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Introduction

Context

Additive Manufacturing (AM)
Over the past 30 years, Additive Manufacturing (AM) technologies have progressed
steadily. The application of additive manufacturing has indeed increased in various
industries such as biomedical, aerospace, automotive, etc [109]. This growth is
expected to continue over the next few years [55]. AM technologies build physical
objects created from a three dimensional (3D) model and are usually built layer
by layer in contrast to subtractive manufacturing [13, 50]. In addition, different
techniques of deposition can be identified for a variety of materials. It is known that
the AM process is used for manufacturing parts based on layer by layer addition
of materials with the assistance of 3D model made from Computer Aided Design
(CAD) [6, 53]. As Figure 0.1.1 shows the diagram of the additive manufacturing
process. Each layer is deposited on top of the other layers based on a given trajectory.
The AM process starts with a Computer-Aided Design (CAD) file model. Which
is sliced. From these slices, manufacturing trajectories are calculated. Finally, the
part is manufactured layer by melting and cooling a raw material, either plastic or
metallic, powder or wire [63].

Figure 0.1.1 : Schematic diagram of Additive Manufacturing process
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These technologies emerged from the industry of rapid prototyping (RP) [28] and
rapid manufacturing (RM) [47]. Rapid prototyping is the creation of a fundamental
concept that involves an idea i.e., the process of creating prototypes to quickly eval-
uate an engineering product design visually and functionally. Rapid manufacturing
is a technique that quickly directs fabrication. It is used for various applications
and for manufacturing high-quality parts in relatively small lots [86]. That is why
nowadays, the Additive Manufacturing (AM) technology has shifted to manufacture
more complex metal parts without fixtures, tooling and mold [33, 135]. Within AM,
most technologies can be classified into three main processes: liquid, powder, and
solid processes [128, 32, 12] as shown in Figure 0.1.2. The directed energy deposi-
tion (DED) of the solid process is the environment of this research that will focus
especially on WAAM process.

Figure 0.1.2 : Type of Additive Manufacturing process [86, 119]

Directed Energy Deposition (DED)

Directed energy deposition (DED) [108] allows the fabrication of objects by melting
a powdery or wiry metallic or plastic material (such as copper, aluminum, titanium,
stainless steel) on a surface with a concentrated energy source such as a welding
arc[110, 83]. DED technologies are ideally suited for repairing or adding material to
existing components. The advantages of DED are high building rate, high-quality
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parts and re-manufacturing [96]. Moreover, it can be used for multi-material range,
large parts, easy material change and reduced material waste [27, 39]. As displayed
in Figure 0.1.2 DED regroups a variety of technologies. In this research, the focus
will be put on Wire and Arc Additive Manufacturing (WAAM). In WAAM, the heat
source is an electric arc, and the feedstock material is a metallic wire [93].

Wire and Arc Additive Manufacturing (WAAM)
WAAM uses either the Gas Tungsten Arc Welding process (GTAW) or the Gas Metal
Arc Welding process (GMAW) [1, 34]. It has two main advantages: the deposition
rate and consequently, the production efficiency [117, 82]. WAAM can be performed
by a robotic system (Figure 0.1.3). A molten pool of liquid metal is formed when an
electric arc occurs between a consumable wire electrode and substrate [61]. Under
the protection of the shielding gas, the welding wire is fed into the molten pool [43].
Geomtrical shapes are created layer by layer by controlling the trajectory of the
robot at a defined speed [35].

Figure 0.1.3 : Schematic representation of the Wire and Arc Additive Manufacturing
(WAAM) process [35]

Ideally, the welding parameters must be controlled to be constant during the
deposition process, to ensure the weld bead geometrical stability such as width
(w) and height (h). To manage the WAAM process, there are at least three main
parameters to take into consideration: wire feed speed (WFS), travel speed (TS),
and energy modes.

However, it is known that thermal accumulation is an essential factor that signif-
icantly affects the geometrical stability and residual stresses [100, 84]. In order to
deposit a weld bead, heat production or heat input must be managed, and some-
times reduced. One of the solutions to reduce it is by using a specific mode that
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involve a lower amount of energy which is the cold metal transfer (CMT). CMT
is a modified metal inert gas (MIG) welding process, which features low heat in-
put [41]. It is based on a short-circuiting transfer process developed by Fronius of
Austria [44]. CMT has been developed in various modes but this research focuses
specifically on the management of the weld bead deposition process with cold metal
transfer standard (CMT-STD) mode. The CMT-STD is ideal for welding aluminum
alloy sheets and thin metal due to its low heat input and slight deformation [100].
The electrical welding cycle is divided into three phases: the peak current phase,
the background current phase and the short-circuiting phase [44].

Cold Metal Transfer (CMT) technology
Cold metal transfer (CMT) is an improved metal inert gas (MIG) welding process,
mainly operating in short-circuiting transfer process [88]. CMT allows lower en-
ergy input [11]. The idea also comes from the consumer side that needs an optimal
welding solution with just a few drops of molten metal on a very thin plate [57].
For this reason, intensive development work for the most suitable solutions for in-
dustrial applications has begun since then. The main difference between CMT and
conventional gas metal arc welding (GMAW) [80], is that CMT allows full digital
control of the welding process. The micro-controller controls the wire feeding for the
CMT process through the feed motor. A high pulse current is initiated, producing
an arc between the forward electrode and the electrode tip melting surface [100].
As soon as a short circuit is identified, the voltage drops. The current is further
reduced to a low background value, and the wire then retracts [105]. This leads to
the release of the molten droplet. Hence, the CMT process is characterized by an
innovative solution for weld drop detachment. Unlike in a conventional pulsed arc,
the droplet is not notched by a current impulse, instead it is a defined reward motion
of the wire which brings controlled droplet detachment. Figure 0.1.4 describes the
principal phases of the CMT process [44].
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The length of this cycle is not predetermined. Instead, it is optimized according
to predefined arc characteristics. Thus, the movement of the wire controls what
happens in the weld pool and vice versa [107].

Figure 0.1.4 : The principal phases in the CMT process: 1) Arc (re)-ignition 2) Short
circuit phase 3) Inversion of wire feed direction [44]

The characteristic curves for the CMT-process are shown in Figure 0.1.5. The
upper curve shows the wire feed rate curve. The back and forth motion can be seen
from the curve during the short circuit phase. The following curves indicate multiple
variables that can be adjusted to optimize the welding process, such as power. The
length of each cycle phases can also be adjusted. The CMT process is an integrated
welding method that can be used for different types of applications, including low
heat input [44, 107].

Figure 0.1.5 : Overview of the CMT characteristic parameters, Wire feed rate (m/s),
current (I) and voltage (V ) curve during a CMT cycle-time [44]
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Problematic
This research focuses on the management of weld bead quality deposited using
CMT of WAAM. In terms of quality, this process still encounters many problems.
Figure 0.2.1 displays the typology of defects that can be encountered on WAAM
manufactured parts. These defect can be divided into two main types: geometric
defects and materials defects. Geometric defects regroups dimensional, undulatory
and distortion defects. Material defects refer to residual stress, cracking and porosity
formation defects. All defects are primarily caused by thermal effects due to heigh
heat input induced by the WAAM process.

Figure 0.2.1 : Typology of defects in WAAM process: (a) dimensional defect [19], (b)
Undulatory defect [48], (c)&(d) distortion and residual stress defects
Wu et al. [120], Rodrigues et al. [93], Jafari et al. [59], (e) cracking
defect [134, 133, 29] and (f) Porosity formation defect [29]
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Geometric and Materials integrity defects

(a) Dimensional

In the WAAM process, the dimensional defect are physical, and it is impossible to
avoid their generation altogether. The dimensional defect can lead to distortion
of the geometry part and loss of geometric accuracy. [118] studied the effects of
heat accumulation on arc characteristics and metal transfer behavior in WAAM of
Ti6Al4V. They suggested to use the specific heat equation to quantify thermal accu-
mulation for each layer of a thin-wall component. They explained that the geometry
of the layers varies along deposition direction due to the changing heat dissipation
conditions and increasing interpass temperature, namely, the temperature of the last
deposited layer at the start of the subsequent layer deposition. Indeed, this interpass
temperature significantly influences the geometry of the manufactured parts. [19]
proposes to manufacture a thin-wall part with WAAM. The experiment was com-
posed of sixty layers of 100 mm length. The deposition strategy was based on zigzag
deposition path. In fact, during the deposition of thin-walled structures, the heat is
mainly conducted from the molten pool to the substrate plate through conduction.
Therefore, the heat dissipation is slower with increasing deposition. As a result, the
molten pool increases, and its solidification is slowed down. This heat accumulation
phenomenon can also be observed by its significant consequence: the increase of the
part temperature during the production time [24]. [25] presented the effect of two
thermal management approaches on geometry of thin-walled produced by WAAM.
They compare two techniques of active cooling. First, near-immersion active cool-
ing (NIAC) under a fixed set of deposition parameters. Then, secondly, the same
experiment was performed with natural cooling (NC) in the air. To characterize
the thermal management approaches, the interpass temperature was monitored by
a trailing/leading infrared pyrometer during the deposition time. Finally, thin walls
with a fixed-length were deposited using the NC, and NIAC reaches with equal
interpass temperatures. The findings revealed that the NIAC approach effectively
reduced heat buildup in aluminum WAAM and produced parts with a better quality.
With the water cooling, there was no noticeable increase in porosity.
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(b) Undulatory

The undulation defects are mainly influenced by wire feed speed (WFS), travel
speed (TS) and arc current (V ) [129]. [127] studies the effects of the main WAAM
process parameters on the wall quality. They observed that, with other parameters
being constant, the reduction of the layer temperature is related to the increased
surface quality of thin-walled parts. They showed that wire feed speed (WFS) is
the critical influencing factor for the fabricated appearance of thin-walled parts.
Moreover, by keeping the ratio of wire feed speed to travel speed (TS) constant,
the surface roughness increases with the increasing wire feed speed. [124] studied
forming characteristics of multi-layer single-pass. The main objective is to show
how the issue factors, such as the arc current, travel speed, and heat input, affect
the undulatory appearance. The results show that arc current is the main factor
affecting defects.

(c) Distortion & (d) Residual stress

Distortion and residual stresses are present in the WAAM process, and their gener-
ation cannot be completely avoided. The process of reducing distortion starts with
choosing the suitable parameters (heat input and dwell times), planning the path,
and adding extra steps like heat treatment and high-impact rolling [66]. Residual
stress is stress within a material that persists after stress removal. If this stress is
greater than the local yield stress of the material, warping or distortion may hap-
pen [99]. Residual stress can lead to part distortion, loss of geometry tolerance,
delamination of the layer during deposition, and the deterioration of the fatigue
performance and fracture resistance of additive manufactured components [120].

(e) Cracking

Cracking is typical in additively manufactured parts, including those manufactured
by WAAM. These defects are caused by the material properties deposited and the
temperature of the process [19]. The fabrication of defects is highly conditional on
process temperature. Microstructure cracking occurs between subsequent heating
and solidification, including porosity. Cracking can be classified into two types:
solidification cracking and boundary cracking. Mainly, cracking is sometimes used
to explain macroscopic cracks in the material [99].
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(f) Porosity formation

Porosity is another material defect problem that strongly affects the mechanical
properties of WAAM produced parts. When processing most aluminum alloys,
porosity is a general defect and should be avoided or kept as low as possible to
alter the mechanical properties as little as possible [54]. [29] explained that the
higher interpass temperature exposed 10.41% less porosity than the experiment pre-
pared with the lower interpass temperature. [8] experiment showed the selection
of the shielding gas, gas flow and deposition path affect the reduction of porosity
defect lower than 0.035%.

Figure 0.2.2 : Wall weld bead problem [19]

From the aforementioned typology of defects in WAAM process, the dimensional
defect, i.e. the part shape, is a major problem. To better understand this issue,
a solution is to compare the physical part with a three-dimensional (3D) model.
The outcome of this comparison leads to the identification of shape deformation.
In other words, the part is not produced correctly according to the 3D model. The
results of the analysis reveal that heat accumulation [118, 19, 25] is the leading cause
of the dimensional defect. Figure 0.2.2 shows a comparison between the 3D design
and the part, noting that thin walls have different thicknesses and heights than the
3D design. The cause of the problem was analyzed in terms of the dimensional
defect. For this reason, it can be explained that heat accumulation affects the
geometry of the weld bead.

Now, the main issue is to understand this phenomenon, which is presented in the
following research question section.
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Scientific and technical issue
As aforementioned, Heat accumulation is an issue that affects the weld bead shape
and there are many reasons for this problem. This is why managing heat accumu-
lation will lead to better precision of the weld bead dimensions. This leads to the
main issue of the present scientific work:

“How to manage weld bead shape with regard to process parameters
and heat accumulation around the deposition point?”

Hence, we proposed to answer this question in two steps:

• Study the effect of heat accumulation and process parameters on the weld
bead shape,

• Create an interpolation model of weld bead shape depending on process pa-
rameters and thermal conditions.

In the next chapter, we will study the literature review and will propose an approach
for this research.
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Chapter 1

Literature review

The objectives of this chapter are to study how the influence of the WAAM process
parameters on the shape of the product has been investigated in the literature. By
the term “process parameters” we refer to the global parameters of the WAAM
process grouped into two different categories: the welding parameters and the
deposition trajectory. Welding parameters refer to the parameters of the welding
process that can influence the shape of the weld bead. Also, the shape of the product
is strongly linked to the superposition and juxtaposition of the weld beads via the
deposition trajectory.

The section 1.1 of this chapter presents the influence of welding parameters and
deposition trajectory on the weld bead shape. The section 1.2 presents various weld
bead models including a variety of mathematical modeling functions for measuring
the weld bead shape, as well as the arguments for choosing one of the models. These
investigations allow us to retain the model that will be used for our experiments. The
section 1.3 describes the tool involved in thermal simulation by finite element method
(FEM). FEM tool helps to simulate various phenomena of weld bead deposition, such
as the distortion, residual stress, strength, heat dissipation or temperature occurring
during deposition. One of the presented tools will be used to predict temperature
of the deposition surface in our experiments.
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Chapter 1 Literature review

1.1 Influence of process parameters on the weld bead
shape

1.1.1 Welding parameters
Welding parameters refers on the parameters of the welding process schematized
in Figure 1.1.1 (a). Wire feed speed (WFS) is the wire feeding speed of materials
during the welding deposition. Travel speed (TS) is the welding torch speed during
the deposition process. Arc voltage (V ) is the amount of voltage consumed during
welding deposition. Arc current (I) is the amount of current consumed during
welding deposition. Torch distance is the distance between the welding torch and
the substrate. Gas flow is the flow rate of gas during the welding deposition.

Cold metal transfer (CMT) process is an arc welding process based on the modified
MIG welding process. It is characterized by low heat input, no-spatter and high
deposition rate [44, 11]. Recently CMT has been developed into different welding
modes which are conventional CMT, CMT pulse (CMT-P), CMT advanced (CMT-
ADV) and CMT pulse advanced (CMT-PADV). Each of them can be described as
follows:

• In conventional CMT mode, like in a conventional welding pulsed arc, the
droplet is notched by a current impulse. However, it is a defined rearward
motion of the welding wire that leads to controlled droplet detachment [44,
105].

• CMT pulse mode (CMT-P) is a combination of conventional CMT mode with
one droplet per pulse and a short circuit transfer mode during the cold metal
transfer period [44, 132].

• In CMT advanced mode (CMT-ADV) positive and negative CMT cycles are
combined using an alternate current (AC). This results in a procedure that
is even cooler than standard CMT. The welding current reverses polarity in
the short-circuit phase, resulting in decreased heat input, higher gap bridge
ability, and faster deposition rates [44, 107, 92].

• CMT pulse advanced (CMT-PADV) is a combination of negatively poled CMT
cycles and positively poled pulsing cycles. First comes the CMT negative
phase where the wire moves towards the workpiece. It is followed by the
initialization phase where the wire is retracted and the cycle is positive poled,
which is followed by positive pole pulsed-arc cycles [44, 107].
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1.1 Influence of process parameters on the weld bead shape

The welds bead shape can be defined by the weld bead width (w), height (h) and/or
area (A) as shown in [89, 138, 137] as shown in Figure 1.1.1 (b)

Figure 1.1.1 : (a) Definition of welding parameters [121], (b) weld bead structure
[89, 138, 137]

[32] focus on the influence of TS on the weld bead geometry: height, width and
area. The wire material used for the experiment is copper-clad steel with a diameter
of 1.2 mm. The authors try experiment for a combination of one WFS and height
different TS. Different models of the weld bead are proposed (CMT modes) and
the ratio λ=WFS/TS is introduced indicating that all of the proposed models can
accurately predict the weld bead geometry according to variation of TS, for ratio
ranges for 9.1 to 25.

[104] have identified two welding parameters (WFS, TS) as primary process pa-
rameters and point out the influence of these primary processes on the weld beads
geometry. The wire used for the experiment is a copper-coated mild steel (ER70S6)
wire with a diameter of 0.8 mm. This is validated through a series of single-bead
experiments comparing the predicted and measured geometries of the beads for var-
ious values of wire and torch speeds. These are the same two parameters (WFS,
TS) that were retained by [122] in their study on weld bead section profile. [106]
describe the irregularity of the weld bead, namely the abnormal area. The abnormal
area is the unstable area of the weld and is divided into three areas: the beginning
area, middle area, and end area of the weld bead. However, the low precision of
WAAM limits the geometry control, especially in the arc striking (AS) at the begin-
ning area and arc extinguishing (AE) at the end area of the weld bead. The chosen
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welding parameters (travel speed (TS), arc current (I)) have significant effects on
the weld bead shape. As a result, the response surface method (RSM) approach
is used to establish mathematical models for the bead width and height in the AS
and AE areas. The results showed that the relationship models at both ends were
applicable and preferable for the optimization of the weld beads.

In the study of [130], we still find the influence of WFS and TS, which are
considered the most influential welding parameters on the weld bead geometry. The
material substrate used for the experiment is steel (S355), and the wire material is
a low-alloy high-strength steel (ER 120S-G) with a diameter of 1.2 mm. Compared
to the papers above cited, we find in [130] the additional notion of heat input. Heat
input is helps to measure of how much energy has been supplied to per unit length
of weld. In WAAM, every layer is deposited with an additional amount of heat,
causing heat accumulation. This heat accumulation influences process stability,
geometrical accuracy, and material properties [130]. WFS and TS are the major
process parameters controlling the heat input for the WAAM process. The ratio
(λ) also correlates almost perfectly linear with the heat input and can be a major
parameter to control the heat input (and therefore the weld bead geometry), even if
other welding parameters can also have an influence on the heat input, such as arc
voltage [71, 94], arc current and process efficiency [82] and CMT modes [79, 9, 87, 88,
17]. As for, the influence of arc voltage, [7] show how arc voltage changes the effect
onto the weld bead width. Generally, the weld bead width increases and the weld
bead height decreases with the increase of the arc voltage, whatever travel speeds
value. The highest decrease of the weld bead height with the increase in the welding
voltage occurs at the highest welding traverse speed (540 mm/min). In contrast, the
highest values of the weld bead height are measured at the slowest deposition. The
results of this study are consistent with this literature [52, 2]. Also, the influence of
arc voltage arc current and process efficiency are presented by [82]. In this study,
the authors have introduced a method for optimizing the process parameters based
on the heat source power modification and the selection of unique parameters for
each deposition layer. One of the key points of this paper is that they highlight the
fact that achieving an uninterrupted deposition process entails a modification of the
heat input for each layer.

In addition to the above-mentioned welding parameters, a welding parameter that
influences the weld bead shape is the mode of CMT. [79] propose CMT pulse (CMT–
P) and CMT pulse advanced (CMT-PADV) for the deposition of the single weld
bead and multi-bead thick walls using AA4043 and AA2319 materials, respectively.
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For both options, CMT-P and CMT-PADV are tested. The integrity of the parts
defects level and deposition shape accuracy are accessed. As a results, the effective
wall width (EWW) is in the order of 4 mm while utilizing CMT-PADV, and only
switching to CMT-P could achieve an EWW of 6 mm. Surface tension is more
significant in CMT-PADV than in the other processes because of its narrow form
and high bead height. Surface tension has a significant impact on the connection
between two weld beads. In the literature [9], similar results were observed. Because
CMT-P has a higher heat input, the wetting between the weld beads is smoother,
resulting in an effective wall width that is comparable to single-bead values. In hotter
processes, the narrowing due to surface tension is less significant, and is consistent
with the literature [87, 88]. [103] have studied the cross-section weld bead geometry
when comparing metal inert gas (MIG) and CMT. The determination of welding
parameters reveals relations between wire feed speed (WFS) and travel speed (TS).
The results show that for CMT process, the weld bead width and penetration depth
have lower errors of 3.8% and 15.3%, respectively when compared to MIG with errors
of 21.6%. [23] describe four different CMT processes with the variation of heat input
employed in the welding of Al-Cu alloy with ER2319 wire. Their influences on the
weld bead shape and porosity were investigated and the mechanism of porosity
generation was also discussed. It is observed that, for the conventional CMT, CMT-
P, and CMT-ADV processes, width (w) and height (h) of weld bead are reduced
with the increase of travel speed (TS), corresponding to the decrease of heat input
(HI). Height is stabilized with higher heat input (HI), which denotes that height is
about 2.2, 2.1, and 1.5 mm, respectively. Compared to the CMT-P process, a narrow
molten pool is developed using the conventional CMT process, which means that
with a similar width (w) the height (h) is higher than that of the CMT-P process
and the melting area of the weld bead is lower than that of the CMT-P process.
Unlike the above three processes, a spherical-shaped weld bead is achieved with very
low dilution using the CMT-PADV process. Height (h) is only about 0.4 mm with
a different travel speed (TS) of 0.5~0.4 m/min. As a result, it can be concluded
that the various CMT modes and their influence on the heat input has significant
effects on the weld bead shape in CMT process. [40] investigated the influence of
arc modes on microstructure parameters and mechanical qualities while depositing
5183 aluminum alloy using CMT, CMT-P, and CMT-ADV arc modes. The results
obtained are the influence of the heat input during high deposition. Furthermore,
the interlayer fine-grain area and layer column grain size are included in CMT and
CMT-A, but the CMT-P process, which has the highest heat input, contributes
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to the generation of column grains. As a consequence, CMT-ADV has the most
excellent mechanical qualities than 290 MPa, whereas CMT had lower values (280
MPa) and CMT-P had the lowest with 270 MPa.

This bibliographic study shows us that among the many welding parameters, three
main ones influence the shape of the weld bead: WFS, TS, CMT modes. These
parameters are influential because they are directly related to the heat input induced
by the process, in addition to being linked to the amount of deposited material. As
already mentioned, this heat input influences process stability, geometrical accuracy,
and material properties of the weld beads. It is therefore a key point to master the
final geometry of the part in WAAM. However, heat accumulation is not constant
during the deposition process. Thus, determining the right welding parameters
before manufacturing and keeping them constant during the deposition process will
not make it possible to control neither the weld beads geometry nor the part. It is
essential then to master the heat input, a parameter which cannot be imposed, that
is induced by other welding parameters.

Since the part is created by deposition of several weld beads, the following section
focuses on the influence of the deposition trajectory on the obtained shape.

1.1.2 Deposition trajectory
Ordinarily, a part fabricated by WAAM consists of several layers with constant or
different thicknesses overlapping each other according to a predefined overlapping
strategy [136, 70]. [116] said the path planning was one of the most important inter-
faces between the CAD model and the solid workpiece in WAAM. This is because
the weld bead geometry of the forming path significantly influences the workpiece
surface roughness.

A variety of strategies for trajectory planning dedicated for WAAM are given as
examples by [116, 42] as shown in Figure 1.1.2.

