 (Just focus)
Laser spot size, mm x mm 16Wx11L
Welding direction Forward (laser leading)

Power supply distance, mm 50

Process speed (Vp), m/min 0.24~0.6
Wire feeding speed (Vr), m/min 6 ~20
Wire feeding rate, (Ve/ Vp) 20~40
Wire current, A 123~172 | 164~202 | 212~268
Wire feeding angle, degree 45
Wire feeding position, mm 0.8
Shielding gas (Ar), L/min 30

5.3 Three types of wires deposition using the hot-wire laser method
5.3.1 Effect of process parameters on cross-sectional characteristics
5.3.1.1 Laser power

Figure 5.1a shows the bead appearances and cross-sections of SUS308L filler
wire when the laser power varied from 3.3 to 5.5 kW, and two types of wire feeding
rates of 20 and 30 were used at a fixed process speed of 0.3 m/min. Figure 5.1b shows
the bead appearances and cross-sections of Inconel625 filler wire when the laser
power varied from 5 to 6 kW, and two types of wire feeding rates of 30 and 40 were
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used at a fixed process speed of 0.5 m/min. Figure 5.1c shows the bead appearances
and cross-sections of A5S356WY filler wire when the laser power varied from 5 to 6 kW
were used at a fixed process speed of 0.5 m/min and a fixed wire feeding rate of 30.
It could be concluded from Fig. 5.1a and Fig. 5.1b that although the laser power was
varied extensively, and the wire feeding rate changed with a 1.5 time, smooth and
stable bead appearances, and sound cross-sections without any defects resulted on
all deposited samples. A smaller wire feeding rate of 20 resulted in a narrower bead
with increased layers, and a larger laser power resulted in a wider bead with an
increase in layers for a larger wire feeding rate of 30 and 40. As for A5356WY filler
wire, the higher laser power of 6 kW could not perfectly fabricate a uniform bead shape
since the higher heat input cause the previous layer to remelt a lot, which resulted in
larger width and the lower height of the next deposited metal or even collapses, as
shown in Fig. 5.1c.
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Wire feeding rate
Welding direction
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Laser power, KW
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Bead appearance Laser power, kW
Welding direction 10 mm

30
Laser power, kW

Wire feeding rate

(c)
Fig. 5.1. Bead appearances and cross-sections of various laser power:
(a) SUS308L; (b) Inconel625; (c) A5S356WY.

Figure 5.2 shows the effective width, the effective height and maximum height,
and the near net shape rate measured on the cross-sections in Fig. 5.1. The effective
width of SUS308L filler wire increased almost linearly with an increase in laser power
for wire feeding rates of 20 and 30 (see in Fig. 5.2a). Figure 5.1a shows that the higher
laser power yielded a wider substrate surface melting width and maintained a wider
width on the third layer. The effect of wire feeding rates of 20 and 30 was large
compared with the effect of laser power at both heights. The effective height and
maximum height decreased almost linearly with an increase in laser power for wire
feeding rates of 20 and 30. Figure 5.1a shows that an increase in width resulted in a
decrease in height for a fixed wire feeding rate. The near net shape rate decreased
with an increase in laser power, and it increased at the high laser power condition of
5.5 kW for both wire feeding rates of 20 and 30.

The effective width of Inconel625 filler wire increased with an increase, and the
effective height and maximum height decreased with an increase in laser power for
wire feeding rate of 30 (see in Fig. 5.2b). When the wire feeding rate of 40, the effective
width, effective height and maximum height does not change significantly since large
volume of filler material has a limitation of a wider width of the substrate, second and
third layer, even with increased laser power (see in Fig. 5.1b). The near net shape rate
increased with an increase in laser power for wire feeding rates of 30 and 40. The
effect of wire feeding rates of 30 and 40 was large compared with the effect of laser
power at near net shape rate.

In A5356WY filler wire, the effective width and near net shape rate increased first
and decreased with an increase in laser power for wire feeding rate of 30 (see in Fig.
5.2c). The effective height and maximum height decreased with an increase in laser
power for wire feeding rate of 30. Figure 5.1c shows that large laser power caused a
uniform second and third deposited layer.

It can be conclude that the effect of wire feeding rates of 20, 30 and 40 was small
compared with the effect of laser power on the effective width. The effect of wire
feeding rate of 20, 30, and 40 was large compared with the effect of laser power at
both heights and near net shape rate. In SUS308L filler wire, the combination of a 5.5-
kW laser power and a wire feeding rate of 30 for the fixed 0.3 m/min process speed

60



Chapter 5
Investigation of phenomena and optimization parameters of various materials for the large-wall formation

achieved an effective width above 10 mm, an effective height above 7 mm, and a near
net shape rate of over 75%. In Inconle625 filler wire, the combination of a 6-kW laser
power and a wire feeding rate of 40 for the fixed 0.5 m/min process speed achieved
an effective width above 11 mm, an effective height above 10 mm, and a near net
shape rate of over 80%. In A5356WY filler wire, the combination of a 5-kW laser power
and a wire feeding rate of 30 for the fixed 0.5 m/min process speed achieved an
effective width above 9 mm, an effective height above 6 mm, and a near net shape
rate of over 60%.
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Fig. 5.2. Cross-sectional characteristics of three types of wires:
(a) SUS308L; (b) Inconel625; (c) AS356WY.
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5.3.1.2 Process speed

Figure 5.3a shows the bead appearances and cross-sections of SUS308L filler
wire for a varied process speed from 0.24 to 0.5 m/min, and two types of wire feeding
rates of 20 and 30 at a fixed laser power of 5.5 kW. Figure 5.3b and Figure 5.3c show
the bead appearances and cross-sections of Inconel625 and A5356WY filler wire
when the process speed varied from 0.4 to 0.6 m/min were used at a fixed laser power
of 6 kW and a fixed wire feeding rate of 30. Although the process speed varied
extensively and the wire feeding rate also changed, a smooth and stable bead
appearance and sound cross-sections without any defects were visible on all
deposited samples. For the 20 wire feeding rates, a smaller height formed under the
lower-speed condition, and a narrower width resulted for the larger speed condition.
The difference in shape of deposited layer on the wire feeding rate of 30 was smaller
than for the wire feeding rate of 20 (see in Fig. 5.3a).
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Bead appearance
Welding direction 10 mm
—_—a 0

Process speed, m/min

Wire feeding rate
30
Process speed,
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Fig. 5.3. Bead appearances and cross-sections of various process speed:
(a) SUS308L; (b) Inconel625; (c) A5S356WY.