16
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Figure 1.1.2 : Examples of strategies for trajectory planning in WAAM: (a) Raster,
(b) Zig-Zag, (c) Contour, (d) Spiral, (e) Fractal space curves, (f) Con-
tinuous, and (g) Hybrid [116, 42]

In these examples Figure 1.1.2 (a) shows the two classical pattern strategies for
trajectory planning developed for AM, namely raster unidirectional or raster bidi-
rectional. The raster strategy is probably the most basic one, which is the deposition
of weld beads in a similar direction. Once the raster strategy is used, appropriate
parametrization is applied to the various starts and stops, resulting in a flexible
strategy. For example, setting dwell times between stops and starts may help to
prevent material and heat accumulation [31, 30, 116]. Figure 1.1.2 (b) shows the
Zig-Zag strategy as one of the most common approaches utilized in commercial AM
systems derived from the raster strategy. While the raster technique fills geometries
line by line in one direction, the zigzag approach merges the different parallel lines
into one continuous pass, reducing the number of tool-path passes [90, 62]. Figure
1.1.2 (c) shows contour strategy, the contour follows the subsequently inscribed edges
of an external geometry through parallel displacements (pre-established offsets) rel-
ative to the geometry edges [42]. Figure 1.1.2 (d) shows spiral strategy generated
by numerically controlled (NC) machining. The spiral strategy has been extensively
used, particularly for 2D pocket milling and uniform pocket cutting. This approach
may be used to solve zigzag tool path issues in the AM process. However, it is only
appropriate for particular geometrical models [115, 91, 65]. Figure 1.1.2 (e) shows
fractal space-filling curves strategy. In the fused deposition modeling process, this
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strategy is especially effective for decreasing shrinkage during AM fabrication. How-
ever, this strategy produces a high number of path direction turning movements that
are unsuitable for WAAM [31]. Figure 1.1.2 (f) shows a continuous strategy adapta-
tion of the Zig-Zag strategy. This strategy consists of Zig-Zag trajectories planned
to leave staggering gaps between the paths. The gaps are sequentially closed by
another Zig-Zag trajectory in the inversed direction. The continuous strategy of
the hybrid type is adapted to other strategies, for example the spiral strategy [37].
In Figure 1.1.2 (g) shows continuous hybrid path planning strategy is developed
for AM. In this method, the 2D geometry is initially broken down into a collection
of monotone polygons. A closed zigzag curve is then produced for each monotone
polygon. Finally, a series of closed zigzag curves are connected to form a continuous
torch path. As a result, the number of welding passes is greatly reduced when using
a continuous path planning strategy [37].

In all of previously mentioned strategies, there is an uncertainty about heat ac-
cumulation. For raster strategy mentioned, [113] investigate the issue of trajectory
deposition which needs to be optimized to minimize various mechanical proper-
ties and weld bead shape defects. The authors focus on the trajectory deposition
(raster bi-directional strategy) for the WAAM process applied to the manufacture
of T-crossing features. In the experiment, the choice of a path must be carried out
as a compromise between productivity, energy input and material usage efficiency.
Indeed, high productivity is synonymous with reduced idle times, which has an in-
fluence on heat input and therefore on bead geometries and mechanical properties
of the manufactured parts. The geometry of the previously deposited layers has also
to be taken into account for insuring a constant height for each layer. In the experi-
ment, a pause of seventy seconds is introduced every two layers, to enable the cooling
of the part and the height measuring of the deposited material. [45] investigated the
influence of the multi-layers between layers and deposition strategies on the Ti-6Al-
4V sample. In this experiment, four different tool paths were considered. They are
all connected by zigzag tool paths. The difference between them is in the way layers
and layers are lined up. The first and third tool-path methods are identical; the
distinction is that one is primarily for side wire feeding, while the other is for front
and back wire feeding to assess the impact of wire-feeding directions. The second
tool path is interlaced with the previous layer, and the fourth tool path is moved 3
mm outward in the horizontal direction. The multi-layers between layers and layers
in the deposition strategies has been discovered to affect the shaping quality and, in
particular, the mechanical characteristics of the manufactured samples. As a result,
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surface quality (smooth or undulating) and defects within or on the surface of the
components vary across samples.

As mentioned, the heat accumulation affects weld bead shape. The raster strate-
gies (unidirectional and bidirectional) have advantages: as starts and stops are im-
posed, dwell time can be used to manage heat accumulation, which can be found in
the literature. In our research we decide to use raster strategies in order to benefit
from the advantages of starts and stops to manage heat accumulation. But this
management will not be based solely on the dwell time. Temperature modeling will
be use as a tool to control initial temperature and has to be studied (see section 1.3
of this chapter).

The following section shows the weld modeling related to trajectory deposition:
the deposition process can occur in several directions, vertical and horizontal and
choosing a good deposition strategy must also be appropriate for the deposition di-
rection. The weld bead shape can be represented by various models as it is presented
in the next section.

1.2 Weld beads modeling
The AM method entails slicing a 3D CAD model into 2.5D layer contours with
a fixed or adaptive thickness and depositing material. These contours are filled
to produce components layer by layer from the bottom to the top (superposition
of weld beads) [32]. In WAAM, this building strategy incorporates the deposition
of many single weld beads side by side (juxtaposition of weld beads). Therefore,
accurate models for single bead geometry and multi-bead overlapping play a critical
role in determining fabricated surface quality and dimensional accuracy [17, 32, 34].
The weld bead deposition process consists of the continuous overlapping weld bead
and weld bead models overlap in two directions as follows:
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Figure 1.2.1 : Overlapping weld bead models (a) Horizontal overlapping [104, 17,
123], (b) Vertical overlapping [75]

Figure 1.2.1 (a) shows horizontal direction overlapping for the multi-weld bead
deposition. The distance of adjacent weld beads is referred as a step over increment
(d) of the center [104, 17, 123, 69]. In the studies, the shape-forming process of
multi-layer weld beads is influenced by interactions between adjacent weld beads in
the layers. Table 1.1 presents the mathematical function for dealing with overlapping
beads, where a, b and c are curvilinear coefficients to be estimated for the model.

Table 1.1 : The mathematical function of weld bead cross-section profiles.

Models Model function References

Circular arc y =
√

a2 − x2 + b [4, 104, 122, 32]

Parabola y = ax2 + c [17, 122, 32]

Gaussian y = ae−(x−b)2/c2 [17]

Logistic ln y = a + bx2+c−x [17]

Sine y = a sin(2πx/c + b) [17]

Cosine y = a cos(bx) [122, 32]

All these studies present the mathematical model function for curve fitting weld
beads and develop the overlapping model of adjacent weld beads. Adjacent de-
termination is significant as it directly affects the surface quality and weld bead
shape. [17] propose the mathematical model of the single weld bead in horizontal
overlapping direction. A mathematical model of the weld bead section is devel-
oped to analyze the weld bead geometry, based on the "surfacing of equivalent area"
method. The overlapping coefficient and optimum-overlapping coefficient concepts
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are introduced, and the developed overlapping model is examined. Under exper-
imental circumstances, the ideal overlapping coefficient is calculated to be 63.66
%. According to the findings, the edge detection of the weld bead section with the
Canny operator [16] is continuous and distinct. The sine function has a greater accu-
racy to suit the measured data than the Gaussian, logistic, and parabola functions.
The "surfacing of equivalent area" method is shown to be reasonable and achievable
by the experiments. [104] propose single weld beads and overlapping multiple weld
beads models. In contrast, the individual weld bead geometry is influenced by the
welding parameters (wire feed speed, travel speed). Therefore, this research assumes
a parabola cross-sectional profile of the weld bead, and step-over increment (d) uses
66.66% of weld bead width. [32] study curve fitting models with three mathematical
models for single weld beads and propose a new multi-weld bead overlapping model
for the concept of center distance of the weld bead. The welding parameters use a
wire feed speed set at 5 m/min and the travel speed varies from 200 to 550 mm/min.
The step over increment (d) is significantly set at 73.8% of weld bead width [32, 70].

[122] highlight an experimental study carried out to determine the optimal model
of the weld bead cross-section profile fit with mathematical model function by com-
paring the actual area of the weld bead section with the predicted areas of the three
models. In addition, an important condition for the overlapping of adjacent weld
beads is proposed. The result showed that the circular arc function is more accurate
than the other two functions, with a ratio greater than 12.5 between wire feed speed
and travel speed.

[4] present the ratio of distance (d) because it plays an important role in the
quality of parts. The ratio (λ) of width (w) to height (h) is λ = w/h. In their
analysis, they assume the beads as overlapping circular arcs. This research applies
circular function to measure the weld bead cross-section, but they have not taken
into account the overlapping zone.

The vertical direction overlapping (Figure 1.2.1 (b)) is the weld bead deposition
on the previous layer. [75] describe the effect of process parameters on the vertical
overlapping (wall weld bead) and develop two concepts of weld bead cross-section
predicting models. The first concept is to predict the weld bead shape using static
fluid capillary-gravity analysis. The second concept is that the thermal analysis
calculates the amount of molten pool as a function of the WAAM parameters. [60]
mention heat input effects on the weld bead of the wall. All these have not been
mentioned as the mathematical function for measuring the weld bead cross-section.
Using PAW-based WAAM, [10] create a 3D numerical model to study metal pool
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flow and heat transmission characteristics during the multilayer depositing process
(wall weld bead). They discover that the number of deposit layers increases, and
the metal pool shape changes, with the width, increasing and the height decreasing.

[112] presents built using a strategy that include the deposition of a pair of layers
in sequential order. Both thick and thin walls weld beads can be used. For the
building of these walls, two alternative methodologies are adopted. The deposition
of three overlapping weld beads per layer is one technique. The deposition is done
in this order: the weld bead in the middle, then the beads on the sides, with the
torch inclined 20 degrees from vertical. The amount of overlapping employed was
50 percent of the width of the weld beads. The deposition of a single weld bead
per layer is the other approach used for the thin walls. The dwell period between
successive layer depositions is 3 minutes in both instances. In order to limit the
buildup of material at the arc ignition and extinction zones, i.e., the start and end
zones of the weld bead, the direction of deposition of the weld beads in each layer
and between superposed layers is alternated (raster bi-directional strategy). As a
result, each layer grew evenly and in a regulated manner, which is critical in the
WAAM process.

The main focus of all the literature reviews is to develop a weld bead model to ver-
ify single and multi-layer weld beads. The researchers present a mathematical model
involved in developing weld cross-sections, such as the circular arc function, parabola
function, Gaussian function, logistic function, sine function, and cosine function, to
calculate the step-over distance between welds of the horizontal overlapping. Some
studies use the ratio of width to height to determine step over distance. The pa-
pers found in the literature which use the circular model do not specify however on
which zone of the weld bead it applies. This is an important element to take into
account because, due to heat accumulation, the weld bead is not regular over its
entire length: the start and the stop of the bead differ from the center which is in a
zone of stabilized temperature.

In this research work, the weld bead model will be used in a thermally stable
zone of the weld beads. Next section presents thermal simulations research for the
analysis and prediction of heat accumulation during the welding process. It helps
us to decide which model that would best fit to the profiles to be considered in our
experimentation’s.
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1.3 Thermal simulation
WAAM process is a layered filling technology which is prone to geometric and ma-
terial defects that affect the weld bead shape quality. The cause of this phenomenon
is uneven temperature and heat accumulation during the deposition process [119].
Process simulation is a powerful tool for solving such problems. This makes it possi-
ble to test the effects of different deposition patterns. It can also simulate working in
a variety of environments [67]. From a simulation perspective, the WAAM process
is similar to the multi-pass welding process. The transfer of heat and mass between
the arc and the workpiece is controlled by the molten pool, which is characterized
by a complex physical phenomenon. Although some works focus on molten pool and
arc dynamic simulation [56], it is impossible to implement such complex techniques
at the component scale, due to acceptable calculation time requirements. Therefore,
this process is often simulated by coupled thermo-mechanical Finite-Element (FE)
analyses [76]. In general, the heat transfer from the arc to the melt pool is simulated
using a heat source model, which determines the heat generation per unit volume
in the molten pool area. The material deposition is taken into account by means of
enabling specific algorithms [73].

The heat source model proposed by [49] is frequently used. In this model the
heat input is a double-ellipsoidal, defined in a moving frame of reference as shown
in Figure 1.3.1 (a) where x axis is oriented in the deposition direction. On Figure
1.3.1 (b) the model is defined by two Gaussian distributed power densities allowing
to better take into account the asymmetries of heat distribution in the molten pool
[49, 19].

Figure 1.3.1 : Goldak double ellipsoidal heat source model [49]
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The power density distribution for this model. Hence, expressed in a moving
Cartesian coordinate system (x, y, and z). The source is expressed by the following
Equations 1.3.1 and 1.3.2

Distribution inside the front quadrant:

qf (x, y, z, t) = 6
√

3ffQ

abcfπ
√

π
exp
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Similarly, for the rear quadrant:
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Where qf and qr are the power density distributions in front and rear quadrants. x,
y, and z are the position coordinates. ff and fr are the heat distribution parameters
in the front and rear quadrants. af and ar are the lengths of the front and rear
quadrants. b and c are the half-width (y semi-axis) and the depth (z semi-axis) of
the source. Q = ηV I is the total input power heat source, η is the heat distribution
factors of the front and rear quadrants. V is welding arc voltage and welding arc
current (I).

It is not easy to determine of the length (semi-axes) of the heat source and exper-
imental comparisons must be made by measuring the temperature or observing the
area of the molten pool. In the absence of such information, [49] recommend using
the length of af equal to half the depth c. ar length equal to the penetration depth
of the source.

Many researchers mention improving the thermal simulation of WAAM as follows;
[76] present a more realistic heat flow distribution in the filler material. The

WAAM process is simulated using a unique definition of the heat source based on a
modified Goldak model. The Goldak model is addressed in the paper, focusing on its
limitations. The simulation method and heat source model that have been proposed
are then presented. Finally, the observed distortion of a WAAM-manufactured test
case component is compared to FE findings produced with the suggested tool for
thermal simulation and Goldak heat source models. [20] FE model is proposed in
order to model metal deposition in the WAAM process. This technique allows a
gradually construction of the mesh representing the deposited regions along the de-
position path. The heat source model proposed by Goldak is adapted and combined
with the proposed metal deposition technique taking into account the energy dis-
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tribution between the filler material and the molten pool. The effectiveness of the
proposed method is validated by a series of experiments. In this technique, each
deposited droplet is modeled by a set of elements, representing together a numerical
droplet. Every numerical droplet is created at its corresponding time-step in the
deposition phase simulation. The newly created elements are then added to the el-
ements already created in the previous time steps. Thus, the mesh representing the
deposited regions is constructed gradually along the deposition path. The results
show that the temperature curves generated by the FE model match fairly well those
recorded in the experiment rather well. The average difference between simulated
and experimental results is about 5%. The margin is higher in the first peaks and
the thermal inertia of the thermocouples used in the experiments could be a cause
of such an error.

[36] describe the thermo-mechanical behavior of the multi-layer wall structure
made by the WAAM process. This research uses a 3D thermo-elastic–plastic tran-
sient model as well as a model based on an enhanced steady-state thermal analysis.
This modeling approach shows a significant advantage concerning computational
time. The temperature simulations and distortion predictions are compared with the
experimental results from thermo-couples and laser scanners. At the same time, the
residual stresses are verified with the neutron diffraction strain scanner ENGIN-X.
The stress throughout the deposited wall is found uniform with very little influence
of the preceding layers on the following layers. Due to the bending distortion of
the sample, the stress is redistributed after unclamping, with a substantially lower
value at the top of the wall than at the interface. And [131] use FE to predict
material behavior under consideration of the microstructure and thermal stresses
during the deposition process [22, 51]. [102]) propose to use FE analysis to predict
thermal and mechanical conditions throughout manufacture, as well as distortions,
strength, and residual stresses at the end of the process. These findings show the
importance of constraint and thermal history in shaping evolving local property
distributions in finished parts. They propose a modeling framework for predicting
relevant engineering characteristics like strength and residual stress distributions
in additively manufactured parts. [126] develops FE model to calculate the heat
transfer of circular thin-wall part. Temperature simulations at certain sites corre-
late with thermocouple measurements in some cases. The high-temperature areas of
the substrate and molten pool expand as the deposition process progresses. While
increasing deposition height, the temperature gradient in the molten pool reduces.
The heat dissipation situation in the molten pool of the current layer strongly de-
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pends on the deposition direction of the previous layer. Heat conduction in the axial
direction is the primary heat dissipation orientation at the time of deposit finishing,
while the circumferential orientation becomes the main direction of heat dissipation
in the top layers. [125] has developed a circular thin-wall part to investigate the
thermal behavior in gas metal arc welding (GMAW) additive manufacturing. The
main issues of reducing thermal stress is preventing cracking of the manufactured
parts. Meanwhile, using thermal cycle tests, the validation experiment is carried
out to assess the efficiency of the finite element model. The calculated thermal cycle
curves closely match the experimental findings. In addition, the validated model
investigated the influence of substrate preheating on thermal behavior. Modeling
results demonstrate that preheating the substrate can smooth thermal cycles and
reduce the rate of melt pool cooling. [26] propose a comprehensive FE model using
a five-step strategy, which is then used to acquire temperature history at the posi-
tions of thermocouples. Those values are heat source parameters, welding efficiency,
dwell-time, arc extinguishing mode, and heat transfer coefficient. A bead-on-plate
welding thermal model has been developed using the presented techniques, which
are based on a systematic approach and realistic circumstances and can reliably
forecast the transient thermal history of the weld.

The literature reviews on thermal simulation, the finite elements method (FEM)
can assist in analyzing the causes of heat accumulation on weld beads shape. There-
fore, thermal simulations will be used to predict the heat accumulation during de-
position of the weld bead and to correlate the results to the actual weld bead shape
see in Chapter 2.

From the literature review of the above three sections, it can be summarized as
follows:

• Influence of process parameters on the weld bead shape

Welding parameters and deposition trajectory influence weld bead shape. Note that
these variables are controlled during the deposition process. In addition, it has
been seen that heat accumulation has a great influence on the weld bead shape.
Heat accumulation is directly linked to the initial temperature before the deposition
process, the surface deposition temperature during the manufacturing process and
the actual surface geometry. These variables occur during the deposition process
and cannot be directly controlled, contrary to the welding parameters and deposition
trajectory. In other words, controlled and uncontrolled parameters must be mastered
in order to avoid heat accumulation during the manufacturing process. Therefore,
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a method for managing the deposition process should be developed. It is presented
in the next chapter.

• Weld bead modeling

The development of weld bead modeling is essential for weld bead shape, a math-
ematical model being applied to weld bead shape for multi-layer deposition. To
determine the distance between two weld beads, it is crucial to choose the optimal
model the use of an inappropriate model which can lead to a wrong measurement
of the weld distance.

• Thermal simulation

Thermal simulation by finite element method (FEM) simulates the temperature dur-
ing the deposition process, and the resulting temperature can be predicted. The data
help improving the management of heat accumulation and can also be developed for
measuring the weld bead shape.
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All literature review can describe the causes of heat accumulation into two main
groups of parameters, controlled and uncontrolled, both having an effect onto the
shape of the weld beads. Some of the variables that are currently not taken into
account in the literature review are the initial temperature (Tinit), the actual surface
geometry and the surface deposition temperature (Tdep) as shown in Figure 1.3.2.

Figure 1.3.2 : Heat accumulation of weld bead shape
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1.3 Thermal simulation

Research question and approach

As shown in Scientific and technical issue section, the main purpose is to manage
weld bead shape with regard to heat accumulation around the deposition point and
process parameters.

The literature review points out that heat is an important issue that have not
been addressed yet.

Thus, this PhD work proposes to address the following research question:

How to predict the weld bead shape related to heat accumulation?.

In the literature review and our previous research, we identified three scientific
obstacles to overcome in order to answer this question:

• Create and control stable thermal conditions during the deposition process,

• Propose a geometric model of the weld bead and identify its parameters from
deposited weld bead,

• Propose an interpolation solution to predict the weld bead shape parameters
as a function of heat accumulation,

The main steps proposed to answer this question and address these obstacles are
(as shown in figure 1.4.1):

• Problem identification: Identifying problems related to the thermal effect on
the weld bead shape.

• Design of experiment: Design several experiments to cover the thermal effect
that can occur on the WAAM process. Then, thermal simulation monitored
the temperature occurring during the weld bead deposition.

• Geometrical identification: The weld bead measurement uses a curve fitting
model to verification of the weld bead shape.

• Interpolation and validation: The outputs of the neural network optimal pre-
diction are analyzed and discussed.

• Conclusions and perspectives

29



Chapter 1 Literature review

Figure 1.4.1 : Thesis approach

The following section presents the whole structure of this thesis manuscript.
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1.3 Thermal simulation

Thesis outline
The chapter of this research will be organized as follow:

Chapter 1 Literature review about Wire and Arc Additive Manufacturing (WAAM):
presents the state of the art for this research, thesis approach, and research outline.

Chapter 2 Design of experiment: This chapter focuses on studying the exper-
imental design of the division task into two main parts: The first part, the design
is based on the weld deposition basis. The main focus is the direction of weld bead
deposition as vertically, horizontally, and the weld bead deposition of the curved
substrate. All of these are characteristics of the design. In the second part, the
thermal simulation is examined and the thermal phenomena during deposition are
examined and identified to determine the thermal history of their occurrence.

Chapter 3 Geometrical identification: proposes the experimental measurement
procedure by explaining the reasons for measuring welds. The principle of deter-
mining the measurement position is derived from temperature simulations for con-
sideration.

Chapter 4 Interpolation & validation: This chapter proposes developing a Multi-
Layers Perceptron (MLP) regression model for interpolating experimental weld bead
shape. The main objective is to interpolate the weld bead shape as surface depo-
sition temperature changes during deposition. Moreover, create the most efficient
Multi-Layers Perceptron (MLP) regression model. MLP regression model is used
to interpolate the shape of the weld bead and compare it to the results of other
experiments to make sure the results were correct.

Chapter 5 Conclusion: presents the conclusions and perspectives of the thesis.
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Chapter 2

Design of Experiment and procedure

It is necessary to find a way to effectively manage the weld bead shape, as shown
in Figure 2.0.1. To reach this aim a phenomenological approach based on series of
experiment is presented. This chapter propose the design of the experimental pro-
cedure to study the influence of the temperature on the weld bead shape. First, the
essential characteristics of WAAM are listed such as material, welding parameters,
temperature or deposition surface geometry. The goal is to confirm that temperature
is a key parameter that influence the weld bead shape, as stated in Chapter 1, and
to scope its importance as well as for other factors. The issue is that temperature is
not a parameter that can be directly controlled. A possibility is to drive it through
the initial temperature of the substrate. The verification of this statement is done
through finite element simulations. The objective of these simulations is to verify
that deposition temperature varies with the initial temperature and to determine the
relationship between these two. At this point, parameters are identified and steps
of experiment can be defined. Finally, the last section resumes the experimental
procedure and the main results.
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Chapter 2 Design of Experiment and procedure

Figure 2.0.1 : Research approach of design of experiment and procedure

2.1 Geometry of deposition surface
To realize parts in WAAM, the process starts from a 3D model of the part. From
this 3D model, the appropriate trajectory has to be determined. The deposition
trajectory has vertical and horizontal directions displacements and run until the
final part is built, as shown in the Figure 2.1.1. Elementary situations have to be
identified from usual trajectories to define the different deposition surface geometry
that could be encountered.

Figure 2.1.1 : The conceptual design of WAAM process
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2.1 Geometry of deposition surface

Figure 2.1.2 (a) shows the different surface geometry that has been identified on
usual deposition process. The first layer (case a) is usually deposited onto a flat
surface. It is characteristic of usual substrate geometry (flat surface). Then, the
WAAM process consists in depositing material layer by layer usually in the vertical
direction. In the case of thin walls (case d), the deposition surface is then close to
a portion of cylinder. To investigate this case, the weld bead (b) is deposited on
a cylindrical substrate of various diameter as shown Figure 2.1.2 (b). In case of
horizontal deposition (coating, massive parts, the first bead is deposited on a flat
surface (c_L1) and the next bead are deposited partly on a flat surface and partly
on a portion of cylinder (c_L2) as shown in Figure 2.1.2 (c). The last experiment
is made for verification purpose as it has various substrate characteristics along the
deposition. The first layer is deposited on a flat surface (d_L1) and the second layer
(d_L2) being deposited on (d_L1) is set down on a portion of cylinder. In fact,
every other following layers are deposited on cylindrical substrate, its radius varying
for each successive layer.

Figure 2.1.2 : Configuration of the weld bead deposition for design of experiment;
a) Exp.1: Single weld bead on flat substrate, (b) Exp.2: Single weld
bead on the cylinder substrate, (c) Exp.3: Lateral overlap weld bead
and (d) Exp.4: Vertical overlap weld bead.
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Figure 2.1.3 : Design of experiment: (a) Single weld bead on flat substrate, (b)
Single weld bead on cylinder substrate (c) Lateral overlap weld bead
and (d) Vertical overlap weld bead

All the experiment designed for this research are aiming to cover the WAAM
deposition situations identified in Figure 2.1.3. (a) Exp.1: Single weld bead on flat
substrate, (b) Exp.2: Single weld bead on the cylinder substrate, (c) Exp.3: Lateral
overlap weld bead and (d) Exp.4: Vertical overlap weld bead.

2.1.1 Equipment

The equipment used is a welding robot equipped with a wire and arc additive pro-
duction system. It is composed by of a YASKAWA MA1440 six-axis robot, a welding
torch and a Fronius TPS CMT 4000 Advanced welding station (Fronius, Pettenach,
Austria). In addition, a heating device has been designed. It consists of three
heating resistances (6 kW) and a temperature closed loop control system allowing
a preheating up to 500 °C. This heating device has been built for this research. It
increases the initial temperature of the substrate and weld bead. It is used in these
experiments to create different initial temperatures as it has been identified as a
very important parameter in order to determine weld bead shape. Illustrations in
Figure 2.1.4 show (a) the welding robot and the wire arc additive system and (b)
the heating device.
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2.1 Geometry of deposition surface

Figure 2.1.4 : Equipment set up: (a) robot wire and arc additive systems and (b)
the heating device

2.1.2 Material properties
For this research two types of substrate have been used: plate (250 x 250 x 5 mm)
and cylinder diameter 7 to 35 mm. The chosen grade is a AA5083 (AlMg4.5Mn0.7)
aluminum alloy. In addition, the wire electrode is made of AA5356 (AlMg5Cr) alloy
and its diameter is 1.20 mm. Table 2.1 shows the chemical composition of these two
materials.

Table 2.1 : Nominal chemical composition (wt.%) of substrate and wire electrode
material

Materials Cu Cr Fr Mg Mn Si Ti Zn Other Al

AA5083

(Substrate)

0.1 0.05 - 0.25 0.4 4.0 - 4.9 0.4 - 1.0 0.4 0.15 0.25 0.15 Bal.

AA5356

(Wire electrode)

0.1 0.05 - 0.20 0.4 4.0 - 5.5 0.05 - 0.2 0.25 0.06 - 0.2 0.01 0.15 Bal.
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2.1.3 Process parameters
The process parameters used in the experiment are listed Table 2.2. They are divided
in three categories:

• The material category including wire electrode and substrate material

• The dimension category, including the wire electrode diameter and substrates
dimensions,

• The welding parameters category, defining the welding setup parameters.

All the experiment are done with these parameters. For each situation, different
initial temperatures (Tinit) are tested as listed in Table 2.2

Table 2.2 : Process parameters for experiment

Process Parameters Details Unit
Types of Experiment

Exp.1 Exp.2 Exp.3 Exp.4

Materials:

Wire electrode Al 5356 O O O O

Substrate flat & Cylinder

substrate
Al 5083 O O O O

Dimension :

Wire electrode diameter Ø1.20 mm O O O O

Substrate flat 250 x 250 x 5 mm3 O X O O

Cylinder Substrate

diameter(Length = 110 mm)

Ø7, Ø8, Ø9, Ø10, Ø12,

Ø16, Ø20, Ø25, Ø30, Ø35
mm X O X X

Weld bead length
80 mm O X O O

100 mm - O X X

Welding Parameters :

Technology mode CMT O O O O

Wire Feed Speed (W F S) 5 m/min O O O O

Travel Speed (T S) 0.60 m/min O O O O

Argon Gas Flow Rate 13 L/min O O O O

Working distance 15 mm O O O O

Torch orientation
Normal to the substrate

surface
O O O O

Initial temperatures (Tinit)

25 °C O O X X

100 °C O O X O

200 °C O O O O

300 °C O O O O

400 °C O O O O

O = Selected, X = Not select
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2.2 Thermal simulation

2.2 Thermal simulation

Heat accumulation is strongly influencing the weld bead shape. Indeed, the heat
generated during deposition processes modifies the temperature and the weld bead
shape. Measuring this heat accumulation or the temperature variation during
WAAM deposition is very difficult considering the equipment available in the field
of temperature measurement. On the other hand, the heat accumulation and its
effect on the temperature can be predicted in various ways and with various degrees
of accuracy. Thermal simulation using finite element models is a precise method to
predict the heat generated during deposition and its effect on the temperature.

The surface deposition temperature (Tdep) criterion [19] has been chosen to mon-
itor the temperature at which a droplet is locally deposited. The fusion interface
between the droplet mesh and the substrate mesh is used to calculate this criterion
based on several control nodes on the top surface of the mesh, indicating the sub-
strate section on which the next droplet will be deposited as shown Figure 2.2.1.
As a result, the value of this criterion will be the surface temperature of the con-
trol nodes precisely before the droplet is deposited, as given in the equation 2.2.1.
Furthermore, these control nodes positions change consistently throughout the de-
posit path, and are automatically different based on where the next droplet will be
put. We suppose that this temperature is the correct criterion to link the thermal
environment of the deposited drop and the weld bead shape. The question is then:
Can we have a stable and controlled deposition temperature at least in a zone of the
deposited weld bead?. The second question is then: Can we control the temperature
deposition through the control of the initial temperature?.

Figure 2.2.1 : Surface deposition temperature (Tdep) criterion [19]
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Tdep = 1
n

n∑
i=1

Ti (2.2.1)

These verifications will be done using finite element simulations. All the experi-
ment planned will be simulated to monitor the surface deposition temperature (Tdep)
behaviors during the weld deposition process. It is presented as follows:

2.2.1 Thermal simulation of single weld bead deposited on flat
substrates

Welding parameters were: a weld bead deposition length of 80 mm, wire feed speed
(WFS) of 5 m/min, travel speed (TS) of 0.6 m/min and initial temperature (Tinit)
of 25°C, 100°C, 200°C, 300°C and 400°C. An example of the thermal simulation
results is given in Figure 2.2.2, detailing the building process of deposition temper-
ature graphics. The first pictures (a) presents the deposition temperature at the
starting position equivalent here to the initial temperature of 100°C. Figure 2.2.2
(b) illustrates the Tdep criterion at a distance of 40 mm from the starting point, here
with Tdep = 541.96°C. Finally, Figure 2.2.2 (c) shows the value of Tdep at the bead
end, at 80 mm from the starting point. There, the surface deposition temperature
(Tdep) is 543.81°C. Thus, the thermal simulation gives access to the deposition tem-
perature history of weld beads. All the results for the different initial temperatures
(Tinit) of Exp.1 are shown in Figure 2.2.3. It appears that, after a quick rise, Tdep

tends to stabilize at a relative constant temperature until the end of weld beads.
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2.2 Thermal simulation

Figure 2.2.2 : Illustration of the building process of the deposition temperature cri-
teria graphics for Exp.1 at the initial temperature (Tinit) of 100°C, (a)
Tdep at start point, (b) Tdep at 40 mm, (c) Tdep at end point (endpoint)

Figure 2.2.3 : Thermal simulation results of Exp.1 at different initial temperatures
(Tinit) of 25°C, 100°C, 200°C, 300°C and 400°C
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For each initial temperature (Tinit), this stable zone is found in the range of 10
to 70 mm. Detailed data of the surface deposition temperature (Tdep) is available
in Appendix A: Table A.1 and A.2. The average value of Tdep in these regions are
gathered in Figure 2.2.4. It can be seen that this stable temperature can be directly
related to the initial temperature and with a gap of about 200 to 400°C from Tinit.
It confirms the strong interest of a thermal simulation to help to analyze the thermal
history occurring during the deposition process.

Figure 2.2.4 : Evolution of Tdep according to Tinit for the deposition of single weld
beads on flat substrates.

2.2.2 Thermal simulation of single weld beads deposited on
cylinder substrates

For this experiment, meshing is the key element in obtaining accurate results from
finite element analysis (FEA) models. It has been chosen to create a rectangular
mesh instead of a cylinder as illustrated at Figure 2.2.5. It changes the cross-section
from a circle profile to a rectangular one. D being the diameter of the cylinder
and Ac its cross-section area, these primary parameters evolve for the rectangular
substrate used in the simulation to: a the width, b the height and As the simulated
area of the rectangular cross-section. Table 2.3 shows how this transition is pursued
across those parameters.
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2.2 Thermal simulation

Figure 2.2.5 : Substrate area of temperature analysis: (a) cylinder area, (b) simula-
tion area (rectangular)

Table 2.3 : Comparison of dimension between cylinders and thermal simulations

Cylinder

substrate

diameter

Cylinder

substrate area
Simulation substrate area (rectangular) Error

Ø D (mm) Ac (mm2) a (mm) b (mm) As(mm2) [(As - Ac)/Ac]

Ø7 38.48 5 7 35 -0.09

Ø8 50.27 7 7 49 -0.03

Ø9 63.62 7 9 63 -0.01

Ø10 78.54 9 9 81 0.03

Ø12 113.10 9 13 117 0.03

Ø16 201.06 13 15 195 -0.03

Ø20 314.16 17 18 306 -0.03

Ø25 490.87 21 23 483 -0.02

Ø30 706.86 27 26 702 -0.01

Ø35 962.11 31 31 961 0.00

The counterpart of Figure 2.2.2 for this experiment is available in Appendix A:
Figure A.2.1. Figure 2.2.6 shows an example at Tinit = 400°C of the behavior of Tdep

according to Tinit considering the different cylinder diameters (Ø7, Ø8, Ø9, Ø10,
Ø12, Ø16, Ø20, Ø25, Ø30 and Ø35 mm). Similar to the first experiment, it has
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still to be noted that Tdep, being relatively constant between 20 mm and 80 mm,
increases slightly at the end of the weld bead. This phenomenon is linked to the
fact that heat is harder to evacuate here as there is a discontinuity in the matter
and that calories are more easily conducted inside the metal rather than through
the atmosphere. All experiments are show in Appendix A: 2.2.6 to 2.2.6.

Figure 2.2.6 : Thermal simulation result of Exp.2: Single weld bead on cylinder
substrate at initial temperature (Tinit) at 400°C

Figure 2.2.7 show the average value of Tdep in that range of 20-80 mm relatively
to the cylinder substrate diameter. It was found that when the diameter of the
cylinder is small, the surface temperature deposition (Tdep) is at its maximum value.
This heat spike could potentially be a problem, as it will be seen later, as its value
surpasses the liquidus. Larger cylindrical substrate tend to lower Tdep to a certain
limit close to the values found for the first experiment. All data surface temperature
deposition (Tdep) of this experiment are show in Appendix A: Table A.3 to A.7.
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2.2 Thermal simulation

Figure 2.2.7 : Evolution of Tdep according to Tinit for the deposition of single weld
bead on cylinder substrate.

2.2.3 Thermal simulation of lateral overlap weld bead
The thermal simulation of this experiment is shown in Appendix A: Figure A.3.1. A
lateral overlap weld bead is a weld bead that is deposited on the side of the previous
weld. The distance between two consecutive weld beads is fixed at d = 0.738w

according to [32]. Based on the same principle as the previous experiment, secondary
layers present a lower temperature of deposition than the first one because of the
heat dissipation area increases as the deposition process occurs. The measurement
area of this experiment, as shown in Figure 2.2.8, can be determined from the surface
temperature history during the weld bead deposition. The temperature is here again
relatively stable in the middle zone, from 10 mm to 70 mm. All experiments are
show in Appendix A: A.3.2 to A.3.3.
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Figure 2.2.8 : Thermal simulation result of Exp.3: Lateral overlap weld bead at
initial temperature (Tinit) at 400°C

Figure 2.2.9 shows the result of surface temperature deposition (Tdep) in that range
(10-70 mm) compared to the number of weld beads. All data surface temperature
deposition (Tdep) of this experiment are shown in Appendix A: Table A.9 to A.11
and Table A.12.

Figure 2.2.9 : Evolution of Tdep according to Tinit for the deposition of lateral overlap
weld bead.
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2.2.4 Thermal simulation of vertical overlap weld bead
In this experiment, several layers have been stack up (from 2 to 10 layers) to produce
walls. Here, four initial temperatures have been tested (100°C, 200°C, 300°C, and
400°C). Figure 2.2.10 at Tinit 400°C, the curves shape of Tdep values is comparable
of behaviors highlighted in the second experiment: a quick rise in temperature is
followed by a stable plateau and finished by a last and short increase of Tdep. All
experiments are show in Appendix A: A.4.2 to A.4.4. The value of this plateau,
always placed from 10 to 70 mm from the starting point, is not constant over the
layers as show in Figure 2.2.11. It tends to rise with the number of layers but with a
smaller increase for each step. Here too, this heat accumulation might be explain by
the reduced amount of matter being able to transfer and stock this thermal energy.
All data of the surface temperature deposition (Tdep) of this experiment are gathered
in Appendix A: Table A.13 to A.16 and Table A.17.

Figure 2.2.10 : Thermal simulation result of Exp.4: Vertical overlap weld bead at
initial temperature (Tinit) at 400°C
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Figure 2.2.11 : Evolution of Tdep according to Tinit for the deposition of vertical
overlap weld bead.

The evolution of this deposition temperature give a lot of valuable information.
Even if welding conditions are constant, the geometrical environment play a key
role in the thermal cycle of a bead. Whether considering the initial temperature,
the shape of the substrate, the presence of consecutive beads or the number of lay-
ers, many different factors influence the deposition conditions, without taking into
account welding parameters. This short study clearly highlights the need to under-
stand the melt pool environment and specifically the role played by the temperature
which can have different sources.

In the next and last section of this chapter, the realization of weld beads is pre-
sented.

2.3 Experimental procedure

The above information describes the experiment and its implementation using equip-
ment of the WAAM cell presented earlier in this chapter. This section presents the
design implementation and the result of the experiments, which are detailed as fol-
lows:
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2.3.1 Experimental procedure of single weld bead on flat
substrate

A single weld bead deposited on a flat substrate is the basis of WAAM. For the needs
of this experiment, the heating device is placed on the table of the WAAM robot.
It will provide the thermal energy to reach the different initial temperatures. The
substrate is then put on the heating device and clamped. After that, the working
distance, the gap between the welding torch and the substrate, is fixed at 15 mm.
The next step is very important. It is the validation of the surface temperature before
the deposition by using a thermometer (FLUKE-50S). Once the correct temperature
is insured (25°C, 100°C, 200°C, 300°C or 400°C), the deposition step in itself take
place with a wire feed speed (WFS) of 5 m/min, travel speed (TS) of 0.60 m/min,
while using the CMT-STD law n°875. Naturally, the process mentioned above is
implemented for each initial temperature as shown in Figure 2.3.1.

Figure 2.3.1 : Design of experiment of single weld bead on a flat substrate

All process parameters are controlled except the deposition temperature which is
only estimated thanks to the thermal simulation presented in the previous section.
The final picture of the four deposited weld beads is available in Figure 2.3.2. First
observations with the naked eye already show that the weld bead shape changes as
the initial temperature is modified. The higher it goes and the flatter the weld bead
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is with an improvement of its regularity. Further analysis are proposed in the next
chapter.

Figure 2.3.2 : The result of Exp.1: Single weld bead on flat substrate

2.3.2 Experimental procedure of single weld bead on cylinder
substrate

This experiment is characterized by the use of non-flat substrate geometry. Indeed,
cylindrical substrates have been set up to increase the diversity of conditions affect-
ing the weld bead shape and to get closer to reality. Diameters of cylinders are listed
as follow: Ø7, Ø8, Ø9, Ø10, Ø12, Ø16, Ø20, Ø25, Ø30 and Ø35 mm. The weld
bead is deposited on the very top of cylinders. The weld bead deposition length is
100 mm. The welding parameters are: Wire Feed Speed (WFS) = 5 m/min, Travel
Speed (TS) = 0.60 m/min and Argon gas flow rate = 13 L/min. This experiment
contains the following initial temperatures (Tinit): 25°C, 100°C, 200°C, 300°C and
400°C, once more using the heating device, as shown in Appendix B: Figure B.1.1.

Figure 2.3.3 shows the produced weld beads for this experiment. The temperature
here seems to affect in the same way the bead shape as in the previous experiment.
To be noted, as expected from the thermal simulation, the smallest cylinders have
been partially melt during the process. Especially for high Tinit, this partial fusion of
the substrates could cause difficulties to distinguish the weld bead from the cylinder.
Being problematic for the next step of this research work, some conditions have not
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been kept for the geometrical analysis: at Tinit = 300°C of Ø7, Ø8 mm and Tinit =
400°C of Ø7, Ø8, Ø9, Ø10 mm have been remove due to the defromation of cylinder
substrates. All experiments result are show in Appendix B: B.2.1 to B.2.4.

Figure 2.3.3 : The result of Exp.4 at Tinit= 400°C

2.3.3 Experimental procedure of lateral overlap weld beads
The lateral overlap weld beads, this design of experiment is characteristic of sub-
strate geometry (Non-flat and flat surface). The weld bead deposition length is 80
mm. The welding parameters are fixed at Wire Feed Speed (WFS) = 5 m/min,
Travel Speed (TS) = 0.60 m/min and Argon gas flow rate = 13 L/min. This exper-
iment is implemented with the following initial temperatures (Tinit): 200°C, 300°C
and 400°C, using heating device. The Figure 2.3.4 shows the trajectory design for
the lateral direction overlap weld beads. This path is referenced as the unidirectional
raster trajectory. The offset distance (D) is fixed at 0.738w according to [32]
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Figure 2.3.4 : Trajectory of lateral overlap weld bead deposition

The deposition process of this experiment is identical to the previous ones. Before
starting the bead weld, the temperature on the surface beside of the previous layer
is checked with a thermometer (FLUKE-50S). When the temperature reaches and
stabilizes at the correct value, three points controlled to insure this state, then the
next bead is deposited to form a new “layer”. All experiments had the same weld
bead deposition process, changing only the initial temperature. This experiment
contains built structure with a number of layers of one to ten for each value of Tinit

as shown in Appendix B: B.3.1. The results show that the initial temperature had
a significant effect on the weld bead deposition, even of greater importance than
for the other experiment. For the initial temperature (Tinit) of 200°C, when the
second layer is deposited, the bead is deposited, not on the flat surface as expected,
but on the near upper surface of the previous weld bead, at a closer distance than
the one planned. Then, when the next layer is welded, it is deposited without
continuity with the previous beads, like if it was a single deposition of Exp.1. This
succession of recovery and gap is pursued as weld beads are deposited as visible
in Figure 2.3.5. This behavior completely disappears for higher initial temperature
(experiments where Tinit is set up at 300°C and 400°C), and the deposition process
results in a regular surface as shown in Figure 2.3.5. This phenomena could be
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explain by the fact that, at low temperatures, the wetting angle being degraded, it
results in a change of the shortest distance between the torch and the near matter.
The electrical arc is thus ignited on the upper surface of the previous bead and,
the molten droplets following the arc, changes drastically the deposited geometry.
As the temperature increases, the wetting angle becomes more favorable and the
deposition process is pursued correctly. In this context, the experiment at 200°c has
been removed and further work will be done only considering value of Tinit of 300
and 400°C for Exp.3.

Figure 2.3.5 : The result of Exp.3: Lateral overlap weld beads at Tinit= 200°C, 300°C
and 400°C

2.3.4 Experimental procedure of vertical overlap weld beads

For this last experiment, walls of 80 mm long, have been produced with the following
welding parameters: Wire Feed Speed (WFS) = 5 m/min, Travel Speed (TS) =
0.60 m/min and Argon gas flow rate = 13 L/min. This experiment is built on the
following initial temperatures (Tinit): 100°C, 200°C, 300°C and 400°C by using
the heating device. The value of Tinit at 25°C is specifically avoided as it induces
conditions in terms of manufacturing time and temperatures that are too far from a
real part production. For each condition, 9 walls have been generated from 2 to 10
layers. Figure 2.3.6 shows the trajectory design of the vertical overlap weld bead.
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The welding trajectory is the bidirectional raster trajectory. Between each layer, an
increment of the Z axis (∆H) have been done of 2.4 mm.

Figure 2.3.6 : Trajectory of vertical overlap weld bead

As the rest of experiment, a specific attention is given to the conditions in which
weld bead are deposited. Before starting a weld, the temperature on the surface of
the previous layer is controlled with a thermometer (FLUKE-50S) and the process
starts only when this measure reaches and stabilizes at Tinit. Photography of every
walls thus produced are available in Appendix B: B.4.1. First observations show
that every conditions have been processed until the end and that an increased initial
temperature tends to generate smaller and thicker walls (illustration given Figure
2.3.7). All experiment results are show in Appendix B: B.5.1 to B.5.3

Figure 2.3.7 : The result of Exp.4: Vertical overlap weld bead at Tinit= 400°C
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Conclusion
The work presented in this chapter has the ambition to design an experiment allow-
ing to answer the problematic exposed in the first chapter of this manuscript. To
achieve this goal, the WAAM process is decomposed to identify elementary config-
urations. These steps are implemented in four different experiment. They allow to
isolate influencing parameters and make them controllable. They are identified as
follow:

• Exp.1: Single weld bead on flat substrate.

• Exp.2: Single weld bead on the cylinder substrate.

• Exp.3: Lateral overlap weld bead.

• Exp.4: Vertical overlap weld bead.

However, the thermal problematic remains complex. While the use of a heating
device allowed to control its order of magnitude, the temperature is still inaccessible
due to its too many influencing factors. To overcome this problem, thermal simula-
tions have been implemented. They investigate the deposition temperature behav-
ior during the deposition process. First, the importance of the initial temperature
(Tinit) concerning the surface deposition temperature (Tdep) was thus determined.
Then, the different experiments have each of them allowed to introduce geometrical
components to the study. Thus, we have seen that the decrease of the substrate
size tends to increase the deposition temperature, that in lateral overlap, secondary
beads benefit of a lower value of this temperature and that, in the opposite, stacking
layer in the vertical direction tends to rise the heat accumulated at the substrate
surface. Most important, they identified the position of a portion of weld beads
where process conditions, welding parameters and temperatures, are stable, which
will be the basis of the next chapter.

Finally, the realization of these experiments is detailed, emphasizing the step of
the initial temperature control to insure constant starting conditions. The quality
of these experiments composed a good starting point for the next chapter which will
be dedicating to connect the process parameters to the observe variations of weld
beads dimensions.
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Chapter 3

Geometrical identification

The main objective of this chapter is transiting from physical weld beads, whose
production is described in the previous chapter, to a geometrical model with quan-
tified dimensions. Evolutions of these data can be then tracked or even predicted
with phenomenological or numerical models. This chapter deals with the different
steps of this transition process, while the prediction step will be further discussed
in the next and last chapter. At first, physical weld beads are scanned to obtain a
numerical model of their shapes. After that, a zone of interest for each experimental
condition is defined to retain only the portion with constant processing conditions.
Especially, the start and end of weld beads will be excluded as different transiting
phenomena occur, such as process parameters fluctuations or temperature behavior.
This selection is based on the thermal simulation presented in the previous chapter.
Then, a circular model, which have been presented in chapter 1, is used to represent
weld cross-sections. Thanks to its simple and instant application, information on
width and height are extracted for each conditions. Finally, their evolutions are fi-
nally discussed in the last section. Thus, this chapter focuses on the steps mentioned
above which are illustrated in Figure 3.0.1
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Figure 3.0.1 : Geometrical identification approach

3.1 Acquisition of numerical models of weld beads
through 3D-scan correct

As previously described, a theoretical model of weld bead cross-section is required
to obtain quantified dimensions. Their evolutions have to be representative of weld
bead shapes evolutions along with variations of process conditions. In order to do
that, a digitalization step of weld beads shapes is required in order to obtain a
numerical object. It will easily allow the extraction of several information at any
point on bead shapes. The 3D scanner HandySCAN 700 is used with a resolution of
0.05 mm. Technical specifications are shown in table 3.1. The associated software
VXelements is used to export the numerical model in a STL file format. This file is
then opened with GOM inspect software in order to measure cross-sections of the
weld bead, as shown in 3.1.1.
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Figure 3.1.1 : The experiment 3D scan process

The scanning process is presented for each experiment in the next sections in order
to show the shape of the different weld beads (single weld bead on flat substrate,
single weld bead on the cylinder substrate, lateral overlap weld bead, and wall). A
primary example is given Figure 3.1.2.
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Figure 3.1.2 : Examples of experiments and scanner results (processed at WFS =
5m/min, TS = 0.6 m/min and Tinit = 300°C.