Figure 5.4 shows the effective width, the effective height and maximum height,
and the near net shape rate measured on the cross-sections in Figure 5.3. The
effective width of SUS308L filler wire (see in Fig. 5.4a) decreased almost linearly with
the increase in process speed for both wire feeding speeds of 20 and 30 because the
higher process speed decreased the heat input and melting width of the substrate
surface. However, the effective width was saturated at ~10.5 mm in the slower process
speed region because the laser beam spot with an 11-mm width was used in this study.
The effective height and maximum height increased gradually with the increase in
process speed for both wire feeding speeds of 20 and 30 because the width decreased
for the fixed wire feeding speed. Height saturation occurred in the slower process
speed region for both wire feeding speeds of 20 and 30 as occurred for the effective
bead width. The near net shape rate increased with an increase in process speed for
both wire feeding speeds of 20 and 30.

In Incone625 filler wire, the effective width and near net shape rate increased first
and decreased with an increase in process speed for wire feeding rate of 30 (see in
Fig. 5.4b). The effective height and maximum height increased with an increase in
process speed for wire feeding rate of 30.

In A5356WY filler wire, the effective width increased first and decreased, the
effective height and near net shape rate decreased first and increased with an
increase in process speed for wire feeding rate of 30 (see in Fig. 5.4c). The maximum
height increased with an increase in process speed for wire feeding rate of 30. The
near-net shape ratio was relatively high when a process speed of 0.4 m/min, but the
larger energy heat input caused the previous layer melted and spread to the lateral of
deposited layer. Thus, a relatively high near-net shape rate was obtained when a
process speed of 0.6 m/min.

It can be conclude that the effect of wire feeding speeds of 20 and 30 was small
compared with the effect of process speed on the effective width. The effect of wire
feeding speeds of 20 and 30 was large compared with the effect of process speed on
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both heights. The effect of wire feeding speeds of 20 and 30 was large compared with
the effect of process speed on the near net shape rate. In SUS308L filler wire, The
combination of a 0.36 m/min process speed and a 30-wire feeding rate for a fixed 5.5-
kW laser power achieved an effective width above 10 mm, an effective height of ~8
mm, and a near net shape rate above 75%. In Inconle625 filler wire, the combination
of a 6-kW laser power and a wire feeding rate of 30 for the fixed 0.5 m/min process
speed achieved an effective width above 10 mm, an effective height above 7 mm, and
a near net shape rate of over 75%. In AS356WY filler wire, the combination of a 6-kW
laser power and a wire feeding rate of 30 for the fixed 0.6 m/min process speed
achieved an effective width above 9 mm, an effective height above 7 mm, and a near
net shape rate of over 65%.
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Fig. 5.4. Cross-sectional characteristics of three types of wires:
(a) SUS308L; (b) Inconel625; (c) A5356WY.
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5.3.1.3 Wire feeding rate

Figure 5.5 shows the cross-sections and measured cross-sectional
characteristics at various wire feeding rates of 20, 30, and 40 for the three investigated
materials. The effective width, effective height, maximum height, and near-net-shape
rate were measured as cross-sectional characteristics on the three cross-sections, as
described in Fig. 4.9. The optimum laser power and process speed were applied for
the three-layer depositions: 5 kW and 0.3 m/min for the SUS308L wire; and 6 kW and
0.5 m/min for the Inconel625 and A5356WY wires.
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Fig. 5.5. Cross-section evaluations for wire feeding rates of 20, 30, and 40:
(a) SUS308L; (b) Inconel625; (c) AS356WY.

All of the materials and conditions that formed sound and stable beads and cross-
sections without any defects (e.g., imperfections, cracks) were obtained by evaluating
over the three cross-sections of each specimen. The hot-wire system can provide
material heated to its melting point on any wire feeding speeds without heat input from
the laser irradiation by only adjusting its heating current, as shown in Fig. 3.9. The
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relatively low and uniform energy density in the wide rectangle laser spot also provides
uniform and stable heat input at the front of the molten pool, as shown in Fig. 4.10d.
The welding condition according to the wire feeding rate was therefore not needed in
the proposed process that combined the hot-wire and diode laser with a large
rectangle laser spot, even if doubling the feeding rate from 20 to 40.

The effective widths of the three materials reached over 10 mm and up to 11 mm,
which is almost the same as the laser spot width. The 11-mm wide-rectangle laser
spot with a uniform energy distribution slightly melted the base metal surface uniformly
just at the front of the molten pool. The molten pool then immediately covered the base
metal surface, as shown in Fig. 4.10f. A wire feeding rate of 30 was found to create
the largest effective width on all three materials. This implies that the smaller wire
feeding rate of 20 could not perfectly built sufficient deposition on the laser-irradiated
and slightly melted region on the base metal or previous bead surface, and parabolic
shape formed with a narrow top. In contrast, the larger and excessive wire feeding rate
of 40 reduced the effective width, yielding a swollen and rough side shape.

The effective height and maximum height increased almost linearly with
increasing wire feeding rate for all three materials. The largest near-net-shape rate of
75% was obtained for SUS308L and 81% for Inconel625 for wire feeding rates of 30
and 40, respectively. The sufficiently effective width (>10 mm) was also obtained on
both materials. However, a severely swollen and rough shape was observed for
A5356WY because of its lower melting point, lower viscosity, and lower surface
tension. An applied laser power of 6 kW was also too large for A5356WY under the
applied process conditions.

5.3.2 Optimization of process parameters

Figure 5.6 shows the bead appearances and cross-sections when the wire
feeding rate was varied at ~30 with fixed combinations of a 5.5-kW laser power and a
process speed of 0.36 m/min. A smooth bead appearance and stable cross-sectional
shape without defects resulted for various wire feeding rates.