3.2 Cross-section profile measurement

Numerical models from the 3D-scanning process give information at any place on
weld beads. However, it includes transiting zones where process conditions are not
stables. These instabilities came from both welding parameters, where weld bead
ignition and extinguish have punctual and specific conditions, and from thermal
environment with can be specific either on a geometrical or temporal point of view.
In this way, and thanks to thermal simulations presented in the previous chapter,
it is possible to define a stable zone along the weld bead where constant conditions
are found. These ranges are recalled here for every experiments : Exp. 1 : from 10
to 70 mm, Exp. 2 : from 20 to 80 mm, Exp. 3 : from 10 to 70 mm, Exp. 4 : from
10 to 70 mm, A series of cross-section profiles are extracted from those areas. As
shown in Figure 3.2.1, a profile is read out every 1 mm all along the selected zone
and recorded as a cloud of points.
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Figure 3.2.1 : Cross-sections extraction of experiment.

After profiles extraction, a circular model is implemented for geometrical repre-
sentation of cross-sections. This modeling is fulfilled through an algorithm presented
in the next section.

3.3 Weld bead cross-section modeling
Scanning and computational process results are composed of 60 clouds of points for
each conditions. The use of a circular model allows obtaining quantifiable dimen-
sions that can be tracked in order to start to understand influences from process
parameters such as welding conditions and temperature. For instance, we have cho-
sen to use one of the simplest models to represent a cross-section with a portion
of a circle. The modeling is implemented for every condition profile through an
algorithm detailed in the next section. Data are then presented and analyzed in the
last section.
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Using a simple model for the representation of weld bead cross-section offers the
advantage to be easily implemented. As detailed in Figure 3.3.1, profiles are first
straightened to ensure that the highest point is correctly identified. Then, it sim-
plifies the selection of points from the upper surface (included in a distance d from
the highest one) that will be taken into account for the circular model fitting. Only
those points are used to fit the model as this selection does not induce any results
deviation. In effect, they are less subject to errors during the scanning process, they
are more likely to become the substrate of the next deposition, and including points
from the whole bead section or not result in a deviation of a few hundredths for
regular weld beads. The linear regression is then implemented through the least
square method [5]. Therefore, the center and the radius of the fitted circle compose
the raw results of this representation by a circular model. These data are then to be
refined. An illustration of this process and its results can be found in Figure 3.3.2.

Figure 3.3.1 : Algorithm of circle fitting model.
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3.3 Weld bead cross-section modeling

Figure 3.3.2 : Illustration of the process of bead cross-section modelling

3.3.1 Obtaining the representative dimensions of weld bead
cross-sections

As a geometrical model now represents beads cross-sections, dimensions have to be
extracted from this circular fitting and must transpose the different evolution of
beads shape. Four factors have thus been chosen for this purpose :

h (mm) : Weld bead height.
w (mm) : Maximum width of weld bead.
A (mm2) : Cross-section area of weld bead.
θ (°) : Wetting angle (only calculated for the first 3 experiments)
They are obtained according to the radius and the coordinates of the fitted circle.

An illustration of their definition is given in Figure 3.3.3.
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Figure 3.3.3 : Definition of weld bead dimensions

Before any discussion, the relevance of the circular model has been investigated.
Using 3 parameters: highness, width at mid-height and cross-section area, the preci-
sion of this geometrical representation has been characterized through a comparison.
This control has only been performed on the first experiment (single weld bead).
The Figures 3.3.4 illustrate the results of this study. Thus, the difference between
the maximum height of points profiles obtained through the scanning process and
the one calculated from the circles parameter is very satisfying. The measured de-
viation does not exceed ± 0.05 mm, of a similar order of magnitude as the scanner
precision. With a slightly larger difference, the width deviation measured at mid-
height remains under 0.2 mm of difference. This disparity of precision between the
height and width can be explain by the fact that the circular model is fitted using
points belonging to the upper part of the weld bead and, by doing so, defining this
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region with a higher accuracy. Another explanation is that the circular model being
the simplest, it is not able to represent exactly the cross-section profile. The weld
bead being probably slightly elliptical, it might explain why the circular model tend
to lightly underestimate the height and, on the contrary, overestimate the width
of weld beads. All in all, the cross-section surfaces are rather accurate with a gap
smaller than ± 5 mm2 between scanned profiles and circular model calculations.
This parameter transposing the real amount of matter deposited during the weld
bead, it is all the more important to be representative.

In this way, those data and the previous comparisons are satisfying and allow to
validate the accuracy of the circular model and its implementation.

Figure 3.3.4 : Deviations of weld bead cross-section

3.4 First discussions on weld bead shape evolutions

3.4.1 Contribution of Exp.1

The first experiments have been set up in order to investigate the influence of the
substrate temperature on the shape of single beads. From a physical point of view,
we know that metals see their viscosity decreased with the temperature [81, 46].
In this way, the rise of the initial temperature, and so the rise of the deposition
temperature, induces obviously a higher temperature during the weld bead. One
can concludes on the decrease of the viscosity of the liquid metal that have also
implications on weld bead shape and dimensions. In effect, as shown in Figure
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3.4.1, this viscosity diminution with the temperature rise is directly visible with the
decrease of the wetting angle (θ). This physical change affects all the weld bead
dimensions: radius, highness and width as shown Figure 3.4.2. The molten pool
being at a higher temperature, it is more fluid and requires longer time to cool
down, inducing that the weld bead spreads. It can be seen as the width increase
while the highness is lowered. These evolutions offset each other as the cross-section
area remains rather constant across the different initial temperatures, as visible in
Figure 3.4.3. Close to the theoretical value, which is supposed to be independent
from the initial temperature and calculated according to the Equation 3.4.1, it seems
that a small trend can be observed as the area appears to slightly increase with the
temperature. Since it is not supposed to behave this way, it is assumed that the
welding station is influenced by the temperature and its effects through its control
loop, inducing a larger amount of deposited matter.

Ath = π.r2
wire.WFS

TS
(3.4.1)

Where Ath is cross-sectional of calculation (mm2). rwire is radius of wire diameter
(mm). WFS and TS are wire feed speed and travel speed, respectively, and their
unit is meter per minute (m/min).

Figure 3.4.1 : Wetting angles for each initial temperature (Tinit)
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Figure 3.4.2 : Weld bead dimensions of each initial temperature (Tinit)

Figure 3.4.3 : Comparison cross-sectional of calculation (Ath) and curve fitting area

3.4.2 Contribution of Exp.2

In this experiment, the radius of curvature of the substrate have been instigated in
addition to the initial temperature variation. The goal is to highlight the relation of
these factors on the weld bead shape. As the welding parameters WFS and TS are
identical to the first experiment, changes are likely to come from the fact that matter
and energy are deposited on a cylinder substrate. Compared to a flat substrate, it is
a smaller environment and therefore it will be less efficient to evacuate the thermal
energy. Thus, this alteration is firstly shown on the deposition temperature as
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seen in the previous chapter. Tdep reaches different values depending on the formal
radius of the cylinder. If bead dimensions are then plot according to Tdep, interesting
information are exposed. For example, as visible on figures 3.4.4 and 3.4.5, the radius
and width do not undergo any other influence from the cylinder radius other than
its consequence on the deposition temperature. These dimensions present a similar
behavior to single weld beads deposited on flat substrate: they increase with the
temperature, independently of the substrate curvature.To be noted that the choice
here to represent these data according to Tdep highlightes that there is an inflection
point around the value of the liquidus where radius and width increase suddenly.
We assumed that, in these conditions the bead is collapsed.

Conclusions are more challenging to draw on the smallest cylinder as Tdep reaches
quickly this melting temperature. The substrate losing its integrity, it is more
difficult to build an argument on the evolution of weld bead shape.

Figure 3.4.4 : Radius of weld bead deposited on cylinder substrates.
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Figure 3.4.5 : Width of weld bead deposited on cylinder substrates.

Concerning wetting angles, with the way they are calculated, they seem to have a
direct linear relationship with the initial temperature, as illustrated in Figure 3.4.6.
In the same way as a weld bead deposited on substrate, the metal tends to spread
more easily with the rise of temperature and thus produce weld beads with lower
wetting angles. However, on the opposite of the two previous data, these angles
depend also on the size of cylinders, independently of the influence of the latter on
Tdep. As visible in Figure 3.4.7, wetting angles seem to be linearly related to the
cylinder radius inverse (1/rcylinder). To explain this relation, we propose to approach
it from the surface tension point of view. Surface tension is the force that tends to
minimize the surface between two fluids (here, the liquid metal and the protective
gas). This tension being less important with the rise of temperature, it allows the
metal to flow and spread, inducing lower wetting angles on plates. Another way of
saying it is that the surface tension will directly define the radius of weld beads.
Thus, the radius depends on surface tension which depends on temperature and
therefore, the weld bead radius depends only on the temperature Tdep as illustrated
at Figure 3.4.4.

In the case of the cylinders experiment, a relatively constant amount of matter is
deposited and therefore forming a weld bead with a relatively constant area of its
cross-section. The radius and this area being quite fixed, the weld bead will then
more or less envelops the cylinder. The matter will be more or less spread around
the substrate surface, depending of the radius of this latter. In this experiment,
wetting angles being defined from the normal of the cylinder at the frontier cylinder
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/ weld bead / atmosphere, it is thus logical to find a linear relation between θ and
1/rcylinder .

Evolutions of the highness of beads deposited on cylinder are identical to those of
the wetting angle. As visible on Figures 3.4.8 to 3.4.9, height evolves linearly with
the initial temperature and also presents a linear relation with the cylinder radius
inverse. There too, the proposed is similar. In fact, the height as it is defined for this
experiment, translates directly how much the deposited matter spread around the
cylinder (keeping the same weld bead radius) a.k.a. until which point the weld bead
embed around the cylinder. It is then possible to show a direct linear relationship
between the weld bead height and its wetting angle, independently of its process
conditions as visible Figure 3.4.10.

Figure 3.4.6 : Wetting angle of weld beads deposited on cylinder substrates
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Figure 3.4.7 : Wetting angle of weld beads related to substrate curvatures

Figure 3.4.8 : Heights of weld beads deposited on cylinder substrates
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Figure 3.4.9 : Height of weld beads related to substrate curvatures

Figure 3.4.10 : Relation between wetting angles and heights of weld beads deposited
on cylinder substrates (every conditions are shown)

Finally, concerning the area of cross-sections, this data tends to stay almost con-
stant until an inflection temperature of deposition is reached near the liquidus as
shown Figure 3.4.11. Before this point, it seems that a lower amount of matter
is deposited considering the theoretical value driven by the selected welding con-
ditions. On the opposite after the inflection point, the process tends to deposit a
larger amount of matter. We link these deviations from the set point to the control
loop of the welding station of which we are unaware.
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Figure 3.4.11 : Cross section area of weld beads deposited on cylinder substrates

3.4.3 Contribution of Exp.3
This experiment has consisted in depositing successive beads on a plate while staying
in the same plan in order to understand the geometrical evolutions of the secondary
weld beads. As previously explained, only two initial temperatures have been setup.
It appears that our results tend to confirm the model of [32]. In principle, almost
nothing change except that the matter, which should has occupied the space of the
previous bead is reported higher on the z axis. As confirmed by our data available
on Figures 3.4.12 and 3.4.13, heights and cross-section areas do not vary and are
equal to those of single weld beads.
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Figure 3.4.12 : Heights of weld beads deposited in the lateral direction

Figure 3.4.13 : Cross-section area of weld beads deposited in the lateral direction

On the other hand, this upward shift of matter induces greater radius for our
circular model, which, combined with a constant height, tends to also increased the
width and decrease the wetting angle compared to single weld beads set of data.
However, the number of weld bead deposited in the lateral direction does not affect
these parameters nor any other of them as shown from figure 3.4.14 to3.4.16. These
constancies imply that, except for the very first bead, every secondary deposition
will be pursue in the exact same conditions as expected from the simulation of Tdep
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exposed in the previous chapter. Thus, it does not induce any evolutions of bead
geometry, except those related to dispersion.

Figure 3.4.14 : Radius of weld beads deposited in the lateral direction

Figure 3.4.15 : Widths of weld beads deposited in the lateral direction
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Figure 3.4.16 : Wetting angle of weld beads deposited in the lateral direction

3.4.4 Contribution of Exp.4
For this last experiment, walls were built at different heights, from 2 to 10 layers. As
scans were performed once the production is over, there is no information available on
previous layers. Therefore, only the ultimate layer has been accessible for analysis.
This restriction implies that only weld bead radius and wall heights are directly
accessible. For the others, dimensions assumptions have to be made when possible
but some data are still out of reach. For example, the lack of information on the
previous layer denies the evaluation of wetting angles and cross-section surfaces.
Thus, layers height is assumed to be equal to the highness of the considered wall
minus the highness of the wall with a lower number of layer by one. The width will
be discussed in the following paragraphs.

Concerning the weld bead radius of the ultimate layers, it appears here that the
temperature influences its value in the same way as in the previous experiments.
However, it seems to be rather unchanged with the underneath number of layer as
illustrated Figure 3.4.17.
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Figure 3.4.17 : Radius of the last layers of walls

Despite the fact that we do not have access to the previous layers for each wall,
analysis on the total highness bring interesting information. As visible in Figure
3.4.18, walls height seems to follow a linear law according to the number of layers.
Therefore, estimating the final highness of a wall can be easily done, on the number
of layers and the initial temperature, as the linear coefficient seems driven by this
parameter. As expected, the rise of the temperature induces a loss in the total height.
The fact that it follows a linear law means that, except for the first layer, where
the geometrical environment is different, every successive layer should present the
same height, equivalent to the linear coefficient. This relation between the amount
of layer and the total highness induces that the first weld bead presents a greater
height compared to successive beads. Values extracted from these equations are
very close to the ones determined in the first experiment.
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Figure 3.4.18 : Walls heights

Finally, since it is not possible to have access directly to the width and the wetting
from the circular model, hypotheses are made. Considering that radius and layer
height are relatively constant inside a wall and that this height value is smaller
than the radius, it is assumed that the wetting angle is lower than 90°. Moreover,
the width should be constant and it is proposed to estimate its value equal at two
times the radius, at least when the bead is not collapsed. In order to verify this last
assumption, the average width of walls has been extracted from scans and compared
to the radius obtained through our fitting process. As shown in Figure 3.4.19, these
data seem to confirm our hypothesis, especially for initial temperatures (Tinit) up
to 300°C. Unfortunately, it appears to introduce a deviation about 2 mm for the
highest initial temperature (Tinit). It might be caused be different factors, either
that the temperature reaches a too high value and the weld bead collapsed or the
circular model is not relevant anymore or also that specific phenomena are missed.
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Figure 3.4.19 : Comparison of widths between data extracted from scans and circle
models.
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Conclusion

In this chapter, the process of transforming a physical weld bead in a geometrical
model with quantified data has been described. These data have then been studied
in regards with experimental parameters such as initial temperature (Tinit), surface
deposition temperature (Tdep), or substrate radius.

Starting from the experimental scanning technique, specific weld bead portions
have been selected applying temperature simulation techniques to assist in the iden-
tification of a stable the zone. It was found that the middle of the weld was an
essential zone due to relatively stable conditions. There, cross-section profiles have
been extracted every 1 mm. For all profiles, an algorithm allowed to fit a circle
model giving access to representative weld bead data such as radius (r), height (h),
width (w), wetting angle (θ) and cross-section area (A). As these information are
gathered from a theoretical representation, a short verification have been set up in
order to verify their accuracy. Precisions have been found around ± 0.05 mm and
0.2 mm, respectively, for the representation of height and width, confirming the
validity of the circular model and its implementation. Results of experiment are
remembered in the next paragraphs.

Single weld bead on flat substrate were deposited with fixed welding parameters,
WFS = 5 m/min and TS = 60 cm/min and different initial temperatures (Tinit =
25°C, 100°C, 200°C, 300°C, and 400°C). As one can expect, the rise of the initial
temperature, and thus of Tdep, induces a decrease in the viscosity of the liquid metal.
This effect results in higher values of the radius (r) and width (w) of weld bead along
with smaller heights. In short, a hotter metal will spread, forming a flatter bead.
It seems that the temperature may also influence the quantity of deposited matter.
It has been suggested that it might be related to the inner control of the welding
station and should be further studied.

The introduction of different substrate geometry for the 2nd experiment, in terms
of curvature (Ø7, Ø8, Ø9, Ø10, Ø12, Ø16, Ø20, Ø25, Ø30 and Ø35 mm), confirms
this tendency and reveal a special influence of the substrate radius. In this way,
it is recalled here that this radius have a direct influence on Tdep, additionally to
Tinit. Thus, weld bead radius (r) and width (w) seem to be only correlated to
the temperature of deposition. However, it appears that the substrate curvature
influences the wetting angle (θ) and the height (h), not only through its implications
on the temperature but also through a specific role. We suggest that the temperature
fixes the surface tension, and thus the radius (r), and that the matter, being rather
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constant in quantity, only spreads more or less around the cylinder, depending on its
temperature and its radius (r). These intricate interactions highlight the importance
for a weld bead deposition model through machine learning for weld predicting. In
the next chapter, Chapter 4, such a model will be presented and tested.

Next experiment have consisted in a deposition of several weld beads. First, lateral
deposition have been tested on a flat surface with the same welding parameters.
However, only two values for the initial temperature (Tinit) have been implemented,
at 300°C and 400°C. The first result of this experiment is that, as each weld bead
is deposited at the exact same Tinit, there is no difference in geometry between
secondary weld beads. Being the second one or the 10th, each weld bead will present
the same shape and dimensions. Radius (r) , height (h) and width (w) are not
affected by the weld bead numerical position. Differences are found though between
the very first weld bead and its following. Radius (r) and width (w) are found with
higher values, while the wetting angle tends to be lowered. However, heights and
amounts of deposited matter seem to be constant even over first and secondary weld
beads.

Finally, weld beads have been stacking up to 10 layers in the vertical direction.
Here, wall have been produced keeping identical welding parameters and four differ-
ent initial temperature (100°C, 200°C, 300°C, and 400°C). Walls have been produced
for each number of layers (4 different Tinit and 10 layers giving thus 36 walls). Every
weld bead has been deposited at the exact temperature corresponding to its defini-
tion. As scans have been performed at the end of production, extracted information
are only available for the last layer. It appears that weld beads radius (r), width
(w) and height (h) do not depend on the layer number (except for the very first one
like for the previous experiment) but rater rely on the initial temperature (Tinit).

All those experiments confirm that the temperature is a key parameter to un-
derstand and predict the geometry, and later properties, of parts manufactured by
WAAM. The next chapter presents the interpolation of weld bead shape by using
Multi-layers perceptron (MLP) techniques. The built model helps to interpolate the
shape of the weld bead and predict parts shapes.
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Chapter 4

Interpolation & Validation

Predicting weld bead shape (width and height) is essential for toolpath determi-
nation. From the information concerning the weld bead shape measured from the
experiments described in Chapter 3, this chapter describes an artificial neural net-
work model for interpolating the weld bead shape relative to the controllable process
parameters (wire feed speed, travel speed) and non-controllable one (surface depo-
sition temperature and substrate radius). Multi-layer perceptrons (MLPs) tools
predicted the weld bead shape of experiment 2: a single weld bead on a cylinder
substrate. As material deposit on a cylindrical curved surface (symmetrical). The
focus is on predicting the weld bead shape deposited on a cylindrical surface. This
explains the weld bead shape prediction as see in Figure 4.0.1. It is presented in the
next section.

Figure 4.0.1 : Interpolation & validation approach

83



Chapter 4 Interpolation & Validation

4.1 Data collection
The data collected are coming from the Exp.2 result. This experiment performs
deposition on a cylinder of various diameter ranging from 3.5 to 17.5 mm. It has
been done with various initial temperatures (Tinit) are 25°C, 100°C, 200°C, 300°C,
and 400°C. The surface deposition temperatures (Tdep) are obtained by thermal
simulation (Chapter 2). The controllable process parameters are chosen as follows:
a 5 m/min wire feed speed (WFS) and a travel speed (TS) of 0.60 m/min. The
substrate radius is the radius of the cylinder substrate. The output parameters
identified on the weld bead are its radius and height as presented in Chapter 3. All
the input and output parameters are summarized in Table 4.1 All these data are
gathered to create a model for predicting the weld bead shape.

Table 4.1 : Weld beads measurements
Input Output

No. Tinit Tdep W F S T S D Rsub r h

(C°) (C°) (m/min) (m/min) (mm) (mm) (mm) (mm)

1 25 638.29 5 0.60 Ø7 3.50 3.33 0.79

2 25 597.66 5 0.60 Ø8 4.00 2.52 1.34

3 25 576.45 5 0.60 Ø9 4.50 2.49 1.34

4 25 535.98 5 0.60 Ø10 5.00 2.02 1.63

5 25 515.07 5 0.60 Ø12 6.00 2.02 1.52

6 25 468.43 5 0.60 Ø16 8.00 1.92 1.86

7 25 447.50 5 0.60 Ø20 10.00 1.87 2.09

8 25 436.21 5 0.60 Ø25 12.50 1.82 2.27

9 25 429.88 5 0.60 Ø30 15.00 1.79 2.37

10 25 427.98 5 0.60 Ø35 17.50 1.76 2.47

11 100 662.23 5 0.60 Ø7 3.50 3.25 0.50

12 100 607.03 5 0.60 Ø8 4.00 2.77 0.88

13 100 597.54 5 0.60 Ø9 4.50 2.73 1.04

14 100 566.81 5 0.60 Ø10 5.00 2.56 0.76

15 100 546.61 5 0.60 Ø12 6.00 2.44 1.15

16 100 510.72 5 0.60 Ø16 8.00 2.22 1.55

17 100 491.51 5 0.60 Ø20 10.00 2.08 1.81

18 100 482.68 5 0.60 Ø25 12.50 1.90 2.10
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Table 4.1 : Weld beads measurements
Input Output

No. Tinit Tdep W F S T S D Rsub r h

(C°) (C°) (m/min) (m/min) (mm) (mm) (mm) (mm)

19 100 477.75 5 0.60 Ø30 15.00 1.95 2.14

20 100 427.98 5 0.60 Ø35 17.50 1.79 2.42

21 200 696.28 5 0.60 Ø7 3.50 3.99 0.93

22 200 625.18 5 0.60 Ø8 4.00 3.62 0.44

23 200 609.75 5 0.60 Ø9 4.50 2.99 0.85

24 200 598.04 5 0.60 Ø10 5.00 3.02 0.80

25 200 587.48 5 0.60 Ø12 6.00 2.70 0.96

26 200 555.40 5 0.60 Ø16 8.00 2.52 1.39

27 200 541.59 5 0.60 Ø20 10.00 2.31 1.65

28 200 535.38 5 0.60 Ø25 12.50 2.13 1.81

29 200 531.90 5 0.60 Ø30 15.00 2.16 1.94

30 200 530.89 5 0.60 Ø35 17.50 2.18 2.04

31 300 631.75 5 0.60 Ø9 4.50 3.66 0.31

32 300 610.49 5 0.60 Ø10 5.00 3.80 0.33

33 300 604.71 5 0.60 Ø12 6.00 3.15 0.71

34 300 594.04 5 0.60 Ø16 8.00 2.92 1.13

35 300 585.51 5 0.60 Ø20 10.00 2.69 1.39

36 300 580.64 5 0.60 Ø25 12.50 2.69 1.54

37 300 577.44 5 0.60 Ø30 15.00 2.56 1.72

38 300 576.54 5 0.60 Ø35 17.50 2.51 1.78

39 400 620.89 5 0.60 Ø12 6.00 4.99 0.31

40 400 607.83 5 0.60 Ø16 8.00 4.25 0.72

41 400 603.98 5 0.60 Ø20 10.00 3.60 1.08

42 400 602.30 5 0.60 Ø25 12.50 3.85 1.23

43 400 601.38 5 0.60 Ø30 15.00 3.65 1.44

44 400 601.14 5 0.60 Ø35 17.50 3.38 1.58
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This experiment has produced enough samples to launch a prediction model. The
next section gives an overview of Artificial Neural Network (ANN) and the reason
why the MLP regression model is chosen for this research.