Wire feeding rate

Bead appearance
Welding direction
- b

33.3

Wire feeding rate
33.3 | 30.0 | 26.7

Fig. 5.6. Bead appearances and cross sections for 5.5-kW laser power and a
process speed of 0.36 m/min.

Figure 5.7 shows the cross-sectional characteristics at various wire feeding rates
for a fixed laser power of 5.5 kW and a process speed of 0.36 m/min. An effective
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bead width of 10.2 mm with a laser spot width of 11 mm (see in Fig. 5.7a), an effective
height of 8.8 mm, a maximum height of 10.9 mm (see in Fig. 5.7b), and a near net
shape rate of 80% (see in Fig. 5.7c) were obtained for a wire feeding rate of 33.3. The
results prove that the proposed HLAM technology can create large parts with almost
100% material utilization and a high deposition rate of 814 cm?3/h when a wire feeding
rate of 33.3 and a process speed of 0.36 m/min are used.
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Fig. 5.7. Bead shape evaluation ( P = 5.5 kW, Vp = 0.36 m/min ):
(a) Effective width; (b) Effective height and Maximum height; (c) Near net shape
rate.

The optimized three-layer deposition with both an effective width and height of
approximately 10 mm (see in Fig. 5.7). A near-net-shape rate of 81% was obtained for
Inconel625. In contrast, the SUS308L cross-section showed a relatively smaller
effective height of 7.1 mm and smaller near-net-shape rate of 75%. The wire feeding
rate, process speed, and laser power were therefore optimized based on the results,
as shown in Fig. 5.7. The laser power was optimized for A5356WY because of the
cross-section with a severely swollen and rough shape.

Figure 5.8 shows examples of cross-sections fabricated using the optimized
process conditions listed in Table 5.4. These cross-sections were etched to confirm
the base metal dilution. The effective height and near-net-shape rate of SUS308L were
improved from 7.1 to 9.2 mm and from 75% to 77% using a wire feeding rate of 33.3,
laser power of 5.5 kW, and process speed of 0.36 m/min. Although the near-net-shape
rate was still as small as 67%, a much smoother sound shape was obtained on
A5356WY by optimizing the laser power from 5.5 to 5 kW. The SUS308L and
Inconel625 results also indicate that the penetration depth into the base plate was as
small as 0.3 mm. This small penetration is related to the phenomenon of molten pool
formation for the specific hot-wire, which is caused by the material supply just below
the melting point by hot-wire feeding and the large laser beam spot with low and
uniform energy density. In contrast, a relatively deep penetration is observed on the
AS356WY cross-section.
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SUS308L A5356WY

Inconel625

5 mm 5 mm 5 mm

Fig. 5.8. Examples of etched cross-sections.

Table 5.4 Optimized process parameters and corresponding cross-sectional
characteristics of the three-layer deposition.

Process parameters Cross-sections characteristics
Materials
Le, kW | VP, m/min | VE, m/min VE/ Vp Dp, mm WE, mm He, mm NNSR %
SUS308L 5.5 0.36 12 33.3 0.3 10.3 9.2 77
Inconel625 6 0.5 20 40 0.3 10.7 10.2 81
A5356WY 5 0.5 15 30 3.0 9.3 7.3 67

5.4 Large-wall parts of three type wires fabricated by using the HLAM

This section is to fabricate large-wall parts of three types wires (SUS308L,
Inconel625, and A5356WY) by using the optimized process parameters, as given in
Table 5.4. The three types large-wall parts were achieved in the length above 200 mm.
The cross-sectional characteristics, tensile test and fracture observation were studied
according to the standard specification.

5.4.1 Large wall-type sample and building path

Figure 5.9 shows a schematic illustration of the large wall-type sample and
building path. Building large wall-type samples with a 250 mm length and 50 mm height
was the most critical aim in the final work. In order to reduce the influence of heat
accumulation, the test adopts a unidirectional scanning path for deposition, and the
interlayer cooling time is 5 min.
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15-layers

15-layers

Deposited metal

Building direction

Fig. 5.9. Large wall-type sample and building path.

5.4.2 15-layer deposition

Figure 5.10 shows the appearance and cross-section of the 15-layer wall-type
samples of three wires that were fabricated by using the optimized process parameters
from the above investigations. Smooth and uniform appearance and a sound cross-
section without any defects were obtained, although the fixed process parameters
combined through all 15 layers. The effective height was from 38.6 mm to 53.6 mm,
maximum height was from 42.4 mm to 59.3 mm, effective width was from 8.8 mm to

9.9 mm, and near net shape rate was from 75% to 83% were obtained by using only
15 layers.

8.8, (mm)
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Fig. 5.10. Appearance and cross-section of 15-layer large wall-type sample with
measured values of effective height, maximum height, effective width, and near net
shape rate: (a) SUS308L; (b) Inconel625; (c) A5356WY.

Figure 5.11 shows the high-speed images of SUS308L that were captured on the
first, fifth, tenth, and fifteenth layers during processing. The green, red, and yellow
lines indicate the side shape of the molten pool, the hot-wire tip region, and the laser
irradiating region, respectively. Stable molten pool formation and hot-wire feeding
phenomena resulted, and almost the same phenomena were observed on all layers
even when all process conditions were fixed from the first to the fifteenth layer on the
substrate.
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Fig. 5.11. High-speed images on (a) first, (b) fifth, (c) tenth, and (d) fifteenth layer,
during 15-layer deposition.