4.2 Artificial Neural Network (ANN) and
Multi-Layers Perceptron (MLP) model creation

State of the art

Artificial neural networks (ANN) have been suggested in the field of additive manu-
facturing to optimize process parameters in order to obtain a good part quality. The
weld bead shape is an important parameter to predict and manage. It is hard to de-
velop an appropriate mathematical model for predicting the shape of a weld bead in
a constantly changing welding process. There are many factors that affect the weld
bead. [58] describes the neural network model as a viable method for predicting weld
bead geometry. The neural network model was trained using back-propagation and
the Levenberg-Marquardt training method. The results were built using the neural
network and a mathematical model. The designed neural network is markedly more
accurate than the regression equations [111]. [68] proposed an artificial neural net-
work (ANN) model for predicting the weld bead geometry with a changing travel
speed (TS). [85] studied the three outputs of the weld beads i.e. the depth of
penetration (DOP ), weld pool width (WW ), and reinforcement height (RH). Four
input parameters are welding voltage (WV ), welding current (WC), welding speed
(WS), and flow rate (FR). A back-propagation neural network (BPN) is used for
the prediction of the weld bead geometry. The BPN model correctly predicts the
shape of the weld bead with a high level of accuracy. [18] used the BPN model
to predict weld bead geometry as well. The input parameters are welding current,
welding speed, torch work angle, and molten pool width. Then, the results showed
that this model could be used to predict the penetration of asymmetrical fillet welds.
This is practical and reasonable for weld bead geometry.

[74] presented a prediction model to predict the weld bead geometry. There are
three input parameters: plate thickness (t), travel speed (TS), and wire feed speed
(WFS). When one of them changes, the interpolation approach is used to create a
new weld profile. If these parameters are not found in the database, the program
uses the interpolation approach to get the maximum (P2) and lowest (P1) values

86



4.2 Artificial Neural Network (ANN) and Multi-Layers Perceptron (MLP) model
creation

for each parameter.
The literature review on Artificial Neural Networks (ANNs) shows the prediction

of weld bead shape relative to several inputs welding parameters (controlled) such
as wire feed speed, travel speed, arc current, and flow rate. However, these variables
are not covered with enough characteristics to predict the weld bead shape. Some
of the variables that occur during the deposition process are surface temperature
deposition (Tdep) and actual surface geometry that we can consider as non-directly
controlled parameters. These added variables play an essential role in predicting the
weld bead shape and are the novelty of this research.

Artificial Neural Networks (ANNs) is largely established in Artificial Intelligence
(AI) [58]. An Artificial Neural Networks (ANNs) usually involves a large number
of processors running in parallel and arranged into levels as shown in Figure 4.2.1.
The initial layer will receive raw input data, which is similar to the function of the
brain and neural biological cell processing [111]. The neural structure is able to
perform tasks: for example, classification, prediction, decision-making, visualization
and others. Each successive level receives an output from the previous level and
the last level generates the system output. This means that they will adapt as they
learn from the initial training and subsequent runs [64]. The most basic learning
model focuses on weighting the input stream. This is how each node weighs the
importance of input from previous generations. The inputs leading to the correct
answer have a higher weight. ANNs are usually trained from a lot of initial data.
The training of the ANNs is accomplished through a learning process. During the
training process, weights are modified to minimize output error. Sample data are
processed by the network during the training process, and the weights are modified
to better approximate the desired output [98].
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Figure 4.2.1 : Overview of Artificial Intelligence (AI) [64]

The types of neural networks are presented below. [14]

• Recurrent Neural Networks (RNNs)

• Convolutional Neural Networks (CNNs)

• Multi-layer Perceptrons (MLPs)

A multi-layer perceptrons (MLPs) or multi-layer neural network is a feed-forward
artificial neural network (ANN) that maps the input data set to the appropriate
output set. Also known as ANN feed-forward, a fully connected MLP consists of
multiple layers of nodes in a directed graph. Each layer is completely connected
to the next node except the input node. Each node is a neuron. MLP uses a
supervised learning technique. The back-propagation network training, the MLP
is an adaptation of the standard linear perception [78, 72]. MLP networks are an
adaptation of one or more nonlinear hidden layers and a linear output layer. Each
layer may contain one or more nonlinear processing units called neurons or nodes
[38].

Among the several types of ANN, Multi-Layers Perceptrons (MLPs) have the ob-
jective to solve the following: Classification: A prediction model involves predicting
a class label or class label probability for a determined input. Regression: Regres-
sion is a kind of predictive modeling that involves predicting a numeric result from
a set of inputs. Therefore, regression solves the problem of a quantity predicting
multiple input variables [98, 77]. For this research, Multi-Layers Perceptron (MLPs)
regression was chosen to predict weld bead shape.
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Figure 4.2.2 : Architecture of Multi-layers perceptron (MLPs) neural network [114]

The general architecture of MLP is presented in Figure 4.2.2 a neural network
made of interconnected neurons. The network architecture can be divided into
three main layers:

• Input layer : This is the first layer of the network, which accepts input and
converts it into an output.

• Hidden layer : At least one hidden layer is required in the network. The hidden
layers conduct calculations and operations on the incoming data to generate
anything meaningful.

• Output layer : This layer is made up of neurons that produce the output
variables.

Each neuron is characterized by its bias, its weight and its activation function. The
input is feed to the input layer. The neurons perform linear conversion on this input
using weights and bias. For instance, the equation 4.2.1

yn = f

 n∑
j

((w(j)
j ∗ xn) + bj))

[
n∑

i=1
((w(1)

n ∗ xn) + b1

] (4.2.1)

where yn is the output of the neuron, f is the non-linear activation function, w is
the random weight, w is the number of neurons in the previous layer, xn is the input
value, b is a bias. In neural networks, activation functions are conducted to transform
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the weighted sum of input and biases to output. The use of activation functions
assists the learning of high order polynomials beyond a single degree for deep neural
network training by transforming linear input signals and modeling them as non-
linear output signals. A particular property of the non-linear activation functions
is that it is differentiable, which is very important. This allows them to function
while being trained using the backpropagation technique. A neural network with
numerous hidden layers and an output layer is known as a deep neural network [97].

Activation functions are an essential part of the neural network. The kind of
neural network design determines which activation function is applied in hidden
layers. This research chosen Multi-Layers Perceptron (MLPs) regression. Therefore,
The ReLU activation function will be used in modern neural network models with
common topologies, such as MLP and CNN [15] as show in Figure 4.2.3.

Rectified Linear Units (ReLu) is an activation function with strong biological and
mathematical foundations. It was shown to enhance deep neural network training
in the future [3]. It works by thresholding values at 0, i.e. f (x) = max(0, x). Simply
put, it outputs 0 when x < 0, and conversely, it outputs a linear function when x ≥
0 as shown in Figure 4.2.4 and equation 4.2.2.

Figure 4.2.3 : How to choose an hidden layer activation function [14]
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Figure 4.2.4 : The Rectified Linear Activation (ReLu) function [3]

f(x)=

0for x < 0

zfor x ≥ 0
(4.2.2)

To conclusions, this section presented the structure of the MLP regression model,
which is essential in this research. The following section presents the application
of the model to this research. First, a MLP regression model is used to predict
the shape of the weld bead. Then, the MLP regression model is trained based on
the experiments results. The MLP regression model will begin to predict the weld
bead shape of experiment 4: a single weld bead on a cylinder substrate. It is an
experiment on a cylindrical curved surface (symmetrical), that makes the initial
modeling possible. Therefore, the model focuses mainly on predicting the shape of
the weld bead deposited on a cylindrical surface and this is presented in the next
section.

4.3 Training & Learning process
In this research, an attempt is made to construct a single multi-output MLP model
to interpolate the weld bead shapes with one network, as welding parameters and
weld bead shapes are interrelated in such a way that the solution should always be
considered as a set. Henceforward, solving all with one network is a more logical
approach in this case [85]. The neural network models and training are written
in Python using the scikit-learn neural network (MLP Regressor) learning library.
MLP model has three type of layers: input layer, hidden layer and output layer as
shown in Figure 4.3.1.
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Figure 4.3.1 : Multi-Layer Perceptron (MLP) architecture for interpolating weld
bead shape

Several welding parameters influence the weld bead shape. Typically, It has been
observed that welding parameters or process temperature often cause heat accumu-
lation that affects weld bead shape. Therefore, to predict the optimum weld bead
shape, this model uses experimental data. The input parameters considered are the
surface deposition temperature (Tdep), the wire feed speed (WFS), the travel speed
(TS), and the substrate radius (Rsub). The output layer has two neurons, which
gives the weld bead radius (r) and height (h). The weld bead shape is taken as the
output parameter to design the framework of the model. The data set is divided
into two parts; the training (80%) and testing (20%) data sets [101]. As shown
in Table 4.1, this experimental data set contains a total of 44 samples. Therefore,
the randomization is 35 training data sets, while the testing set will be selected
from 9 samples. A coefficient of multiple determination calculates the accuracy of
the network (R2). These networks have achieved good agreement with the training
data and have yielded satisfactory modules. Neural network may effectively be im-
plemented for estimating the weld bead shape. The results from the experiments
indicate a relative error (%) between the predicted and experimental values as shown
in Figure 4.3.2.
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Figure 4.3.2 : Flowchart of the Machine Learning process [21]

The objective is to determine the best performance of the model based on the
experiment and which can be used to predict the weld bead shape.

4.4 Interpolation analysis

4.4.1 Training procedure
The neural network configuration for the training set is created and formulated in
Python with the specification given in Table 4.2. The training input is 4 neurons,
the number of hidden layer is 1-5 layers, the number of neurons in hidden layers is
1-100 neurons, the output layer has 2 neurons, the activation function is ReLu, the
maximum number of epoch is set 100 (with a step of 10), the training function is
MLP Regression and the performance function is R-square (R2). Different number
of hidden layers and number of neurons for each hidden layer has been tested as
shown Table 4.3. in order to identify the optimum network structure. Finally the
best setting in term of R2 has been chosen i.e. 3 hidden layer composed of 47 neuron
each.
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Table 4.2 : MLP regression model configuration for the training in Python

Parameter Specification Unit

Input 4 neuron

No. of hidden layer 1-5 layers

No. of neurons in hidden layer 1-100 neuron

Output 2 neuron

Activation function ReLu

Maximum epochs 100 (in steps of 10) time

Training function MLP Regression

Performance function R-squared (R2)

Table 4.3 : Training performance of difference network architecture

No. Input

No. of

hidden

layer

No. of neurons in

hidden layer
Output

Activation

function

Maximum

epochs

R-squared

(R2)

1 4 1 66 2 ReLu 10 0.8536

2 4 2 23-23 2 ReLu 10 0.7991

3 4 3 13-13-13 2 ReLu 10 0.8743

4 4 4 6-6-6-6 2 ReLu 10 0.8542

5 4 5 28-28-28-28-28 2 ReLu 10 0.8398

6 4 1 75 2 ReLu 20 0.8560

7 4 2 25-25 2 ReLu 20 0.8656

8 4 3 13-13-13 2 ReLu 20 0.8648

9 4 4 34-34-34-34 2 ReLu 20 0.8562

10 4 5 27-27-27-27-27 2 ReLu 20 0.8489

11 4 1 90 2 ReLu 30 0.8801

12 4 2 82-82 2 ReLu 30 0.8660

13 4 3 52-52-52 2 ReLu 30 0.8758

14 4 4 52-52-52-52 2 ReLu 30 0.8668

15 4 5 43-43-43-43-43 2 ReLu 30 0.8580
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Table 4.3 : Training performance of difference network architecture

No. Input

No. of

hidden

layer

No. of neurons in

hidden layer
Output

Activation

function

Maximum

epochs

R-squared

(R2)

16 4 1 90 2 ReLu 40 0.8794

17 4 2 25-25 2 ReLu 40 0.8651

18 4 3 47-47-47 2 ReLu 40 0.8769

19 4 4 34-34-34-34 2 ReLu 40 0.8816

20 4 5 43-43-43-43-43 2 ReLu 40 0.8822

21 4 1 79 2 ReLu 50 0.8728

22 4 2 88-88 2 ReLu 50 0.0560

23 4 3 14-14-14 2 ReLu 50 0.8907

24 4 4 52-52-52-52 2 ReLu 50 0.8995

25 4 5 39-39-39-39-39 2 ReLu 50 0.8639

26 4 1 90 2 ReLu 60 0.8782

27 4 2 66-66 2 ReLu 60 0.8878

28 4 3 27-27-27 2 ReLu 60 0.8949

29 4 4 74-74-74-74 2 ReLu 60 0.8938

30 4 5 39-39-39-39-39 2 ReLu 60 0.8903

31 4 1 79 2 ReLu 70 0.8721

32 4 2 88-88 2 ReLu 70 0.8711

33 4 3 14-14-14 2 ReLu 70 0.8894

34 4 4 52-52-52-52 2 ReLu 70 0.9206

35 4 5 34-34-34-34-34 2 ReLu 70 0.8779

36 4 1 90 2 ReLu 80 0.8835

37 4 2 88-88 2 ReLu 80 0.8862

38 4 3 27-27-27 2 ReLu 80 0.8862

39 4 4 74-74-74-74 2 ReLu 80 0.9053

40 4 5 34-34-34-34-34 2 ReLu 80 0.8781

41 4 1 90 2 ReLu 90 0.9124

42 4 2 66-66 2 ReLu 90 0.8678

43 4 3 47-47-47 2 ReLu 90 0.9002

44 4 4 34-34-34-34 2 ReLu 90 0.9007

45 4 5 39-39-39-39-39 2 ReLu 90 0.8874
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Table 4.3 : Training performance of difference network architecture

No. Input

No. of

hidden

layer

No. of neurons in

hidden layer
Output

Activation

function

Maximum

epochs

R-squared

(R2)

46 4 1 83 2 ReLu 100 0.8696

47 4 2 82-82 2 ReLu 100 0.8659

48 4 3 47-47-47 2 ReLu 100 0.9223

49 4 4 74-74-74-74 2 ReLu 100 0.8904

50 4 5 56-56-56-56-56 2 ReLu 100 0.8865

This neural network has then be used and the predicted radius (r) and height (h)
for the 44 samples has been compared to the experimental results as shown Figure
4.4.1. In this figure the results are sorted by increasing value of the radius. The
radius average relative error (%) between the experimental and the predicted radius
is 6.38%. The height average relative error (%) between the experimental and the
predicted height is 17.55%. Therefore, this prediction model is tested with on a case
study to validate its ability to predict the built geometry. This is the object of the
next section.

Figure 4.4.1 : Comparison of radius experiment and predicted values in data set
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4.5 Validation
Figure 4.5.1 shows a case study proposed to validate the ability of the interpolation
model to predict the built geometry. It consist in the built of a wall of 60 layers
long of 60 mm. The welding parameters are wire feed speed (WFS) = 5 m/min and
travel speed (TS) is 0.60 m/min. The welding trajectory is raster (bidirectional).
The Dwell time is 2 sec per layer. The layer thickness (Z-axis direction) is 2.4 mm.
First deposition temperature has been calculated as shown Figure 4.5.2. It was found
that temperature increase drastically along the built due to short dwell time. The
surface deposition temperature rises sharply from the fourth layer onwards, but there
is a noticeable temperature difference between the deposition directions left-to-right
((L)–>(R)) and right-to-left ((R)–>(L)). The surface deposition temperatures are
very different when considering the middle zone between the tenth to fifty millimeters
of the weld bead. All thermal simulation result data are show in Appendix C: C.2.

Figure 4.5.1 : Trajectory deposition and case study part
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Figure 4.5.2 : Thermal simulation of case study

From these temperatures and the substrate surface geometry the weld bead ge-
ometry is predicted using the interpolation model (i.e.the neural network). The
substrate geometry is flat for the first layer and cylindrical with the previous layer
predicted radius for the next ones. Table 4.4 shows the prediction results for layer 1
to 8 and layer 60 and Figure 4.5.3 (a) shows the cross-section profile (A-A section)
extracted from the built wall scan. Figure 4.5.3 (b) shows the weld bead shape
prediction superposed with the cross-section of built wall. It is found that for the
weld beads from layer 1 (L1) to layer 5 (L5), the prediction results are close to the
cross-section of the built wall. In layer 6 (L6), the prediction results start to slip
away from the experimental ones. The radius is 4.69 mm and the height 0.30 mm.
For this layer Tdep = 638.88°C which is over the maximum learning Tdep. The results
continue to move away and for layer 8 (L8) of the predicted radius is 6.72 mm and
the predicted height -0.47 mm. For this layer Tdep = 673.81°C. The presented data
shows that the weld bead prediction is different from the layer (L6) onwards. All
weld bead dimension prediction data are show in Appendix C: C.3.
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Figure 4.5.3 : Case study of weld bead cross-sections

Table 4.4 : Case study of weld bead dimension prediction data (L1 to L8)
Input Prediction output

No. Tdep W F S T S Rsub r h

(°C) (m/min) (m/min) (mm) (mm) (mm)

L1 503.19 5 0.60 Flat 1.77 3.17

L2 503.19 5 0.60 1.77 2.44 1.12

L3 611.29 5 0.60 2.44 2.44 1.14

L4 607.32 5 0.60 2.44 3.12 0.89

L5 667.70 5 0.60 3.12 2.92 0.96

L6 638.08 5 0.60 2.92 4.69 0.30

L7 733.34 5 0.60 4.69 4.53 0.36

L8 673.81 5 0.60 4.53 6.72 -0.47

. . . . . . .

. . . . . . .

. . . . . . .

L60 1,027.77 5 0.60 . 17.71 -4.60

It seems that prediction for Tdep over the maximum learning Tdep are not correct.
To verify this point radius (r) and height (h) has been predicted for constant sub-
strate radius, WFS, TS and variable Tdep from 400°C to 1,000°C with an increment
of 50°C. It is observed that for surface deposition temperature (Tdep) over 650°C the
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prediction starts to diverge. Weld bead height (h) becomes lower and reach negative
values indicating that the model fails to predict for surface deposition temperature
(Tdep) out of the training range. Figure 4.5.4 shows that for surface deposition tem-
perature (Tdep) over 700°C the weld bead height (h) decreases to a negative value
while the radius (r) exceeds 4.5 mm. As a result, the accuracy of the weld bead pre-
diction model is not suitable. Compared with the prediction data of the case study,
L5 found that the radius (r) and height (h) is in the training data range (green
region). On the other hand, the L6 radius is more significant than 4.5 mm outside
the efficiency area, although the height is in the training data range (green region).
Furthermore, L7 and L8 have the radius and height outside the training area of
this model, resulting in imprecision on the weld bead dimensions prediction as well.
Although, this prediction model has an initial performance accuracy of 92%. At the
same time, case studies with different conditions and limitations validate the model
effectiveness. It can be concluded that the surface deposition temperature (Tdep)
prediction does not exceed 700°C because the initial surface temperature model
training is at a maximum of Tdep = 696.28°C, which is results in a less effective of
weld bead dimension prediction.

Figure 4.5.4 : Comparison between Tdep prediction and case study dimension
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Conclusion
The geometry of the weld bead (width and height) is critical for the deposition
trajectory determination. However, determining the form of the weld bead from a
physical model is difficult. Interpolating the geometric parameters from experimen-
tal results is an option. This chapter proposes to use an artificial neural network
model to interpolate weld bead shape relative to controlled process parameter (wire
feed speed (WFS), travel speed (TS), and uncontrolled factors (surface deposition
temperature (Tdep) and actual substrate radius (Rsub)). This neural network will
then allow to predict the geometry of the weld bead depending on the process pa-
rameters and the uncontrolled factors. The prediction of the weld bead form when
deposited on the substrate radius is accurate when we stay in the training range.
However high level of errors appears when outside of this range and high level. We
can then conclude that the interpolation model is not suitable for use outside of the
training range.

The contributions of this chapter can be resumed as follows:

• Data collection: Data collection are from Exp.2 result. Thermal simulation
allow to calculate the surface deposition temperature (Tdep) as shown in Chap-
ter 2. The welding parameters are constant with a 5 m/min wire feed speed
(WFS) and a travel speed (TS) of 0.60 m/min. The substrate radius is vari-
able. The circle fitting allows to calculate the radius and height of the weld
bead in each sample (Chapter 3). Therefore, all these data are used to teach
a model for interpolating the weld bead shape.

• Multi-Layers Perceptron (MLP) model: Multi-layers perception (MLP) regres-
sion can be used to interpolate many types of experimental results. For this
research, Multi-Layers MLP regression is chosen to predict weld bead shape.

• Training & learning process: The model is based on experimental data for this
investigation. The input parameters considered are surface deposition temper-
ature (Tdep), wire feed speed (WFS), travel speed (TS), and substrate radius
(Rsub). The output layer has two neurons, which gives the weld bead radius
(r) and height (h). The data set is divided into two parts; the training(80%)
and testing (20%) data sets.

• Interpolation analysis: The neural network configuration for the training set
is created and formulated in Python with the specification. The input layer
has 4 neurons, the number of hidden layers is 3 layers, the number of neurons
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in hidden layers is 47 neurons, the output layer has 2 neurons, the activation
function is ReLu, and the epochs are maximum 100 (with a step of 10) , the
training function is MLP Regression. The R-square (R2) score determines the
performance criteria.

• Validation: To verify the ability of the interpolation model to predict the
built geometry, a case study has been proposed. Experimental and predicted
results are compared. It shows that predictions are accurate when values stay
in the learning range. However, the model is not suitable for use outside of
the training range.
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Conclusion

This research focuses on investigating the role of process parameters (direct and
indirect) on weld beads shape deposited by Wire and Arc Additive Manufacturing
(WAAM). WAAM process consist in melting a metallic wire and depositing it ac-
cording to a defined trajectory. This technology generates heat during the fusion
of the raw material. The difficulty of control we have on this thermal effect leads
to various defects such as geometric deviation or poor mechanical properties. This
is the critical reason for gaining knowledge in this matter. Therefore, as the first
concern of this study relies on geometrical aspects, the objective is set as follow:

“How to manage weld bead shape with regard to process parameters
and heat accumulation around the deposition point?”

The literature reveals the influence of WAAM process parameters on the shape
of built parts. The term "process parameters" refers to the global WAAM process
parameters split into welding parameters and deposition trajectories. In the litera-
ture, the direct influences of welding parameters are widely investigated and concern
tension, intensity, travel speed and energy modulation. However, even if trajectory
strategies are tackled, it is still rather badly known how the geometrical environ-
ment, such as substrate shape or trajectory, influences the weld bead dimensions.
Especially, their crossed influences with the welding parameters on temperature are
not enough considered yet. For this purpose, we managed to launch depositions at a
fixed thermal state measured by the deposition temperature (Tdep). In addition, we
have proposed to control Tdep, which is the result of the cross influences of almost
every other process parameters, through the experiment initial temperature (Tinit).
The determination of Tdep relatively to Tinit, and process parameters has been done
thanks to a finite element simulation.

The goal of these simulations is to confirm that deposition temperature is stable
and changes with regard to the initial temperature (Tinit), the welding parameters
and the geometrical environment. Thus, four experiments are implemented in or-
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der to cover as much configuration as possible. One set of welding parameters has
been applied with five different initial temperatures, from room temperature up to
400°C, on four different geometrical configurations: single beads on flat surfaces
and on cylinders with various diameters, lateral deposition on a flat surface, and
finally walls of 10 layers. For every deposited weld bead, a specific attention is given
to the initial temperature in order to insure its value at the start of every weld
bead. The geometrical identification aims to associate simple geometrical models
to the real shape. These simple models can be described with a limited number
of parameters (here 2). With phenomenological or numerical models, the evolution
of these parameters may be traced and even predicted. To this aim, physical weld
beads are first scanned to create a numerical representation of their forms. Then,
a zone of interest is determined to keep just the portions with constant processing
circumstances (i.e., Tdep) for each experimental condition. As various transitory
phenomena occur, such as process parameter variations or temperature behavior,
the start and end of weld beads have been eliminated. This decision is based on the
thermal simulation results. This showed that the middle zone of the weld bead was
deposited at a relatively constant temperature. Hence, it is a suitable zone for the
geometric identification. For this identification, first cross sections are extracted.
Then, as far as a cylindrical model of the weld bead has been chosen, a circle is
associated to each cross section using a mean square best fit. Information on width
and height are then retrieved on each circle. Moreover, predicting the geometry
of the weld bead (width and height) is critical to determine the correct deposition
trajectory. Based on the data measured on the representative experiments, a neural
network has been proposed and tested to interpolate weld bead radius and height
over the controllable (wire feed speed, travel speed, and initial temperature (Tinit))
and uncontrollable factors (surface deposition temperature (Tdep) and actual sub-
strate radius). We have fixed the objective to be able to predict the production of
the wall composed by single weld bead. In order to build this model, data from
Exp.2 have been used to train the ANN. This set of data is the most suited to reach
this goal as this experiment has been designed on purpose to represent the stack of
weld beads one on each other.
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Perspectives
The work presented in this manuscript could be deepened in the following areas:

Extension of the presented work to a wider range of welding
conditions and materials
The model proposes to characterize weld bead shape only in limited conditions and
materials. It would be interesting, while time consuming, to extend the present work
to variable WFS, TS, substrate shape and materials. Such a work would require
in the present condition at least 1 to 2h per weld bead. This work could be speeded
up through online scanning, offline temperature conditioning and automation of the
geometrical identification.

Determination of the optimal toolpath using knowledge
The knowledge gained from this research concerns heat accumulation effects on the
weld bead shape depending on CMT welding parameters (controlled and uncon-
trolled). Although it allows to predict the built shape, there is still some remaining
work to use this knowledge to calculate the optimal toolpath and welding parameter
values. This is part of the objectives of a French ANR project starting in G-SCOP
laboratory.

Physical modeling of weld bead shape
Generalizing the prediction of the weld bead geometry depending on controlled and
uncontrolled process parameters is of key importance. This is not an easy task
using a phenomenological model and a physical one would help. [75] presents the
relationships between WAAM parameters and the deposited weld bead section based
on a physical model. It’s taking into account surface tension and hydrostatic pressure
to calculate the contour of the section. Applying this model would help to generalize
the present work. However, its analytical solving is only possible in specific cases
described in [95] and a numerical solving would be a technical obstacle to overcome.
In case such a solution would be achieved, the identification of physical parameters
would also be a challenge.

105



Conclusion & Perspectives

Deposition shape control with a closed loop
As energy input affects the temperature and consequently the weld bead shape and
material properties, an incorrect thermal management can lead to geometrical de-
fects and poor material health. To control in real time the deposition process is a key
issue to manage the quality of the deposition. For example, using thermal imaging
for no-contact thermal monitoring could be used to track heat accumulation before,
during and after deposition in order to ensure appropriate thermal management and
consequently, the geometric shape control. Indeed, a recent French ANR project has
been launched in G-SCOP laboratory regarding this topic.

My personal perspective: development of additive
manufacturing in Thailand
This thesis can be applied to the author’s future project in two ways as shown in Fig-
ure 5.0.1. One is an academic project, and another is an industrial project. First,
my profession is lecturer in the department of Tools and Die engineering, one of
the departments in faculty of engineering at Rajamangala University of Technology
Lanna (RMUTL), Chiang Mai, Thailand. My responsibility is teaching and super-
vising students about plastic mould design, my major subject. This AM knowledge
that I have reached in this thesis will be transferred to students as a new technol-
ogy for making moulds. Today, the subtractive process is used as a mould-making
process in Thailand. However, the problem of this subtractive process, in other
words, its weak points, is the high cost of investment and significantly cutting tool.
Moreover, it is a long process that always wastes our time. While the subtractive
process is not the best choice nowadays, the new technology, AM, is a new way to
solve these problems. In other words, AM is not only more friendly for our cost of
mould making, but also it is time-saving. Therefore, we can predict that this AM
technology will be a new trend in the future, especially in the industrial sectors of
Thailand. That is why this thesis will be used as a knowledge base for building up
students and help them prepare for their future careers.
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Figure 5.0.1 : The future projects in my career path

Furthermore, this AM research in this thesis will also be used in the industrial
sector as Thailand is an industrial country. There are many industries, such as
chemicals, electronics, automotive, and so on. Mould making is evidently a part of
their manufacturing process. Although everything seems to run smoothly right now,
if we look closely at it, these industries still use old technology, like the subtractive
process. That’s why the AM, the new technology, will help these industries in their
mould-making process line. The benefices can be explained in 4 aspects. Environ-
mental sustainability is the first aspect because, as we mentioned, the subtractive is
the process of building the hold form of mould and then taking one part out to get
the shape we want. While AM, we can build the whole mould without wasting the
raw materials by making only the mould base. In other words, there is no exceeding
part that we do not use. The second aspect is design quality. AM technology allows
us to design many more shapes as we want with fewer limits than the old technology
one. Moreover, the manufacturing quality is the third aspect of its advantage. The
last one is the result of all three mentioned aspects. Finally, it is about an eco-
nomic aspect. Using this AM technology, the industries will reduce their cost of raw
materials and all of their capital (time, money, manpower) to make better-quality
products to serve customers. Therefore, this thesis will transfer AM know-how to
Thailand industries to help them develop their manufacturing processes, precisely,
the mould-making process, re-manufacturing and repair. In addition, I desired to
transfer the knowledge and know-how I have learned during my research to students
and the industries in Thailand.
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Appendix A

The result of thermal simulation

A.1 Exp.1: Single weld bead on substrate thermal
simulation

A.1.1 Thermal simulation of single weld bead deposited on flat
substrates data

Table A.1 : Data surface deposition temperature (Tdep) of Exp.1

Weld bead

position (mm)

Tinit (°C)

0 25 100 200 300 400

1 322.58 381.74 459.19 523.63 573.86

2 383.82 439.96 502.90 553.56 595.04

3 412.09 462.95 521.40 568.51 599.55

4 429.98 477.38 531.81 578.15 602.19

5 443.20 488.00 539.46 584.59 604.15

6 452.38 496.35 545.43 588.18 605.72

7 459.54 503.18 550.28 591.10 607.01

8 465.56 508.92 554.33 593.56 608.09

9 470.71 513.07 557.78 595.64 609.03

10 475.15 516.25 560.75 596.77 609.83
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Table A.1 : Data surface deposition temperature (Tdep) of Exp.1

Weld bead

position (mm)

Tinit (°C)

0 25 100 200 300 400

11 479.04 519.01 563.33 597.49 610.53

12 482.44 521.43 565.58 598.12 611.15

13 485.45 523.57 567.56 598.68 611.70

14 488.12 525.46 569.31 599.18 612.18

15 490.49 527.15 570.87 599.63 612.61

16 492.61 528.66 572.26 600.02 612.99

17 494.51 530.01 573.50 600.38 613.33

18 496.23 531.23 574.62 600.70 613.63

19 497.77 532.33 575.62 600.99 613.90

20 499.17 533.31 576.53 601.24 614.23

21 500.43 534.21 577.35 601.48 614.72

22 501.58 535.02 578.10 601.69 615.17

23 502.62 535.75 578.77 601.88 615.57

24 503.57 536.43 579.39 602.05 615.93

25 504.44 537.04 579.94 602.21 616.26

26 505.24 537.60 580.45 602.35 616.56

27 505.97 538.11 580.91 602.48 616.82

28 506.64 538.58 581.34 602.60 617.06

29 507.18 539.01 581.72 602.71 617.28

30 507.60 539.40 582.07 602.81 617.47

31 507.99 539.76 582.40 602.90 617.65

32 508.35 540.09 582.69 602.98 617.80

33 508.68 540.40 582.96 603.05 617.95
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A.1 Exp.1: Single weld bead on substrate thermal simulation

Table A.1 : Data surface deposition temperature (Tdep) of Exp.1

Weld bead

position (mm)

Tinit (°C)

0 25 100 200 300 400

34 508.98 540.68 583.21 603.11 618.07

35 509.26 540.94 583.43 603.17 618.18

36 509.52 541.18 583.64 603.23 618.28

37 509.76 541.40 583.83 603.28 618.37

38 509.98 541.60 583.99 603.32 618.45

39 510.18 541.79 584.11 603.36 618.52

40 510.37 541.96 584.20 603.40 618.58

41 510.55 542.12 584.29 603.43 618.63

42 510.71 542.26 584.37 603.46 618.67

43 510.86 542.40 584.44 603.49 618.71

44 511.01 542.52 584.50 603.51 618.74

45 511.14 542.64 584.56 603.53 618.76

46 511.26 542.74 584.62 603.55 618.78

47 511.37 542.84 584.67 603.56 618.79

48 511.48 542.93 584.71 603.57 618.80

49 511.58 543.02 584.75 603.58 618.80

50 511.67 543.09 584.78 603.59 618.80

51 511.75 543.16 584.82 603.60 618.80

52 511.83 543.23 584.84 603.61 618.79

53 511.91 543.29 584.87 603.61 618.78

54 511.98 543.34 584.89 603.61 618.77

55 512.04 543.39 584.91 603.61 618.75

56 512.10 543.44 584.92 603.62 618.73
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Table A.1 : Data surface deposition temperature (Tdep) of Exp.1

Weld bead

position (mm)

Tinit (°C)

0 25 100 200 300 400

57 512.16 543.48 584.94 603.61 618.71

58 512.21 543.52 584.95 603.61 618.68

59 512.26 543.55 584.96 603.61 618.66

60 512.30 543.59 584.97 603.61 618.63

61 512.35 543.62 584.97 603.60 618.60

62 512.39 543.64 584.98 603.60 618.57

63 512.42 543.67 584.98 603.59 618.53

64 512.46 543.69 584.98 603.58 618.50

65 512.49 543.71 584.98 603.58 618.46

66 512.52 543.72 584.98 603.57 618.43

67 512.55 543.74 584.97 603.56 618.39

68 512.58 543.75 584.97 603.55 618.35

69 512.60 543.76 584.97 603.54 618.31

70 512.62 543.77 584.96 603.53 618.26

71 512.65 543.78 584.95 603.52 618.22

72 512.67 543.79 584.94 603.51 618.18

73 512.68 543.80 584.94 603.50 618.13

74 512.70 543.80 584.93 603.49 618.09

75 512.72 543.81 584.92 603.48 618.04

76 512.73 543.81 584.90 603.46 617.99

77 512.75 543.81 584.89 603.45 617.95

78 512.76 543.81 584.88 603.44 617.90

79 512.78 543.81 584.87 603.43 617.85
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.1 : Data surface deposition temperature (Tdep) of Exp.1

Weld bead

position (mm)

Tinit (°C)

0 25 100 200 300 400

80 512.79 543.81 584.85 603.41 617.80

Table A.2 : Average surface temperature deposition (Tdep) and standard deviation
(σ) of Exp.1: Single weld bead on flat substrate

Tinit°C Tdep (°C) σ

25 506.17 10.55

100 534.49 5.34

200 577.56 2.89

300 601.52 2.01

400 615.51 1.54

A.2 Exp.2: Single weld bead on cylinder substrate
thermal simulation

A.2.1 Thermal simulation process of Exp.2

Figure A.2.1 (a) shows an example of initial temperature (Tinit) at 200°C and a
cylinder diameter of Ø20 mm or a = 17 mm x b = 18 mm. The cylinder substrate
is 110 mm. The results show a history of surface deposition temperatures (Tdep)
occurring during deposition. Figure A.2.1 (b) shows the initial temperature at start
point. Figure A.2.1 (c), the weld bead deposition is 50 mm and surface deposition
temperatures (Tdep) is 542.39°C. Figure A.2.1 (d) The weld bead deposition is 100
mm (endpoint). Therefore, it shows the weld deposition temperature. When the
deposition begins, the temperature rises rapidly. Then the temperature is relatively
stable until the end of the weld deposition.
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Appendix A The result of thermal simulation

Figure A.2.1 : Exp.4 Single weld bead on cylinder substrate thermal simulation at
initial temperature (Tinit)= 200°C: (a) Cylinder substrate at Ø20 mm
or 17 x 18 x 110 mm (a x b x l), (b) At start point, (c) Weld bead
position is 50 mm, (d) Weld bead position is 100 mm
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

A.2.2 Thermal simulation of single weld beads deposited on
cylinder substrates at Tinit = 25°C, 100°C, 200°C, 300°C

Figure A.2.2 : Thermal simulation result of Exp.2: Single weld bead on cylinder
substrate at initial temperature (Tinit) of 25°C
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Appendix A The result of thermal simulation

Figure A.2.3 : Thermal simulation result of Exp.2: Single weld bead on cylinder
substrate at initial temperature (Tinit) of 100°C

Figure A.2.4 : Thermal simulation result of Exp.2: Single weld bead on cylinder
substrate at initial temperature (Tinit) of 200°C
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Figure A.2.5 : Thermal simulation result of Exp.2: Single weld bead on cylinder
substrate at initial temperature (Tinit) of 300°C

A.2.3 Thermal simulation of single weld beads deposited on
cylinder substrate data

• Initial temperature (Tinit) of 25°C

Table A.3 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit)of 25°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

0 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00

1 361.16 327.53 327.08 316.63 316.58 312.32 311.83 311.76 311.76 311.76

2 452.95 400.39 398.61 377.58 377.28 366.49 364.84 364.57 364.52 364.53

3 495.24 440.09 436.07 407.04 406.21 388.80 385.49 384.85 384.71 384.70

4 517.92 464.45 458.76 426.47 424.76 401.62 396.43 395.25 394.96 394.94
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Appendix A The result of thermal simulation

Table A.3 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit)of 25°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

5 535.73 483.08 474.70 441.38 438.45 410.58 403.52 401.72 401.20 401.15

6 550.51 498.74 487.61 452.89 449.27 417.56 408.77 406.29 405.49 405.40

7 563.18 509.91 498.52 461.61 456.64 423.33 412.99 409.83 408.71 408.58

8 574.20 518.87 506.72 469.25 462.83 428.25 416.56 412.75 411.29 411.08

9 583.89 526.86 512.99 476.04 468.15 432.54 419.65 415.24 413.42 413.14

10 592.42 533.99 518.60 482.15 472.79 436.31 422.36 417.40 415.23 414.88

11 597.46 540.41 523.65 487.66 476.89 439.65 424.77 419.30 416.80 416.36

12 599.78 546.21 528.23 492.67 480.55 442.64 426.91 420.99 418.17 417.64

13 601.67 551.45 532.38 497.24 483.84 445.32 428.83 422.49 419.37 418.75

14 603.40 556.21 536.16 501.42 486.81 447.74 430.56 423.84 420.44 419.73

15 604.98 560.55 539.62 505.23 489.52 449.93 432.11 425.04 421.39 420.60

16 606.44 564.51 542.79 507.97 491.98 451.65 433.52 426.12 422.24 421.37

17 607.76 568.13 545.70 510.37 494.24 453.12 434.79 427.10 423.00 422.05

18 608.98 571.44 548.37 512.58 496.32 454.46 435.95 427.98 423.68 422.66

19 610.10 574.49 550.83 514.61 498.24 455.69 437.00 428.78 424.30 423.21

20 611.13 577.29 553.09 516.49 500.00 456.82 437.96 429.51 424.86 423.70

21 613.01 579.88 555.18 518.23 501.63 457.86 438.85 430.17 425.36 424.15

22 614.95 582.28 557.12 519.84 503.14 458.82 439.66 430.77 425.82 424.55

23 616.74 584.49 558.91 521.33 504.54 459.71 440.40 431.31 426.24 424.92

24 618.40 586.53 560.56 522.71 505.80 460.54 441.09 431.81 426.62 425.25

25 619.93 588.44 562.11 524.00 506.70 461.30 441.73 432.27 426.97 425.55

26 621.35 589.67 563.54 525.19 507.54 462.01 442.32 432.69 427.29 425.83

27 622.68 590.74 564.87 526.30 508.32 462.68 442.86 433.08 427.58 426.08
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.3 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit)of 25°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

28 623.91 591.73 566.11 527.34 509.05 463.29 443.37 433.44 427.85 426.31

29 625.05 592.66 567.26 528.30 509.72 463.87 443.84 433.77 428.10 426.52

30 626.12 593.52 568.34 529.20 510.36 464.40 444.27 434.07 428.33 426.72

31 627.10 594.32 569.34 530.04 510.95 464.90 444.68 434.35 428.54 426.89

32 628.38 595.07 570.27 530.82 511.49 465.37 445.06 434.61 428.73 427.06

33 629.71 595.77 571.14 531.55 512.01 465.80 445.41 434.85 428.91 427.21

34 630.96 596.42 571.96 532.23 512.49 466.21 445.74 435.08 429.08 427.35

35 632.12 597.03 572.72 532.87 512.94 466.59 446.05 435.29 429.23 427.48

36 633.20 597.60 573.44 533.47 513.36 466.95 446.34 435.48 429.38 427.60

37 634.21 598.09 574.11 534.03 513.75 467.28 446.61 435.66 429.51 427.71

38 635.16 598.32 574.73 534.55 514.12 467.59 446.86 435.83 429.63 427.81

39 636.04 598.53 575.32 535.05 514.47 467.89 447.10 435.99 429.75 427.91

40 636.87 598.73 575.87 535.51 514.79 468.16 447.32 436.13 429.85 428.00

41 637.64 598.92 576.39 535.94 515.10 468.42 447.52 436.27 429.95 428.08

42 638.36 599.10 576.87 536.34 515.38 468.66 447.72 436.40 430.04 428.15

43 639.04 599.27 577.33 536.72 515.65 468.89 447.90 436.52 430.13 428.22

44 639.67 599.42 577.76 537.08 515.91 469.10 448.07 436.63 430.21 428.29

45 640.27 599.57 578.16 537.42 516.14 469.30 448.23 436.73 430.29 428.35

46 640.82 599.71 578.54 537.73 516.36 469.49 448.38 436.83 430.36 428.41

47 641.35 599.84 578.90 538.03 516.57 469.66 448.52 436.92 430.42 428.46

48 641.84 599.96 579.23 538.31 516.77 469.83 448.66 437.01 430.48 428.51

49 642.30 600.08 579.55 538.57 516.95 469.98 448.78 437.09 430.54 428.56

50 642.73 600.18 579.84 538.82 517.13 470.13 448.90 437.17 430.60 428.60
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Appendix A The result of thermal simulation

Table A.3 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit)of 25°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

51 643.13 600.29 580.12 539.05 517.29 470.27 449.01 437.24 430.65 428.64

52 643.51 600.38 580.39 539.27 517.45 470.40 449.11 437.30 430.69 428.68

53 643.87 600.47 580.64 539.48 517.59 470.52 449.21 437.37 430.74 428.71

54 644.20 600.56 580.87 539.67 517.73 470.63 449.30 437.43 430.78 428.74

55 644.52 600.64 581.09 539.85 517.85 470.74 449.39 437.48 430.82 428.77

56 644.81 600.71 581.30 540.02 517.98 470.84 449.47 437.53 430.86 428.80

57 645.09 600.78 581.49 540.19 518.09 470.94 449.54 437.58 430.89 428.83

58 645.35 600.85 581.68 540.34 518.20 471.03 449.61 437.63 430.92 428.86

59 645.60 600.91 581.85 540.48 518.30 471.11 449.68 437.67 430.95 428.88

60 645.83 600.97 582.01 540.62 518.39 471.19 449.74 437.71 430.98 428.90

61 646.04 601.03 582.17 540.75 518.48 471.27 449.80 437.75 431.01 428.92

62 646.25 601.08 582.31 540.87 518.57 471.34 449.86 437.79 431.03 428.94

63 646.44 601.13 582.45 540.98 518.65 471.40 449.91 437.82 431.06 428.96

64 646.62 601.18 582.58 541.09 518.72 471.47 449.96 437.85 431.08 428.98

65 646.79 601.22 582.70 541.19 518.79 471.53 450.01 437.88 431.10 428.99

66 646.95 601.26 582.82 541.28 518.86 471.58 450.05 437.91 431.12 429.01

67 647.10 601.30 582.93 541.37 518.92 471.63 450.10 437.94 431.14 429.02

68 647.24 601.34 583.03 541.46 518.98 471.68 450.14 437.96 431.15 429.03

69 647.37 601.37 583.13 541.54 519.04 471.73 450.17 437.98 431.17 429.05

70 647.50 601.40 583.22 541.62 519.09 471.77 450.20 438.01 431.19 429.06

71 647.62 601.44 583.30 541.69 519.14 471.81 450.23 438.03 431.20 429.07

72 647.73 601.46 583.39 541.75 519.19 471.85 450.25 438.05 431.21 429.08

73 647.84 601.49 583.46 541.82 519.23 471.89 450.27 438.07 431.23 429.09
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.3 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit)of 25°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

74 647.93 601.52 583.54 541.88 519.27 471.93 450.30 438.08 431.24 429.10

75 648.03 601.54 583.61 541.94 519.31 471.96 450.32 438.10 431.25 429.11

76 648.12 601.57 583.67 541.99 519.35 471.99 450.34 438.11 431.26 429.11

77 648.20 601.59 583.73 542.04 519.38 472.02 450.36 438.13 431.27 429.12

78 648.28 601.61 583.79 542.09 519.42 472.05 450.37 438.14 431.28 429.13

79 648.36 601.63 583.85 542.14 519.45 472.07 450.39 438.16 431.29 429.14

80 648.44 601.65 583.91 542.19 519.49 472.10 450.41 438.17 431.30 429.14

81 648.51 601.67 583.97 542.23 519.52 472.13 450.43 438.18 431.31 429.15

82 648.59 601.69 584.02 542.28 519.55 472.15 450.44 438.20 431.32 429.16

83 648.67 601.71 584.08 542.33 519.59 472.18 450.46 438.21 431.33 429.16

84 648.75 601.74 584.15 542.39 519.62 472.21 450.48 438.23 431.34 429.17

85 648.85 601.76 584.23 542.45 519.67 472.25 450.50 438.24 431.35 429.18

86 648.97 601.79 584.32 542.52 519.72 472.29 450.53 438.27 431.37 429.19

87 649.12 601.83 584.44 542.62 519.79 472.35 450.57 438.29 431.39 429.21

88 649.32 601.89 584.59 542.75 519.88 472.42 450.61 438.33 431.41 429.23

89 649.58 601.95 584.79 542.92 520.00 472.51 450.68 438.38 431.45 429.27

90 649.95 602.05 585.08 543.15 520.16 472.64 450.77 438.46 431.51 429.31

91 650.47 602.19 585.48 543.49 520.40 472.83 450.89 438.57 431.59 429.39

92 651.22 602.38 586.06 543.96 520.74 473.10 451.08 438.73 431.71 429.49

93 652.30 602.66 586.89 544.65 521.24 473.50 451.36 438.96 431.90 429.66

94 653.88 603.07 588.11 545.65 521.96 474.08 451.76 439.32 432.19 429.92

95 656.18 603.66 589.35 547.11 523.02 474.94 452.37 439.87 432.63 430.32

96 659.54 604.53 591.00 549.25 524.61 476.23 453.30 440.71 433.32 430.96
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Appendix A The result of thermal simulation

Table A.3 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit)of 25°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

97 664.43 605.80 593.40 552.38 526.98 478.17 454.71 442.02 434.43 432.00

98 671.61 607.66 596.94 556.98 530.55 481.13 456.92 444.12 436.24 433.71

99 682.10 610.39 599.18 563.78 535.99 485.73 460.42 447.55 439.28 436.62

100 697.44 615.17 602.42 573.86 544.38 493.00 466.16 453.34 444.56 441.74

• Initial temperature (Tinit) of 100°C

Table A.4 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 100°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

1 419.10 386.70 386.24 376.00 375.94 371.69 371.20 371.14 371.13 371.14

2 497.15 454.13 452.67 434.00 433.70 423.15 421.51 421.25 421.20 421.21

3 527.99 485.73 482.45 459.48 458.80 444.46 441.21 440.57 440.44 440.44

4 549.75 507.54 502.59 475.17 473.77 455.42 451.24 450.28 450.04 450.03

5 566.82 521.05 514.85 487.14 484.75 462.77 457.14 455.68 455.26 455.23

6 580.95 532.41 524.20 496.93 493.34 468.44 461.45 459.46 458.82 458.76

7 592.56 542.23 532.10 505.30 500.36 473.06 464.87 462.35 461.46 461.35

8 598.27 550.85 538.95 511.76 506.27 476.96 467.72 464.70 463.53 463.37

9 601.06 558.49 545.00 516.66 510.82 480.32 470.17 466.67 465.22 465.01

10 603.59 565.32 550.38 521.05 514.15 483.26 472.30 468.37 466.65 466.37

11 605.88 571.45 555.22 525.02 517.08 485.86 474.18 469.85 467.87 467.52
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.4 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 100°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