5.5 Tensile test evaluation

Figure 5.12a shows a schematic illustration of a cut-off plan for the tensile test
specimen based on JIS Z2201 No.14-B. A 200 mm tensile test piece was cut out with
a position of 30 mm from the welding start point. A UH-FF1000kNI (made by Shimadzu
Corporation) was used as the tensile tester. The test measures displacement by
measuring the amount of displacement of the crosshead. The initial cross-sectional
area of SUS308L tensile test specimen is 126 mm? with a thickness of 7 mm, a height
of 18 mm, and a length of 200 mm (see in Fig. 5.12b). The initial cross-sectional area
of Inconel625 tensile test specimen is 144 mm? with a thickness of 8 mm, a height of
18 mm, and a length of 200 mm (see in Fig. 5.12c). The initial cross-sectional area of
A5356WY tensile test specimen is 108 mm? with a thickness of 6 mm, a height of 18
mm, and a length of 200 mm (see in Fig. 5.12d). For the original length, the parallel
length of 80 mm was used instead of the distance between the gauge points of 60 mm.
SUSS308L and Inconel625 was performed at a crosshead displacement of 1 mm/min,
and A5356WY was performed speed of 20 mm/min.
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Fig. 5.12. Cut-off plan for tensile test specimen (JIS Z2201 No.14-B).

Figure 5.13 show the load—displacement and stress—strain curves of three types
of wires from the tensile tests using the specimen that was cut from the fabricated 15-
layer wall-type samples, as shown in Fig. 5.12. Figure 5.14 shows the tensile test
results of the HLAM deposited metal. As a results, a tensile strength of 558 MPa and
a 49% elongation of SUS308L were obtained (see in Fig. 5.13a). For the Inconel625
wire, a tensile strength of 713 MPa and a 66% elongation of A5356WY wire were
obtained (see in Fig. 5.13b). For the AS356WY wire, a tensile strength of 265 MPa
and a 23% elongation were achieved (see in Fig. 5.13c). The tensile strength and
elongation of all deposited metal meet the required values of the filler material. The
above results indicate that the proposed HLAM process can achieve a stable process
phenomena using a simple process parameter combination and sound-deposited
sample with sufficient mechanical properties without any defects.
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Fig. 5.13. Load—displacement and stress—strain curves of three types of wires:
(a) SUS308L; (b) Inconel625; (c) AS356WY.
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Fig. 5.14. Tensile test results of 15-layer deposition samples:
(a) Tensile strength; (b) Elongation.
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5.6 Summary

In order to improve the proposed welding process for a practical use, the vertical

hot-wire laser welding system with a self-propelled base was developed in order to do
the trial for the long weld joint similar to the field welding based on the previous
investigations of the optimization of welding conditions, and then the properties of the
welded joint were investigated.

1)

2)

3)

4)

The laser power and process speed affected the effective width and effective
height and maximum height, respectively. The wire feeding rate had the biggest
effect on height and the near net shape rate.

An excessively high and low wire feeding rate resulted in a parabolic and swollen
shape, respectively.

Sound three-layers and cross-sections without any defects were obtained for the
three materials types using the optimized process parameters. A wide effective
width of 9—11 mm, and a high wire feeding speed of 12—20 m/min (deposition rate
of approximately 800—1300 cm3/h) were achieved.

Large-wall samples for the three materials types (SUS308L, Inconel625, and
A5356WY) with a maximum height of 42.4-59.3 mm and a high near net shape rate
of 75-83% were obtained by using only 15 layers. Sufficient tensile strength and
elongation of three materials large-wall were achieved.
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Chapter 6

Optimization of process conditions in application of narrow
spot beam by using SUS630 wire

6.1 Introduction

A precipitation-hardened martensitic stainless steel, i.e., 630 stainless steel (17-
4 PH), is widely applied in shipbuilding, automobile and aerospace industries because
of its high corrosion resistance, high strength and high wear resistance [161,162].
Many researches have dealt with the powder bed additive manufacturing, particularly
powder bed fusion (PBF) and DED using 17-4 PH material [163,164]. Hu et. al [165]
successful used 17-4 PH stainless steel powder to fabricate 3D parts via PBF. LeBrun
et. al [166] also studied the mechanical performance at various thermal processing of
tensile specimens machined from bulk 17-4 PH produced by using PBF.

The HLAM has some advantages such as low melt-back of the previous layer,
high flexibility of materials choice and thermal stability. The hot-wire feeding
phenomenon and quality of deposited metal have a high correlation with process
conditions such as laser beam intensity, welding direction and wire feeding angle [143].
Moreover, unsuitable process conditions result in wire stubbing and wire dripping
[167,168]. In Chapters 3-5, the current of filler materials could be estimated by
calculation equation before deposition and a wider spot width of 11 mm with optimized
parameters was achieved in SUS308L, Inconel625, and A5356WY by using HLAM.
Three large wall-type parts with the effective width of ~10 mm, effective height above
~40 mm, and length above ~200 mm was fabricated. However, the thin-wall of various
materials also need to apply in special industries. However, there still remains a lack
of studies regarding optimized processing conditions and microstructure of 17-4 PH
stainless steel by using HLAM.

In this section, a hot-wire system and high-power diode laser hybrid AM
technique was investigated for the deposition of 630 stainless steel. The effect of
processing conditions including the wire feeding position, defocus length and welding
direction on the stability of deposition along with the effect of the energy density
distribution and process speed on the neat net shape rate and microstructure of the
deposited three-layer was investigated. The experimental work is assisted by the use
of high-speed camera to observe the wire feeding behavior and molten pool creation.
Moreover, the microstructure of the materials fabricated at difference process speed
was evaluated.

76



Chapter 6
Optimization of process conditions in application of narrow spot beam by using SUS630 wire

6.2 Materials and methods
6.2.1. Materials and specimen used

The 630 stainless steel wire with a diameter of 1.2 mm was used as the feedstock
material. The 400-MPa-Class low carbon steel plate with dimensions of 100 mm x 100
mm x 10 mm (length x width x thickness) and SUS630 stainless steel with dimensions
of 100 mm x 20 mm x 10 mm (length x width x thickness) were used as the base metal.
The chemical composition of the base metal and 630 stainless steel filler material are
shown in Table 6.1. The surface of the cut base metal needs to be polished by abrasive
paper to remove the oxides and then cleaned by acetone.