12 607.94 576.97 559.59 528.63 519.70 488.18 475.84 471.16 468.93 468.51

13 609.82 581.98 563.56 531.92 522.05 490.25 477.33 472.33 469.86 469.37

14 611.52 586.54 567.18 534.91 524.18 492.11 478.66 473.37 470.68 470.12

15 614.37 589.77 570.48 537.65 526.12 493.79 479.85 474.29 471.40 470.79

16 617.52 592.24 573.50 540.16 527.90 495.32 480.93 475.13 472.05 471.37

17 620.41 594.50 576.26 542.47 529.52 496.72 481.91 475.87 472.64 471.89

18 623.06 596.58 578.81 544.59 531.01 498.00 482.79 476.55 473.16 472.36

19 625.50 597.89 581.16 546.55 532.38 499.17 483.60 477.16 473.63 472.78

20 627.76 598.71 583.32 548.35 533.64 500.25 484.34 477.71 474.06 473.15

21 630.96 599.46 585.32 550.01 534.81 501.25 485.02 478.21 474.44 473.49

22 633.92 600.15 587.16 551.55 535.89 502.17 485.64 478.67 474.79 473.80

23 636.64 600.79 588.58 552.98 536.89 503.02 486.21 479.09 475.11 474.07

24 639.15 601.39 589.62 554.30 537.82 503.80 486.73 479.47 475.40 474.32

25 641.48 601.95 590.58 555.52 538.68 504.53 487.22 479.82 475.66 474.55

26 643.63 602.46 591.47 556.66 539.49 505.21 487.67 480.13 475.90 474.76

27 645.63 602.94 592.30 557.72 540.23 505.84 488.08 480.43 476.12 474.95

28 647.49 603.39 593.07 558.70 540.93 506.43 488.47 480.70 476.32 475.12

29 649.21 603.80 593.79 559.62 541.57 506.97 488.83 480.94 476.51 475.28

30 650.81 604.19 594.46 560.48 542.18 507.48 489.16 481.17 476.68 475.43

31 652.29 604.55 595.08 561.27 542.74 507.95 489.47 481.38 476.84 475.56

32 653.67 604.88 595.66 562.02 543.27 508.39 489.76 481.58 476.98 475.68

33 654.96 605.20 596.21 562.71 543.76 508.81 490.02 481.76 477.11 475.79

34 656.16 605.49 596.71 563.36 544.21 509.19 490.27 481.93 477.24 475.90

143



Appendix A The result of thermal simulation

Table A.4 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 100°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

35 657.28 605.76 597.19 563.97 544.64 509.55 490.50 482.08 477.35 475.99

36 658.32 606.02 597.50 564.53 545.04 509.89 490.72 482.23 477.45 476.08

37 659.29 606.25 597.70 565.07 545.41 510.20 490.92 482.36 477.55 476.16

38 660.19 606.48 597.88 565.56 545.76 510.49 491.11 482.48 477.64 476.23

39 661.04 606.69 598.04 566.03 546.09 510.77 491.29 482.60 477.72 476.30

40 661.83 606.88 598.20 566.46 546.39 510.96 491.45 482.71 477.80 476.36

41 662.57 607.07 598.35 566.87 546.68 511.14 491.60 482.81 477.87 476.42

42 663.25 607.24 598.49 567.25 546.95 511.31 491.75 482.90 477.94 476.47

43 663.90 607.40 598.62 567.61 547.20 511.46 491.88 482.98 478.00 476.52

44 664.50 607.55 598.74 567.94 547.44 511.61 492.01 483.06 478.05 476.57

45 665.06 607.69 598.86 568.26 547.65 511.75 492.12 483.14 478.11 476.61

46 665.58 607.82 598.96 568.55 547.86 511.87 492.23 483.21 478.15 476.65

47 666.08 607.94 599.06 568.83 548.05 511.99 492.33 483.27 478.20 476.69

48 666.53 608.06 599.16 569.09 548.23 512.11 492.43 483.33 478.24 476.72

49 666.96 608.17 599.25 569.33 548.40 512.21 492.52 483.39 478.28 476.75

50 667.36 608.27 599.33 569.56 548.56 512.31 492.60 483.44 478.31 476.78

51 667.74 608.37 599.41 569.77 548.71 512.40 492.68 483.49 478.35 476.80

52 668.09 608.46 599.48 569.97 548.85 512.49 492.75 483.53 478.38 476.83

53 668.42 608.54 599.55 570.16 548.98 512.57 492.82 483.57 478.41 476.85

54 668.73 608.62 599.62 570.33 549.10 512.64 492.88 483.61 478.43 476.87

55 669.02 608.69 599.68 570.50 549.22 512.71 492.94 483.65 478.45 476.89

56 669.29 608.76 599.73 570.65 549.32 512.78 492.99 483.68 478.48 476.90

57 669.54 608.83 599.79 570.80 549.42 512.84 493.04 483.71 478.50 476.92
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.4 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 100°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

58 669.77 608.89 599.84 570.94 549.52 512.89 493.09 483.74 478.51 476.93

59 670.00 608.95 599.88 571.06 549.60 512.95 493.13 483.76 478.53 476.94

60 670.20 609.00 599.93 571.18 549.69 513.00 493.17 483.79 478.55 476.95

61 670.39 609.05 599.97 571.30 549.76 513.04 493.21 483.81 478.56 476.96

62 670.57 609.10 600.01 571.40 549.83 513.08 493.24 483.83 478.57 476.97

63 670.74 609.14 600.04 571.50 549.90 513.12 493.27 483.85 478.58 476.98

64 670.90 609.18 600.08 571.59 549.96 513.16 493.30 483.86 478.59 476.99

65 671.05 609.22 600.11 571.68 550.02 513.19 493.33 483.88 478.60 476.99

66 671.18 609.26 600.14 571.76 550.07 513.22 493.35 483.89 478.61 477.00

67 671.31 609.29 600.17 571.83 550.12 513.25 493.37 483.90 478.61 477.00

68 671.43 609.32 600.19 571.90 550.17 513.28 493.39 483.91 478.62 477.00

69 671.54 609.35 600.22 571.96 550.21 513.30 493.41 483.92 478.62 477.00

70 671.65 609.38 600.24 572.02 550.25 513.32 493.43 483.93 478.63 477.01

71 671.74 609.40 600.26 572.08 550.28 513.34 493.44 483.94 478.63 477.01

72 671.83 609.43 600.28 572.13 550.32 513.36 493.45 483.94 478.63 477.01

73 671.92 609.45 600.30 572.18 550.35 513.38 493.47 483.94 478.63 477.00

74 671.99 609.47 600.32 572.23 550.38 513.39 493.48 483.95 478.63 477.00

75 672.07 609.49 600.33 572.27 550.40 513.41 493.48 483.95 478.63 477.00

76 672.13 609.51 600.35 572.31 550.43 513.42 493.49 483.95 478.63 477.00

77 672.20 609.52 600.36 572.34 550.45 513.43 493.50 483.95 478.63 477.00

78 672.26 609.54 600.37 572.37 550.47 513.44 493.50 483.95 478.63 476.99

79 672.31 609.55 600.38 572.41 550.49 513.44 493.50 483.95 478.62 476.99

80 672.37 609.57 600.40 572.44 550.50 513.45 493.51 483.95 478.62 476.98
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Appendix A The result of thermal simulation

Table A.4 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 100°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

81 672.42 609.58 600.41 572.47 550.52 513.46 493.51 483.95 478.62 476.98

82 672.48 609.60 600.42 572.50 550.54 513.47 493.51 483.95 478.61 476.97

83 672.54 609.61 600.43 572.53 550.56 513.48 493.52 483.94 478.61 476.97

84 672.61 609.63 600.45 572.57 550.58 513.49 493.52 483.94 478.60 476.97

85 672.69 609.65 600.46 572.62 550.61 513.50 493.53 483.95 478.60 476.96

86 672.79 609.68 600.48 572.68 550.65 513.52 493.54 483.95 478.60 476.96

87 672.92 609.71 600.51 572.75 550.70 513.55 493.56 483.96 478.61 476.96

88 673.10 609.76 600.55 572.86 550.77 513.59 493.59 483.98 478.62 476.97

89 673.35 609.83 600.60 573.02 550.88 513.65 493.63 484.01 478.64 476.99

90 673.71 609.92 600.67 573.23 551.03 513.74 493.71 484.05 478.67 477.01

91 674.23 610.06 600.78 573.55 551.25 513.88 493.82 484.13 478.73 477.06

92 674.99 610.25 600.93 574.01 551.57 514.08 493.98 484.25 478.82 477.14

93 676.08 610.54 601.15 574.68 552.05 514.38 494.24 484.43 478.96 477.26

94 677.68 610.95 601.47 575.66 552.76 514.84 494.62 484.72 479.18 477.46

95 680.02 611.56 601.94 577.10 553.81 515.51 495.21 485.16 479.54 477.79

96 683.41 612.68 602.63 579.20 555.37 516.53 496.10 485.86 480.11 478.31

97 688.37 615.20 603.64 582.27 557.69 518.08 497.48 486.95 481.03 479.17

98 695.58 618.87 605.12 586.49 561.18 520.43 499.64 488.71 482.54 480.60

99 706.08 624.22 607.30 590.68 566.47 524.07 503.06 491.58 485.09 483.04

100 728.31 632.05 610.56 596.33 574.55 529.83 508.65 496.42 489.51 487.32

• Initial temperature (Tinit) of 200°C
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.5 : Data surface deposition temperature (Tdep) of Exp.2 at initial tem-
perature (Tinit) of 200°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

1 489.06 463.55 463.17 454.99 454.94 451.50 451.09 451.03 451.02 451.03

2 543.19 514.55 513.45 498.67 498.42 489.98 488.65 488.43 488.39 488.39

3 571.96 536.86 534.42 518.67 518.15 506.86 504.24 503.72 503.61 503.61

4 591.85 552.88 548.73 529.93 528.88 516.07 512.75 511.81 511.57 511.56

5 599.18 565.60 559.57 538.53 536.74 521.42 517.42 516.36 516.06 516.03

6 603.20 576.28 568.36 545.54 542.88 525.53 520.58 519.15 518.68 518.63

7 606.71 585.49 575.76 551.50 547.86 528.86 523.07 521.26 520.61 520.53

8 609.81 591.38 582.19 556.70 552.04 531.65 525.12 522.96 522.11 522.00

9 612.57 596.07 587.63 561.31 555.61 534.04 526.86 524.37 523.32 523.17

10 617.61 598.23 590.92 565.44 558.72 536.12 528.38 525.58 524.33 524.13

11 622.56 599.99 593.89 569.17 561.47 537.95 529.70 526.62 525.19 524.94

12 627.04 601.59 596.51 572.55 563.92 539.57 530.87 527.55 525.94 525.64

13 632.77 603.04 597.64 575.62 566.13 541.02 531.91 528.36 526.59 526.24

14 638.51 604.37 598.67 578.42 568.12 542.33 532.85 529.09 527.16 526.76

15 643.74 605.59 599.62 580.98 569.93 543.51 533.68 529.73 527.67 527.22

16 648.50 606.70 600.49 583.33 571.59 544.58 534.44 530.31 528.12 527.63

17 652.85 607.72 601.29 585.49 573.10 545.55 535.12 530.83 528.52 527.99

18 656.83 608.65 602.03 586.90 574.49 546.45 535.74 531.30 528.88 528.31

19 660.48 609.51 602.71 588.10 575.77 547.26 536.30 531.73 529.21 528.60

20 663.83 610.31 603.34 589.20 576.95 548.02 536.81 532.11 529.50 528.86

21 666.91 611.04 603.93 590.22 578.04 548.71 537.28 532.45 529.77 529.09

22 669.75 611.72 604.47 591.16 579.04 549.35 537.71 532.77 530.01 529.30
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Appendix A The result of thermal simulation

Table A.5 : Data surface deposition temperature (Tdep) of Exp.2 at initial tem-
perature (Tinit) of 200°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

23 672.36 612.35 604.97 592.03 579.98 549.94 538.11 533.06 530.22 529.49

24 674.77 613.26 605.43 592.84 580.84 550.49 538.47 533.32 530.42 529.66

25 677.00 614.45 605.86 593.59 581.64 550.99 538.80 533.56 530.60 529.82

26 679.06 615.56 606.26 594.29 582.39 551.46 539.11 533.78 530.76 529.96

27 680.97 616.58 606.63 594.94 583.08 551.90 539.40 533.98 530.91 530.09

28 682.73 617.53 606.98 595.54 583.72 552.30 539.66 534.16 531.05 530.20

29 684.36 618.42 607.30 596.10 584.32 552.68 539.91 534.33 531.17 530.31

30 685.88 619.24 607.60 596.62 584.88 553.03 540.13 534.48 531.29 530.41

31 687.29 620.01 607.88 596.84 585.39 553.35 540.34 534.62 531.39 530.49

32 688.59 620.72 608.14 597.05 585.86 553.66 540.54 534.76 531.49 530.57

33 689.81 621.38 608.38 597.25 586.16 553.94 540.72 534.88 531.58 530.65

34 690.93 622.00 608.61 597.43 586.43 554.20 540.89 534.99 531.66 530.72

35 691.98 622.58 608.82 597.60 586.69 554.44 541.04 535.09 531.73 530.78

36 692.96 623.12 609.01 597.76 586.93 554.67 541.19 535.18 531.80 530.83

37 693.86 623.62 609.20 597.91 587.15 554.88 541.32 535.27 531.86 530.88

38 694.70 624.08 609.37 598.05 587.36 555.08 541.45 535.35 531.92 530.93

39 695.49 624.52 609.53 598.18 587.55 555.26 541.56 535.43 531.97 530.97

40 696.22 624.93 609.68 598.31 587.73 555.43 541.67 535.49 532.02 531.01

41 696.90 625.31 609.82 598.42 587.90 555.59 541.77 535.56 532.06 531.05

42 697.53 625.66 609.95 598.53 588.06 555.74 541.86 535.61 532.10 531.08

43 698.12 626.00 610.08 598.63 588.20 555.87 541.95 535.67 532.14 531.11

44 698.67 626.31 610.19 598.72 588.34 556.00 542.03 535.72 532.17 531.13

45 699.18 626.60 610.30 598.81 588.47 556.12 542.10 535.76 532.20 531.16

148



A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.5 : Data surface deposition temperature (Tdep) of Exp.2 at initial tem-
perature (Tinit) of 200°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

46 699.65 626.87 610.40 598.89 588.58 556.23 542.17 535.80 532.23 531.18

47 700.10 627.12 610.49 598.96 588.70 556.33 542.23 535.84 532.25 531.20

48 700.51 627.35 610.58 599.03 588.80 556.43 542.29 535.87 532.27 531.21

49 700.89 627.57 610.66 599.10 588.89 556.51 542.34 535.90 532.29 531.23

50 701.25 627.78 610.73 599.16 588.98 556.59 542.39 535.93 532.31 531.24

51 701.58 627.97 610.81 599.22 589.07 556.67 542.43 535.96 532.33 531.25

52 701.89 628.15 610.87 599.28 589.14 556.74 542.47 535.98 532.34 531.26

53 702.17 628.31 610.93 599.33 589.21 556.80 542.51 536.00 532.35 531.27

54 702.44 628.47 610.99 599.37 589.28 556.86 542.54 536.02 532.36 531.28

55 702.69 628.61 611.04 599.42 589.34 556.91 542.57 536.04 532.37 531.29

56 702.92 628.74 611.09 599.46 589.40 556.96 542.60 536.05 532.38 531.29

57 703.13 628.87 611.14 599.49 589.45 557.00 542.63 536.06 532.39 531.29

58 703.33 628.98 611.18 599.53 589.50 557.04 542.65 536.07 532.39 531.30

59 703.51 629.09 611.22 599.56 589.54 557.08 542.67 536.08 532.40 531.30

60 703.68 629.19 611.26 599.59 589.58 557.11 542.68 536.09 532.40 531.30

61 703.83 629.28 611.29 599.62 589.62 557.14 542.70 536.09 532.40 531.30

62 703.97 629.37 611.32 599.64 589.65 557.17 542.71 536.10 532.40 531.29

63 704.11 629.45 611.35 599.67 589.68 557.19 542.72 536.10 532.40 531.29

64 704.23 629.52 611.38 599.69 589.71 557.21 542.73 536.10 532.39 531.29

65 704.34 629.58 611.40 599.71 589.73 557.23 542.73 536.10 532.39 531.28

66 704.44 629.65 611.42 599.73 589.75 557.24 542.74 536.10 532.39 531.28

67 704.53 629.70 611.44 599.74 589.77 557.25 542.74 536.10 532.38 531.27

68 704.62 629.75 611.46 599.76 589.79 557.26 542.74 536.09 532.38 531.27
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Appendix A The result of thermal simulation

Table A.5 : Data surface deposition temperature (Tdep) of Exp.2 at initial tem-
perature (Tinit) of 200°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

69 704.69 629.80 611.48 599.77 589.81 557.27 542.74 536.09 532.37 531.26

70 704.76 629.84 611.49 599.78 589.82 557.28 542.74 536.08 532.36 531.25

71 704.82 629.88 611.51 599.79 589.83 557.28 542.73 536.07 532.35 531.24

72 704.88 629.91 611.52 599.80 589.84 557.28 542.73 536.06 532.34 531.23

73 704.93 629.95 611.53 599.81 589.84 557.28 542.72 536.05 532.33 531.22

74 704.97 629.97 611.54 599.82 589.85 557.27 542.71 536.04 532.32 531.21

75 705.01 630.00 611.55 599.82 589.85 557.27 542.70 536.03 532.31 531.20

76 705.05 630.02 611.55 599.83 589.85 557.26 542.69 536.02 532.29 531.18

77 705.08 630.04 611.56 599.83 589.86 557.25 542.68 536.01 532.28 531.17

78 705.10 630.05 611.57 599.83 589.86 557.25 542.67 535.99 532.27 531.16

79 705.13 630.07 611.57 599.84 589.85 557.24 542.66 535.98 532.25 531.14

80 705.15 630.08 611.57 599.84 589.85 557.22 542.64 535.96 532.24 531.13

81 705.17 630.10 611.58 599.84 589.85 557.21 542.63 535.95 532.22 531.11

82 705.20 630.11 611.58 599.84 589.85 557.20 542.61 535.93 532.20 531.10

83 705.22 630.13 611.59 599.85 589.85 557.19 542.60 535.91 532.19 531.08

84 705.26 630.15 611.59 599.85 589.85 557.18 542.59 535.90 532.17 531.07

85 705.32 630.18 611.60 599.86 589.85 557.18 542.58 535.88 532.16 531.05

86 705.39 630.22 611.62 599.87 589.86 557.18 542.57 535.87 532.14 531.04

87 705.50 630.27 611.64 599.88 589.88 557.19 542.57 535.87 532.13 531.03

88 705.66 630.36 611.67 599.91 589.92 557.21 542.57 535.87 532.13 531.02

89 705.90 630.48 611.72 599.94 589.97 557.26 542.60 535.87 532.13 531.02

90 706.25 630.66 611.79 600.00 590.06 557.33 542.64 535.90 532.15 531.03

91 706.77 630.92 611.89 600.08 590.19 557.45 542.71 535.95 532.18 531.06
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.5 : Data surface deposition temperature (Tdep) of Exp.2 at initial tem-
perature (Tinit) of 200°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

92 707.53 631.31 612.05 600.20 590.38 557.64 542.83 536.03 532.24 531.11

93 708.63 631.88 612.27 600.37 590.67 557.93 543.02 536.16 532.34 531.20

94 710.25 633.04 612.60 600.63 591.11 558.36 543.32 536.38 532.51 531.35

95 712.61 634.88 613.30 601.01 591.76 559.02 543.78 536.73 532.78 531.59

96 716.05 637.57 614.67 601.57 592.72 560.01 544.48 537.27 533.23 532.00

97 722.93 641.47 616.68 602.38 594.15 561.50 545.56 538.13 533.95 532.68

98 736.25 647.13 619.61 603.56 596.17 563.77 547.24 539.50 535.14 533.80

99 756.68 655.37 623.90 605.30 597.51 567.26 549.91 541.74 537.13 535.71

100 785.84 667.30 630.25 607.89 599.55 572.72 554.25 545.52 540.59 539.07

• Initial temperature (Tinit) of 300°C

Table A.6 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 300°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

1 543.06 526.36 526.07 520.50 520.46 517.68 517.28 517.23 517.22 517.23

2 588.94 562.26 561.18 550.36 550.17 544.30 543.35 543.19 543.16 543.17

3 600.91 583.00 580.62 565.92 565.40 556.19 554.33 553.95 553.87 553.87

4 606.75 593.96 591.33 576.39 575.35 563.31 560.46 559.79 559.62 559.61

5 611.44 598.52 596.76 584.37 582.63 568.30 564.49 563.48 563.18 563.16

6 617.32 601.55 599.21 588.86 587.17 572.12 567.44 566.07 565.62 565.57
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Appendix A The result of thermal simulation

Table A.6 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 300°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

7 624.90 604.21 601.31 592.50 590.19 575.19 569.75 568.03 567.40 567.33

8 633.27 606.57 603.15 595.68 592.72 577.76 571.65 569.59 568.78 568.68

9 642.57 608.70 604.79 596.98 594.89 579.96 573.25 570.90 569.90 569.75

10 650.90 610.61 606.27 598.15 596.18 581.88 574.64 572.00 570.82 570.63

11 658.39 612.34 607.61 599.21 596.95 583.56 575.85 572.96 571.61 571.38

12 665.14 614.16 608.83 600.18 597.64 584.72 576.92 573.80 572.29 572.01

13 671.25 617.32 609.94 601.07 598.27 585.59 577.87 574.55 572.88 572.55

14 676.79 620.19 610.96 601.88 598.83 586.37 578.72 575.20 573.39 573.02

15 681.82 622.81 611.89 602.63 599.35 587.08 579.48 575.79 573.85 573.44

16 686.40 625.21 612.75 603.32 599.83 587.73 580.17 576.32 574.26 573.81

17 690.57 627.40 613.53 603.95 600.26 588.31 580.79 576.79 574.62 574.13

18 694.38 629.41 614.96 604.53 600.66 588.85 581.35 577.21 574.95 574.42

19 697.87 631.26 616.43 605.07 601.03 589.34 581.86 577.59 575.24 574.68

20 701.07 633.28 617.80 605.56 601.37 589.80 582.32 577.94 575.50 574.91

21 704.01 635.71 619.06 606.02 601.68 590.21 582.75 578.25 575.74 575.12

22 706.70 637.96 620.22 606.45 601.97 590.60 583.14 578.53 575.95 575.30

23 709.18 640.03 621.30 606.84 602.24 590.95 583.49 578.79 576.15 575.47

24 711.47 641.95 622.29 607.20 602.49 591.28 583.82 579.02 576.32 575.62

25 713.57 643.72 623.21 607.54 602.72 591.58 584.04 579.23 576.48 575.76

26 715.51 645.36 624.07 607.86 602.94 591.86 584.22 579.42 576.62 575.88

27 717.62 646.87 624.86 608.15 603.14 592.12 584.38 579.60 576.75 575.99

28 719.84 648.28 625.59 608.42 603.32 592.36 584.54 579.76 576.87 576.09

29 721.89 649.58 626.28 608.67 603.49 592.58 584.68 579.91 576.98 576.19
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.6 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 300°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