Table 6.1 Chemical compositions of base metal and filler wire

Chemical composition, mass%

Material

C Si Mn P S Ni Cr Mo Cu |[Nb| Co | Fe
S(lﬁfe?’)o 0.02 | 042 | 0.51 | 0.001 | 0.001 | 4.80 | 16.16 | 0.06 | 3.34 |0.22| - | Bal.
SUS630

0.08 | 0.38 | 1.50 | 0.011 | 0.002 | 0.01 | 0.21 | 0.01 | 3.51 [0.19]|0.12| Bal.
(Base metal)

400-MPa-Class
low carbon steel [ 0.12 | 0.28 | 1.33 [ 0.015 | 0.003 | 0.01 | 0.01 | 0.01 - - - | Bal.
(Base metal)

6.2.2 Process conditions

The HLAM experimental system for SUS630 filler wire is composed of a laser
system, a hot-wire system, a camera device and an industrial robot system, as shown
in Fig. 6.1. A schematic diagram for various welding directions (laser leading and hot-
wire leading) of the experimental setup is shown in Fig. 6.2.

Figure 6.3 shows the schematic illustration of bead evaluation method, the three
samples were longitudinally from start with a distance of 10 mm on the deposited metal
to ensure date accuracy. As the macro morphology shown that the measurement
values such as near net shape rate, maximum height, effective height, and effective
width) were obtained. In order to observe the effect of process speed on micro
morphology, the cut samples were polished by 80, 100, 200, 500, 1200, 2000, 3000
Silicon carbide sandpaper, and polished to the mirror-like surface aspect by the
diamond polishing paste. Then, all samples were ethic by the chemically rinsed for 30
s in the solution of HNO3:HCI = 1:3 to reveal the microstructure. The micro morphology
were observed by means of an optical microscopy (OM).
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Fig. 6.2. Schematic illustration for various welding directions:
(a) Forward (wire leading) and (b) Backward (laser leading).

Effective width

s

Near net shape rate =
Effective area
Deposited metal area

Cross-sections

o

Maximum height

Effective height

\Welding direction

Fig. 6.3. Schematic illustration of bead evaluation.
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Table 6.2 shows the process conditions used in this study. The process speed
and wire feeding rate were varied as a parameter respectively. The wire feeding rate
is the ratio of the wire feeding speed (VF) and process speed (Vp). Argon was used as
the shielding gas resource and shielding gas was injected at a flow rate of 30 L/min.
The sizes of laser beams were measured with a beam profiler (Laser View), while the
laser power was set as 2 kW. The energy density distribution was compared with that
of the normal beam profile induced by various defocus lengths, as shown in Fig. 6.4.

Table 6.2 Process conditions.

Core, um 1000
Focus lens, mm 200
Collimator, mm f100
Laser power, kKW 2
Laser irradiation angle, degree 5
Defocus length, mm +20 +30 +40
Laser spot size, mm 04 06 ¢8
Welding direction Forward (wire leading); Backward (laser leading)
Power supply distance, mm 70
Process speed (Vp), m/min 04~1.0
Wire feeding §peed (VE), 30~4
m/min
Wire feeding rate, (Ve / Vp) 4~10
Wire current, A 72 ~ 84
Wire feeding angle, degree 75
Wire feeding position, mm D<0, 0<D<r, Dzr
Shielding gas (Ar), L/min 30

Fig. 6.4. Energy density distribution was recorded in HLAM at defocus lengths of +20
mm, +30 mm, and +40 mm.
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6.3 Optimization of wire feeding condition using narrow laser spot

Figure 6.5 shows the bead appearances and schematic illustrations of the wire
feeding and laser irradiation. It can be considered that the positions of wire feeding
and laser irradiation play an important role in bead formation during the HLAW process.
Therefore, the process was conducted under three different positions.

First, the wire feeds in the middle of laser beam (D < 0 mm) as shown in Fig. 6.5a.
Second, the wire feeding position is between the middle and edge of laser beam in
the process direction (0 < D <r mm) as shown in Fig. 6.5b. Third, the wire feeding
position contacts with the edge of the laser diameter range in the process direction (D
> r mm) as shown in Fig. 6.5c. It was found that when the wire feeding position was
set across the center of the laser beam (D < 0 mm), the hot-wire was melted in advance
by irradiation of the laser at an excessive height and resulted in a humped deposited
metal (see in Fig. 6.5a). When the wire feeding position was placed near the boundary
of the laser beam (D = r mm), the un-stable bead with wire stubbing defect was
presented in Fig. 6.5c. When the wire feeding position is between the middle and edge
of laser beam in the process direction (0 < D < r mm), a uniform and smooth bead
could be obtained.

‘ Substrate Welding direction | ‘ Substrate Welding direction ‘ ‘ Substrate Welding direction ‘
e — ‘- “«———
Position 1: D <0 mm Position 2: 0 <D <rmm Position 3: D>rmm

Fig. 6.5. The effect of wire feeding position to the deposited layer stability.
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In order to closely examine the melting of the base material and the wire feeding
phenomenon, the HLAM process was taken by the high-speed camera. Fig. 6.6 shows
the obtained images when feeding the wire to the edge of the laser beam (D = r mm).
It can be seen that the droplets were formed discontinuously in the tip of the filler wire
and dropped on the substrate, as shown in Fig. 6.6b. The temperature of the hot-wire
was close to its melting point and the excessive central laser energy exhibited the wire
dripping defects (see in Fig. 6.6d). Fig. 6.7 shows the images of wire stubbing defects
taken by the high-speed camera when feeding the wire to the center of the laser beam
(D = 0 mm). It can be seen that the excessive low energy density of the laser beam
sides could not melt hot-wire completely, which caused the unmelt wire to slip off the
molten pool as demonstrated in Fig. 6.7c. This confirms that the selection of the wire
feeding position is very important for smooth hot-wire feeding and uniform bead
formation.

To+ 243 ms To+ 425 ms

Torch Torch

Wire dripping ' humping

Tot+ 142 ms To+ 311 ms

Torch Torch

Misalignment % Wire stubbing

[+

Fig. 6.7. High-speed images of wire stubbing defects (D <0 mm).

6.4 The process characteristics of deposited layer

In a diode laser beam, the energy density in the central region is higher than in
the edge region. It is significant to study the appropriate energy density, which
influences by the laser spot area, laser power, and defocuses length, to achieve a
constant and stable molten pool formation.
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The following equations can be used to calculate the energy heat input (Qe):
Qe=E/Vp (6.1)

Where E is the energy density, in W/mm?2, obtained from the laser beam profile
(see in Table 3) and Vp is the process speed, in mm/sec;

i
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Fig. 6.8. The process characteristics of deposited layer.

Figure 6.8 shows the evaluated process characteristics results of the deposited
layer on the relationship between the energy heat input (see Equation 6.1) and the
wire feeding rate. The orange color area and green color area indicate the sound bead
and wire dripping, respectively. When the wire feeding rate was 8 and 10, The energy
heat input of 21 J/mm?3 as the limitation of the maximum energy heat input to achieve
the stable wire feeding even if the process speed was varied from 0.4 to 0.5 m/min.
When the wire feeding rate decreased to 6.7, the limitations of the maximum energy
heat input of ~10 J/mm? resulted to achieve a sound bead, respectively. When the
energy heat input was excessive, the droplet size exceeding 2.5 mm in diameter was
formed in the tip of wire and dropped on the previous layer, leading to an irregular
bead, as shown in Fig. 6.8a. When the energy heat input decreased to an appropriate
range, there were no droplets formed in the process and the bead was uniform and
smooth, as shown in Fig. 6.8b. Thus, the wire dripping defects during the deposition
was obviously depended on the relationship between the wire feeding rate and the
energy heat input, which determined by the defocus length when the laser spot size
and laser power were fixed.
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Moreover, the energy heat input increases with increasing the energy density,
which means excessive energy heat input of central region resulted in filler wire
melting before touch the substrate. In other words, small diode laser beam with
uniform and suitable energy heat input can avoid wire dripping defects. Based on the
obtained results, it can be concluded that the sound bead with no defects could be
fabricated under the suitable energy heat input ranging from ~10 to 21 J/mm? when
the wire feeding rate is from 6.7 to 10.

200
| Vp:0.4 m/min
- Ve/Vp:8
£ | VF/ VP
§ 160 Defocus length: +40 mm
=
=120
7
c
$ 80
>
3 L
2 40 t
i | : :
0 R S S S
0 2 4 6 8

Distance from edge laser beam, mm

Fig. 6.9. Bead width as a function of minimum energy density.

Fig. 6.9 shows the bead width as a function of minimum energy density to melt
the base metal. It can be seen that the energy density can exceed the critical value of
70 W/mm? when the distance from the edge laser beam is between 2 and 6 mm. When
the distance from the edge laser beam is below 2 mm and over 6 mm, the energy
density cannot reach the critical energy density to obtain the stable bead with no
defects since the laser power is too low to distribute the sufficient energy to enable the
base material to be melted. On the other hand, it can be presumed that the energy
was dispersed rather than concentrated during laser irradiation since defocus length
increases, resulting in lower energy heat input. Therefore, it can be noted that the
sound bead with a width of 4.27 mm without any defects can be achieved with the
limitation of energy heat input was ~10.5 J/mm3.
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6.5 Comparison between wire leading and laser leading

The effect of welding direction such as hot-wire leading and laser leading on the
surface quality and deposited metal was investigated. Figure 6.10 shows the typical
examples of high-speed images and bead appearance during the HLAM process
under different welding directions. For the wire leading direction, the convex molten
pool was formed under the thin layer and the uneven liquid metal flow caused a
humping defect, as shown in Fig. 6.10a. On the other hand, for the laser leading
direction, the liquid metal flowed uniformly in the molten pool and produced the sound
bead with no defects, as provided in the low side of Fig. 6.10b. Most of the laser energy
cannot be irradiated on the hot-wire because the hot-wire has a certain distance from
the laser spot. Nevertheless, the tip of hot-wire has been heated to near the melting
point before reaching the molten pool. Therefore, hot-wire can be continuously melted
in the rear molten pool.

5 5
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= =]
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Humping
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Fig. 6.10. Typical high-speed images and bead appearance of welding direction:
(a) Wire leading; (b) Laser leading.

The schematic illustrations of liquid metal flows in the molten pool are provided
in Fig. 6.11. The schematic illustration of the hot-wire leading is indicated in Fig. 6.11a,
while that of the laser leading is indicated in Fig. 6.11b. As shown in Fig. 6.11a, when
the hot-wire feeds in front of the molten pool on the substrate, a strong backward liquid
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metal flowed to the rear in the molten pool. This phenomenon exhibited oscillations
and instability of wire feeding produced a convex and concave deposited metal. On
the other hand, as shown in Fig. 6.11b, when the how-wire feeds behind the molten
pool, the feeding of the hot-wire pushed a forward flow of the liquid metal, thus the hot-
wire could be successfully provided in the molten pool. Meanwhile, the small molten
pool is created at the forefront of the weld bead due to the laser irradiation in advance,
which acids the backward flow along the edges of the molten pool. This liquid metal
flow condition can significantly avoid the humping defects and improved the shape of
the bead, which leads to the outstanding mechanical properties.

/‘cen pool
l ™ Hot-wirg

O
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Fig. 6.11. Schematics illustration of liquid metal flow in the molten pool:
(a) Wire leading; (b) Laser leading.

¥ Hot-wire

Laser spot

Molten pool

uonsaup Bupjap

6.6 Effect of process speed on deposited bead characteristics and
microstructure

The aim of the HLAM technique was to maximize the near net shape rate and to
improve material utilization at narrow beam size. In order to investigate the influence

of process speeds on the cross-sectional characteristics including the effect width, the
effective height, the maximum height and the near-net shape rate and microstructure,
the process speed (Vp) was varied from 0.4 to 0.8 m/min at a constant laser power
(Lp) of 2 kW, a defocus length of +40 mm, and laser leading feeding angle of 75°. Fig.
6.12 and Table 6.4 show the cross-sectional characteristics of deposited three-layer
at the different process speed. The results show that as the process speed increased
from 0.4 to 0.8 m/min, the effective width (We) and the effective height (He) were
reduced from 3.8 mm to 2.7 mm and from 6.2 mm to 3.8 mm, respectively, as shown
in Fig. 6.12b and Fig. 6.12c. Meanwhile, with increasing the process speed from 0.4
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to 0.6 m/min, the near net shape rate increased, while it decreased with increasing the
process speed from 0.6 to 0.8 m/min, as shown in Fig. 6.12d. These results can
suggest that the combination of wire feeding speed and process speed is one of the
most significant factors on the bead characteristics. It is worth noting that when the
process speed and wire feeding rate is appropriate (Ve = 0.6 m/min, Ve/ Vp = 6.7), the
shape of cross-sections becomes more spherical and full and a high material utilization
rate (near net shape rate= 81%) was produced. At a lower process speed of 0.4 m/min
(VF/ Ve =10), the bead appearance became unstable as the amount of deposited wire
increased, causing the waste of materials. Thus, the near net shape rate was reduced.
While at a higher process speed of 0.8 m/min (Vr/ Ve = 5), it can be considered that
even though the bead formation was stable, the material efficiency was lowered since
the amount of wire feeding was insufficient.

Table 6.4 Process conditions.

Process parameters Cross-sections characteristics
Samples
Le, KW VP, m/min|VF, m/min| VEF/Vp WE, mm He, mm NNSR, %
DM1 2.0 0.4 4.0 10 3.8 7.6 72.6
DM2 2.0 0.6 4.0 6.7 3.5 6.0 80.3
DM3 2.0 0.8 4.0 5 3.0 4.2 75.9
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Fig. 6.12. Cross-sectional evaluation of (a) cross-section surface, (b) effective
width, (c) effective height and maximum height, and (d) near net shape rate.

In order to provide an insight into the microstructure evolutions associated with
the hot-wire laser AM process, the microstructure formed in the deposited materials
fabricated at the different process speed was examined; the results are shown in Fig.
6.13. The microstructure characterizations showed that the columnar dendrite was
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formed since the process of melting and solidification experienced during the HLAM
process, which induced non-equilibrium cooling conditions. At 0.4 m/min, the
vermicular and skeletal 6-ferrite phases in a y austenite matrix were formed, as shown
in Fig. 6.13a. At 0.6 m/min as shown in Fig. 6.13b, the vermicular and both the skeletal
and lathy &-ferrite phases inside distinct prior austenite grains. While at 0.8 m/min, the
microstructure is mainly formed by a large number of lathy &-ferrite phases and a small
amount of y austenite, as shown in Fig. 6.13c. It can be recognized that the diameter
of the prior austenite grains decreased with the increasing process speeds. This result
can be attributed to that the peak process temperature decreased as the process
speed increased. When the peak temperature was low, the materials suffered the less
time to grain growth during the melting and solidification processes. Moreover, the
lamellar spacing formed inside the prior austenite grains gradually decreased with the
process speeds. This result is presumed to be due to the different cooling rates. It can
be considered that the cooling rate of the bead fabricated at a higher process speed
is generally lower than that fabricated at a lower process speed and a lower cooling
rate could effectively suppress the growth of lamellar spacing during the solidification
process.

Furthermore, the microstructure formations at the different process speeds can
be discussed as follows. It is well known that the solidification variation in
microstructure of stainless steel can be determined by the ratio of Creq/Nieq. In order
to clarify this phenomenon, the Eq. (6.2) and (6.3) can be adopted to calculate the
ratio of the filler materials [23, 32-33]:

Creq(wt%) = Cr + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) + 0.5(W) (6.2)
Nieq(Wt%) = Ni + (Co) + 0.5(Mo) + 0.3(Cu) + 25(N) + 30(C) (6.3)

The calculated ratio of the Creq/Nieq was found to be 2.99. Thus, the solidification
mode of the three samples is recognized as F mode as shown in Eq. (6.4) which is :

L—->L+35—3—3+y(Fmode) (6.4)

Where L is the liquid, 0 is delta-ferrite and y is austenite and, respectively. The
L+ &-ferrite then transforms to &-ferrite followed by a solid-state transformation during
cooling. It can be concluded that the solidification mode of the three deposited metals
are actually F mode. The morphology of the ferrite is significantly influence by the
values of Creq/Nieq and cooling rates. At 0.4 m/min, the normal morphology of phase
is composed by vermicular and skeletal residual &-ferrite phases because the low
cooling rates allowed the growth of the y-austenite and sufficient diffusion. At 0.6
m/min, the lathy phases were formed because diffusion-controlled transformation of
y-austenite. At 0.8 m/min, the content of lathy &-ferrite increases with increasing
process speed because the diffusion controlled transformation limited the y-austenite
occur at high cooling rates.
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Fig. 6.13. Microstructure: (a) Ve = 0.4 m/min, (b) Ve = 0.6 m/min, and (c) Vp = 0.8
m/min.
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6.7 Summary

wi

This section demonstrated the use of an HLAM method with 630 stainless steel
re. The optimization of processing conditions, such as wire feeding position, defocus

length, welding directions, and process speed was studied. The main conclusions of
the work are as follows:

1)

2)

3)

4)

The wire feeding position significantly affected the stability of the HLAM process.
The wire feeding position that is too close (D < 0 mm) or too far (D = r mm) from
laser beam center results in wire dripping or wire stubbing, respectively. When the
wire feeding position (0 < D < r mm) was appropriate, the homogeneous width
deposited metal without any defects could be obtained.

A process map between the energy heat input and wire feeding rate was
established for predicting the suitable defocus length. The sound bead with no
defects could be fabricated under the suitable energy heat input ranging from ~10
to 21 J/mm?3 when the wire feeding rate is from 6.7 to 10. The substrate can be
melted with the limitation of energy heat input was ~10.5 J/mm?.

Compared with wire leading, the laser leading process that pushed a forward flow
of the liquid metal and acids the backward flow along the edges of the molten pool.
The laser leading condition can significantly avoid the humping defects and
improved the shape of the bead.

In narrow beam spot, the HLAM process can change the processing speed

dramatically, which can easily control the cooling rate, energy heat input, and
microstructure phases.
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Summary and future work

The final purpose of this research is to develop a novel additive manufacturing
technology using a combination of a high-power diode laser and hot-wire method
with three types of metallic materials: Stainless steel, Ni-based alloy, and 5xxx-series
Aluminum alloy. In this method, a laser beam with high controllability serves as the
main heat source, and another heat source is Joule heat that is generated by a hot-
wire current, which heats the filler cold-wire to its melting point independently from
the heat input of the main heat source for base metal melting.

Firstly, the theoretical backgrounds, history of AM technology, and the
objectives and construction of this thesis were discussed. The novel and relative
research of the metal additive manufacturing (e.g. powder-feeding MAM and wire-
feeding MAM) technology and MAM technologies of various metallic materials (e.g.
stainless steel, Ni-based alloys, and Aluminum alloy) were summarized.

In order to easily control the hot-wire phenomenon, a simple calculation method
to predict the appropriate wire current was proposed and confirmed by hot-wire
feeding experiments without laser irradiation. As a result, the appropriate hot-wire
current for heating the wire tip to nearly its melting point for four wires (SUS308L,
SUS630, Inconel625, and A5356WY) with different electrical resistivity was obtained
by both theoretical calculation and experiment methods. In this calculation equations,
the appropriate current value under different conditions (e.g. wire feeding speed,
wire diameters, temperature-dependent specific heat, temperature-dependent
specific gravity, and temperature-dependent specific electrical resistivity) could be
obtained. When considering both heat loss from heat convection and heat
generation by contact resistance, the estimated current is in good agreement with
the experimental values over a wide range of wire feeding speeds from 0 to 20
m/min for all four filler materials.

Then, the hot-wire laser AM by using SUS308L wire was investigated at first.
The two-layer and three-layer deposited samples were then proposed and evaluated.
High-speed imaging was performed to monitor clear wire melting phenomena and
molten pool formation during AM processing. In two-layer deposition, a large width
above 10 mm and a high deposition rate above 800 cm3/h were achieved. In three-
layer-deposition, there are many parameters involved in the process conditions,
including laser power, process speed, wire feeding rate, and energy heat input,
mainly affect the melting phenomenon and bead appearance. It is found that the
energy heat input was proposed as being key to obtaining adequate and stable
melting phenomena. Moreover, a sufficiently high wire feeding speed (rate) should
be used according to the laser beam width and processing speed before optimizing
other parameters in the proposed HLAM process.

89



Chapter 7
Summary and future work

Next, the optimization of the process parameters of three types of wires
(SUS308L, Inconel625, and A5356WY) by using the HLAM method was investigated.
The process parameters (i.e. laser power, process speed, and wire feeding rate
affected obviously the bead shape (i.e. effective width, effective height, maximum
height, and near net shape rate). As a result, all three-layers and cross-sections are
uniform without any defects. The wire feeding rate had the biggest effect on height
and the near net shape rate. The optimized AM process parameters were obtained
from the viewpoint of higher material utilization and more stable bead formation
according to cross-sectional evaluations. An excessively high and low wire feeding
rate resulted in a parabolic and swollen shape, respectively. Therefore, sound three-
layers and cross-sections without any defects were obtained for the three materials
types using the optimized process parameters. A wide effective width almost 10 mm,
and a high wire feeding speed of 12-20 m/min (deposition rate of approximately
800-1300 cm3/h) were achieved. Moreover, three large wall-type parts with the
effective width of ~10 mm, effective height above ~40 mm, and length above ~200
mm were fabricated by using optimized process conditions. A sufficient tensile
strength and elongation of three materials were achieved.

Finally, a hot-wire method combined with narrow laser spot size (4-8 mm) for
the deposition of 630 stainless steel was investigated. The effect of processing
conditions including the wire feeding position, defocus length and welding direction
on the stability of deposition along with the effect of the energy density distribution
and process speed. In narrow spot size, the wire feeding position significantly
affected the stability of the HLAM process. The wire feeding position that is too close
(D < 0 mm) or too far (D = r mm) from laser beam center results in wire dripping or
wire stubbing, respectively. The sound bead with no wire dripping defects could be
fabricated under the suitable energy heat input ranging from ~10 to 21 J/mm?3 when
the wire feeding rate is from 6.7 to 10. Compared with wire leading, the laser leading
process can pushed a forward flow of the liquid metal and keep a nice and enough
molten pool. Thus, the laser leading condition can significantly avoid the humping
defects and improved the shape of the bead. In narrow spot size, the effect of
process speed on the bead shape and microstructure of the deposited three-layer
was also investigated. As a results, the deposited metals solidify in F mode, and the
morphologies of ferrite are vermicular, skeletal and lathy. The HLAM process can
change the processing speed dramatically, which can easily control the cooling rate,
energy heat input, and microstructure phases.

In this study, the novel HLAM method of the similar to single materials
(SUS/SUS, Al/Al) was mainly introduced. The investigation of wire feeding
phenomena and creation of molten pool during multi-layer deposition were also
proposed. Moreover, the optimized parameters, such as laser power, wire feeding
rate, wire current, and process speed under different process conditions, such as the
laser beam with large rectangle and narrow spot shape, defocus length, wire feeding
position, welding direction and so on were studied in detail.

In the future, we are conducting further experiments, related to mechanical
properties (i.e. tensile test, hardness distribution) in the building direction and
welding direction, and material characterizations. It is significant to analyze materials
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characterization and hardness distributions for the future reported pater. In this case,
the relationship between the microstructures, hardness distribution, and mechanical
properties of the obtained deposited metal by this process can be clearly
investigated. Moreover, the HLAM method will be used in multi-materials and
gradient materials. Because the energy heat input of the hot-wire laser process is
uniform and relatively low, this method can be heated wire to its melting point while
minimizing the energy heat input to the substrate which is beneficial to reducing the
IMC thickness and avoiding interfacial defects. Therefore, the development of hot-
wire laser process for the deposition of Al/lFe and Al/Ti dissimilar material is
significant and interesting.
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