30 723.79 650.79 626.91 608.91 603.65 592.79 584.81 580.04 577.07 576.27

31 725.55 651.91 627.50 609.12 603.80 592.98 584.93 580.16 577.16 576.34

32 727.17 652.95 628.05 609.33 603.94 593.16 585.04 580.27 577.24 576.41

33 729.05 653.92 628.56 609.51 604.07 593.32 585.14 580.37 577.31 576.47

34 730.80 654.82 629.03 609.69 604.19 593.47 585.24 580.47 577.38 576.53

35 732.42 655.65 629.47 609.85 604.30 593.61 585.33 580.55 577.44 576.57

36 733.91 656.43 629.88 610.00 604.41 593.74 585.41 580.63 577.49 576.62

37 735.30 657.15 630.26 610.15 604.50 593.87 585.48 580.70 577.54 576.66

38 736.59 657.82 630.62 610.28 604.59 593.98 585.55 580.76 577.59 576.69

39 737.78 658.44 630.95 610.40 604.67 594.08 585.61 580.82 577.63 576.73

40 738.88 659.02 631.26 610.51 604.75 594.18 585.67 580.88 577.66 576.75

41 739.90 659.56 631.54 610.62 604.82 594.26 585.72 580.92 577.69 576.78

42 740.85 660.06 631.81 610.72 604.89 594.35 585.77 580.97 577.72 576.80

43 741.72 660.53 632.05 610.81 604.95 594.42 585.82 581.01 577.75 576.82

44 742.53 660.96 632.28 610.89 605.01 594.49 585.86 581.04 577.77 576.84

45 743.28 661.36 632.52 610.97 605.06 594.55 585.89 581.07 577.79 576.85

46 743.97 661.73 632.83 611.05 605.11 594.61 585.93 581.10 577.80 576.86

47 744.60 662.08 633.11 611.11 605.16 594.66 585.96 581.12 577.82 576.87

48 745.19 662.39 633.38 611.18 605.20 594.71 585.98 581.14 577.83 576.88

49 745.74 662.69 633.62 611.23 605.24 594.76 586.01 581.16 577.84 576.88

50 746.24 662.96 633.85 611.29 605.27 594.79 586.03 581.18 577.84 576.89

51 746.69 663.22 634.06 611.34 605.31 594.83 586.05 581.19 577.85 576.89

52 747.12 663.45 634.25 611.38 605.34 594.86 586.06 581.20 577.85 576.89
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Appendix A The result of thermal simulation

Table A.6 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 300°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

53 747.50 663.66 634.43 611.42 605.36 594.89 586.07 581.21 577.85 576.89

54 747.86 663.86 634.59 611.46 605.39 594.92 586.09 581.21 577.85 576.89

55 748.18 664.04 634.74 611.50 605.41 594.94 586.10 581.21 577.85 576.89

56 748.47 664.21 634.88 611.53 605.43 594.96 586.10 581.21 577.85 576.88

57 748.74 664.36 635.01 611.56 605.45 594.97 586.11 581.21 577.84 576.87

58 748.98 664.50 635.12 611.58 605.47 594.99 586.11 581.21 577.84 576.87

59 749.20 664.63 635.23 611.61 605.48 595.00 586.12 581.21 577.83 576.86

60 749.40 664.74 635.32 611.63 605.49 595.01 586.12 581.20 577.82 576.85

61 749.57 664.85 635.40 611.65 605.50 595.01 586.11 581.19 577.81 576.84

62 749.73 664.94 635.48 611.67 605.51 595.02 586.11 581.18 577.80 576.83

63 749.87 665.02 635.55 611.68 605.52 595.02 586.11 581.17 577.79 576.81

64 749.99 665.10 635.61 611.69 605.53 595.02 586.10 581.16 577.77 576.80

65 750.09 665.16 635.66 611.70 605.53 595.02 586.10 581.14 577.76 576.79

66 750.18 665.22 635.70 611.71 605.54 595.01 586.09 581.13 577.74 576.77

67 750.25 665.27 635.74 611.72 605.54 595.01 586.08 581.11 577.72 576.75

68 750.31 665.31 635.77 611.73 605.54 595.00 586.07 581.09 577.70 576.74

69 750.36 665.34 635.80 611.73 605.54 594.99 586.06 581.07 577.68 576.72

70 750.39 665.37 635.82 611.73 605.54 594.98 586.04 581.05 577.66 576.70

71 750.42 665.39 635.83 611.74 605.54 594.97 586.03 581.03 577.64 576.68

72 750.43 665.41 635.84 611.74 605.54 594.96 586.02 581.01 577.62 576.66

73 750.44 665.42 635.85 611.73 605.53 594.94 586.00 580.98 577.59 576.63

74 750.43 665.42 635.85 611.73 605.53 594.93 585.98 580.96 577.57 576.61

75 750.42 665.42 635.84 611.73 605.52 594.91 585.96 580.93 577.54 576.58
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.6 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 300°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

76 750.39 665.42 635.84 611.73 605.52 594.89 585.95 580.90 577.52 576.56

77 750.37 665.41 635.83 611.72 605.51 594.87 585.93 580.87 577.49 576.53

78 750.33 665.40 635.81 611.71 605.50 594.85 585.91 580.84 577.46 576.51

79 750.30 665.39 635.79 611.71 605.49 594.83 585.88 580.81 577.43 576.48

80 750.26 665.37 635.78 611.70 605.49 594.81 585.86 580.78 577.40 576.45

81 750.22 665.36 635.76 611.69 605.48 594.79 585.84 580.74 577.37 576.42

82 750.19 665.34 635.74 611.69 605.47 594.76 585.82 580.71 577.34 576.39

83 750.18 665.33 635.72 611.68 605.46 594.74 585.80 580.68 577.30 576.36

84 750.18 665.33 635.71 611.68 605.45 594.72 585.77 580.64 577.27 576.33

85 750.21 665.34 635.71 611.68 605.45 594.70 585.75 580.61 577.24 576.30

86 750.29 665.37 635.72 611.68 605.45 594.69 585.74 580.58 577.21 576.27

87 750.45 665.42 635.76 611.68 605.45 594.68 585.72 580.56 577.19 576.25

88 750.71 665.52 635.83 611.70 605.45 594.68 585.71 580.54 577.16 576.22

89 751.14 665.69 635.95 611.73 605.47 594.69 585.71 580.53 577.15 576.21

90 751.79 665.94 636.14 611.78 605.50 594.73 585.73 580.53 577.14 576.20

91 752.78 666.33 636.43 611.86 605.55 594.79 585.76 580.56 577.16 576.21

92 754.25 666.92 636.88 611.97 605.63 594.89 585.82 580.62 577.20 576.24

93 756.42 667.78 637.55 612.15 605.75 595.06 585.93 580.74 577.28 576.31

94 759.60 669.05 638.54 612.41 605.93 595.32 586.10 580.93 577.43 576.44

95 764.24 670.92 640.00 612.80 606.20 595.72 586.37 581.24 577.68 576.67

96 770.98 673.63 642.12 613.37 606.60 595.97 586.78 581.75 578.08 577.04

97 780.73 677.56 645.22 614.42 607.20 596.34 587.43 582.55 578.76 577.67

98 794.73 683.25 649.73 616.76 608.10 596.91 588.44 583.77 579.87 578.72
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Appendix A The result of thermal simulation

Table A.6 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 300°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

99 814.66 691.45 656.34 620.19 609.45 597.79 590.03 585.09 581.73 580.50

100 842.93 705.67 665.99 625.25 611.51 599.15 592.61 587.32 584.35 583.49

• Initial temperature (Tinit) of 400°C

Table A.7 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 400°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

1 590.74 576.39 576.11 570.91 570.88 568.59 568.31 568.28 568.27 568.28

2 606.07 598.03 597.71 593.44 593.32 589.49 588.87 588.76 588.74 588.75

3 613.96 603.88 603.16 598.80 598.65 595.98 595.36 595.11 595.06 595.06

4 625.79 608.18 606.94 601.69 601.37 597.85 597.02 596.83 596.78 596.78

5 639.49 611.69 609.88 603.92 603.39 599.16 598.06 597.76 597.68 597.67

6 652.79 614.76 612.29 605.79 605.00 600.18 598.82 598.42 598.29 598.28

7 664.32 620.47 614.36 607.40 606.32 601.02 599.43 598.93 598.75 598.73

8 674.46 625.55 617.97 608.83 607.44 601.73 599.94 599.34 599.10 599.07

9 683.46 630.12 621.51 610.11 608.40 602.35 600.37 599.69 599.39 599.35

10 691.49 635.00 624.70 611.26 609.25 602.89 600.76 599.99 599.64 599.59

11 698.69 640.78 627.59 612.31 610.01 603.37 601.09 600.25 599.85 599.79

12 705.17 646.01 630.22 613.27 610.68 603.80 601.39 600.48 600.04 599.96

13 711.06 650.74 632.62 614.14 611.29 604.18 601.66 600.69 600.20 600.11
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A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.7 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 400°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

14 718.14 655.04 635.88 615.32 611.85 604.53 601.90 600.87 600.34 600.24

15 725.33 658.96 638.99 616.94 612.35 604.85 602.12 601.04 600.47 600.35

16 732.65 662.53 641.84 618.43 612.82 605.13 602.31 601.18 600.58 600.45

17 739.31 665.80 644.45 619.79 613.24 605.39 602.49 601.31 600.68 600.54

18 745.38 668.78 646.85 621.05 613.63 605.63 602.65 601.43 600.77 600.62

19 750.92 671.52 649.05 622.20 613.99 605.85 602.79 601.54 600.85 600.69

20 755.98 674.03 651.07 623.27 614.32 606.05 602.92 601.63 600.93 600.76

21 760.62 676.34 652.94 624.25 614.66 606.24 603.04 601.72 600.99 600.81

22 764.87 678.46 654.66 625.15 615.29 606.41 603.15 601.80 601.05 600.86

23 768.77 680.41 656.25 625.99 615.87 606.56 603.25 601.87 601.10 600.91

24 772.34 682.21 657.71 626.76 616.40 606.71 603.35 601.93 601.15 600.95

25 775.63 683.87 659.06 627.47 616.90 606.84 603.43 601.99 601.19 600.99

26 778.66 685.40 660.31 628.13 617.36 606.97 603.51 602.04 601.23 601.02

27 781.44 686.81 661.47 628.75 617.78 607.08 603.58 602.09 601.26 601.05

28 784.00 688.12 662.54 629.31 618.18 607.18 603.64 602.13 601.30 601.08

29 786.36 689.32 663.52 629.84 618.54 607.28 603.70 602.17 601.32 601.10

30 788.53 690.44 664.44 630.32 618.88 607.37 603.76 602.21 601.35 601.12

31 790.53 691.47 665.29 630.77 619.20 607.45 603.81 602.24 601.37 601.14

32 792.37 692.43 666.07 631.19 619.49 607.53 603.85 602.27 601.39 601.16

33 794.07 693.31 666.80 631.58 619.76 607.60 603.90 602.30 601.41 601.17

34 795.63 694.12 667.47 631.93 620.00 607.66 603.93 602.32 601.42 601.19

35 797.07 694.88 668.09 632.26 620.24 607.72 603.97 602.34 601.44 601.20

36 798.40 695.58 668.67 632.57 620.45 607.78 604.00 602.36 601.45 601.21
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Appendix A The result of thermal simulation

Table A.7 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 400°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

37 799.62 696.22 669.20 632.86 620.65 607.83 604.03 602.38 601.46 601.22

38 800.74 696.82 669.69 633.12 620.83 607.87 604.06 602.39 601.47 601.22

39 801.78 697.37 670.15 633.36 621.00 607.92 604.08 602.40 601.48 601.23

40 802.73 697.88 670.57 633.58 621.15 607.96 604.10 602.42 601.49 601.24

41 803.60 698.35 670.96 633.79 621.29 607.99 604.12 602.43 601.49 601.24

42 804.40 698.78 671.31 633.98 621.42 608.02 604.14 602.44 601.50 601.24

43 805.13 699.18 671.64 634.16 621.54 608.05 604.15 602.44 601.50 601.25

44 805.80 699.54 671.95 634.38 621.65 608.08 604.17 602.45 601.50 601.25

45 806.42 699.88 672.22 634.61 621.75 608.10 604.18 602.45 601.51 601.25

46 806.97 700.19 672.48 634.83 621.85 608.12 604.19 602.46 601.51 601.25

47 807.48 700.47 672.71 635.02 621.93 608.14 604.20 602.46 601.51 601.25

48 807.94 700.73 672.93 635.20 622.00 608.16 604.20 602.46 601.51 601.25

49 808.36 700.96 673.12 635.36 622.07 608.17 604.21 602.46 601.51 601.25

50 808.74 701.18 673.30 635.50 622.13 608.18 604.21 602.46 601.51 601.25

51 809.08 701.37 673.46 635.64 622.19 608.19 604.22 602.46 601.50 601.24

52 809.38 701.55 673.60 635.76 622.24 608.20 604.22 602.46 601.50 601.24

53 809.66 701.71 673.73 635.86 622.28 608.21 604.22 602.46 601.50 601.24

54 809.89 701.85 673.85 635.96 622.32 608.21 604.22 602.46 601.49 601.23

55 810.11 701.98 673.95 636.04 622.35 608.22 604.22 602.45 601.49 601.23

56 810.29 702.09 674.04 636.12 622.37 608.22 604.22 602.45 601.49 601.22

57 810.45 702.19 674.12 636.18 622.40 608.22 604.22 602.45 601.48 601.22

58 810.58 702.28 674.19 636.23 622.42 608.22 604.21 602.44 601.47 601.21

59 810.69 702.35 674.25 636.28 622.43 608.22 604.21 602.43 601.47 601.21

158



A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation

Table A.7 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 400°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

60 810.78 702.41 674.29 636.32 622.44 608.22 604.20 602.43 601.46 601.20

61 810.85 702.46 674.33 636.35 622.44 608.21 604.20 602.42 601.46 601.20

62 810.91 702.51 674.36 636.37 622.45 608.21 604.19 602.41 601.45 601.19

63 810.94 702.54 674.38 636.38 622.45 608.20 604.18 602.41 601.44 601.18

64 810.96 702.56 674.40 636.39 622.44 608.20 604.17 602.40 601.43 601.17

65 810.96 702.58 674.41 636.39 622.43 608.19 604.16 602.39 601.42 601.17

66 810.95 702.58 674.41 636.39 622.42 608.18 604.15 602.38 601.41 601.16

67 810.92 702.58 674.40 636.38 622.41 608.17 604.14 602.37 601.40 601.15

68 810.89 702.58 674.39 636.36 622.40 608.16 604.13 602.36 601.39 601.14

69 810.83 702.56 674.37 636.34 622.38 608.15 604.12 602.35 601.38 601.13

70 810.77 702.54 674.34 636.32 622.36 608.14 604.11 602.34 601.37 601.12

71 810.70 702.51 674.31 636.29 622.33 608.12 604.10 602.32 601.36 601.11

72 810.62 702.48 674.28 636.25 622.31 608.11 604.08 602.31 601.35 601.10

73 810.52 702.44 674.24 636.21 622.28 608.10 604.07 602.30 601.34 601.09

74 810.42 702.40 674.19 636.17 622.25 608.08 604.05 602.28 601.33 601.08

75 810.31 702.35 674.14 636.12 622.22 608.06 604.04 602.27 601.31 601.06

76 810.19 702.30 674.09 636.07 622.18 608.05 604.02 602.26 601.30 601.05

77 810.07 702.24 674.03 636.02 622.15 608.03 604.01 602.24 601.29 601.04

78 809.95 702.18 673.98 635.96 622.11 608.01 603.99 602.23 601.27 601.03

79 809.82 702.12 673.91 635.90 622.07 607.99 603.97 602.21 601.26 601.01

80 809.69 702.06 673.85 635.84 622.03 607.98 603.96 602.20 601.24 601.00

81 809.56 701.99 673.79 635.78 621.99 607.96 603.94 602.18 601.23 600.99

82 809.44 701.93 673.73 635.72 621.95 607.94 603.92 602.16 601.21 600.97

159



Appendix A The result of thermal simulation

Table A.7 : Data surface deposition temperature (Tdep) of Exp.2 at initial tempera-
ture (Tinit) of 400°C

Weld bead

position (mm)

Cylinder substrate diameter (mm)

Ø7 Ø8 Ø9 Ø10 Ø12 Ø16 Ø20 Ø25 Ø30 Ø35

83 809.33 701.87 673.67 635.66 621.91 607.92 603.90 602.15 601.20 600.96

84 809.24 701.83 673.61 635.60 621.88 607.90 603.89 602.13 601.18 600.94

85 809.19 701.79 673.57 635.56 621.84 607.88 603.87 602.11 601.17 600.93

86 809.19 701.77 673.54 635.52 621.81 607.87 603.85 602.10 601.15 600.92

87 809.27 701.79 673.54 635.51 621.79 607.85 603.84 602.08 601.14 600.90

88 809.46 701.85 673.57 635.52 621.78 607.85 603.83 602.07 601.13 600.89

89 809.81 701.98 673.65 635.57 621.80 607.84 603.82 602.06 601.11 600.88

90 810.40 702.20 673.81 635.69 621.83 607.85 603.82 602.05 601.11 600.87

91 811.33 702.56 674.08 635.89 621.91 607.86 603.82 602.05 601.10 600.86

92 812.75 703.12 674.50 636.21 622.05 607.90 603.84 602.06 601.11 600.87

93 814.88 703.97 675.16 636.72 622.27 607.96 603.87 602.08 601.12 600.88

94 818.03 705.62 676.14 637.49 622.61 608.06 603.94 602.13 601.15 600.90

95 822.64 708.37 677.59 638.64 623.13 608.23 604.04 602.20 601.21 600.96

96 829.30 712.37 679.73 640.33 623.92 608.47 604.21 602.32 601.31 601.05

97 838.86 718.15 682.84 642.81 625.09 608.85 604.47 602.53 601.47 601.20

98 852.45 729.07 687.36 646.43 626.85 609.43 604.88 602.85 601.75 601.46

99 871.70 744.64 693.89 651.69 629.49 610.31 605.53 603.38 602.21 601.90

100 898.95 766.74 706.63 659.33 633.47 611.69 606.58 604.28 603.01 602.67
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.8 : Average surface temperature deposition (Tdep) and standard deviation
(σ) of Exp.2: Single weld bead on cylinder substrate

Tinit 25°C 100°C 200°C 300°C 400°C

Diameters Tdep σ Tdep σ Tdep σ Tdep σ Tdep σ

Ø7 638.29 10.55 662.23 11.72 696.28 10.85 739.23 14.08 801.10 14.19

Ø8 597.66 5.69 607.03 2.87 625.18 5.72 658.89 8.50 697.26 7.46

Ø9 576.45 8.14 597.54 4.01 609.75 2.19 631.75 4.87 670.05 6.11

Ø10 535.98 6.80 566.81 6.38 598.04 2.54 610.49 1.64 633.68 3.49

Ø12 515.07 4.93 546.61 4.47 587.48 3.26 604.71 1.11 620.89 2.19

Ø16 468.43 4.04 510.72 3.44 555.40 2.46 594.04 1.36 607.83 0.55

Ø20 447.50 3.28 491.51 2.42 541.59 1.56 585.51 0.89 603.98 0.31

Ø25 436.21 2.24 482.68 1.62 535.38 1.02 580.64 0.80 602.30 0.19

Ø30 429.88 1.65 477.75 1.18 531.90 0.73 577.44 0.55 601.38 0.13

Ø35 427.98 1.39 476.29 0.98 530.89 0.60 576.54 0.46 601.14 0.11

A.3 Exp.3: Lateral overlap weld bead thermal
simulation

A.3.1 Thermal simulation process of Exp.3
Figure A.3.1 (a) shows the initial temperature is 200°C at the starting position.
Figure A.3.1 (b) In the temperature analysis, the weld bead deposition is 40 mm
and surface deposition temperature (Tdep) is 529.72°C. Figure A.3.1 (c) The weld
bead deposition is 80 mm (endpoint). The surface deposition temperature (Tdep) is
542.87°C. In this example, the first and fourth layers are compared.

A.3.2 Thermal simulation of lateral overlap weld bead at Tinit =
200°C and 300°C

A.3.3 Thermal simulation of lateral overlap weld bead data
• Initial temperature (Tinit) of 200°C
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Appendix A The result of thermal simulation

Figure A.3.1 : Thermal simulation of Exp.3 Lateral overlap weld bead (L4) at ini-
tial temperature (Tinit)= 200°C, (a) At start point, (b) Weld bead
position is 40 mm and (c) Weld bead position is 80 mm (endpoint)

Figure A.3.2 : Thermal simulation result of Exp.3: Single weld bead on cylinder
substrate at initial temperature (Tinit) of 200°C
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Figure A.3.3 : Thermal simulation result of Exp.3: Single weld bead on cylinder
substrate at initial temperature (Tinit) of 300°C

Table A.9 : Data surface deposition temperature (Tdep) of Exp.3 at initial tempera-
ture (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

1 459.19 379.23 377.88 377.82 377.76 377.70 377.65 377.59 377.53 377.47

2 502.90 425.67 422.08 421.84 421.60 421.36 421.13 420.89 420.65 420.41

3 521.40 450.73 444.89 444.33 443.78 443.22 442.67 442.11 441.55 441.00

4 531.81 467.87 460.18 459.21 458.24 457.27 456.30 455.34 454.37 453.40

5 539.46 480.67 471.57 470.15 468.73 467.31 465.88 464.46 463.04 461.61

6 545.43 490.67 480.54 478.66 476.78 474.90 473.03 471.15 469.27 467.40

7 550.28 498.74 487.85 485.55 483.24 480.94 478.64 476.33 474.03 471.73
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Appendix A The result of thermal simulation

Table A.9 : Data surface deposition temperature (Tdep) of Exp.3 at initial tempera-
ture (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

8 554.33 505.43 493.95 491.27 488.58 485.89 483.21 480.52 477.83 475.14

9 557.78 510.62 499.15 496.12 493.09 490.06 487.04 484.01 480.98 477.95

10 560.75 514.49 503.62 500.29 496.97 493.64 490.31 486.98 483.66 480.33

11 563.33 517.83 507.43 503.92 500.42 496.92 493.41 489.91 486.40 482.90

12 565.58 520.75 510.50 507.04 503.57 500.11 496.65 493.18 489.72 486.26

13 567.56 523.32 513.02 509.57 506.11 502.66 499.20 495.75 492.29 488.84

14 569.31 525.59 515.15 511.81 508.47 505.13 501.78 498.44 495.10 491.76

15 570.87 527.60 517.05 513.59 510.13 506.68 503.22 499.76 496.30 492.84

16 572.26 529.40 518.75 515.18 511.62 508.05 504.49 500.92 497.36 493.79

17 573.50 531.01 520.27 516.61 512.95 509.29 505.63 501.98 498.32 494.66

18 574.62 532.45 521.64 517.89 514.15 510.41 506.67 502.92 499.18 495.44

19 575.62 533.75 522.87 519.05 515.24 511.42 507.60 503.78 499.97 496.15

20 576.53 534.92 523.99 520.10 516.22 512.34 508.45 504.57 500.68 496.80

21 577.35 535.98 525.00 521.05 517.11 513.17 509.22 505.28 501.34 497.40

22 578.10 536.94 525.91 521.92 517.92 513.93 509.93 505.93 501.94 497.94

23 578.77 537.80 526.75 522.70 518.66 514.62 510.57 506.53 502.49 498.44

24 579.39 538.50 527.50 523.42 519.33 515.25 511.16 507.07 502.99 498.90

25 579.94 539.13 528.20 524.07 519.95 515.82 511.70 507.57 503.45 499.32

26 580.45 539.70 528.83 524.67 520.51 516.35 512.19 508.03 503.87 499.71

27 580.91 540.21 529.40 525.21 521.02 516.83 512.64 508.45 504.26 500.07

28 581.34 540.69 529.93 525.71 521.49 517.27 513.05 508.83 504.61 500.40
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.9 : Data surface deposition temperature (Tdep) of Exp.3 at initial tempera-
ture (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

29 581.72 541.12 530.41 526.16 521.92 517.68 513.43 509.19 504.95 500.70

30 582.07 541.52 530.84 526.58 522.31 518.05 513.78 509.52 505.25 500.99

31 582.40 541.88 531.25 526.96 522.67 518.39 514.10 509.82 505.53 501.25

32 582.69 542.21 531.61 527.31 523.01 518.70 514.40 510.10 505.79 501.49

33 582.96 542.51 531.95 527.63 523.31 518.99 514.67 510.35 506.03 501.71

34 583.21 542.77 532.25 527.92 523.59 519.25 514.92 510.58 506.25 501.92

35 583.43 542.98 532.54 528.19 523.84 519.49 515.15 510.80 506.45 502.11

36 583.64 543.17 532.79 528.43 524.07 519.72 515.36 511.00 506.64 502.28

37 583.83 543.35 533.03 528.66 524.29 519.92 515.55 511.18 506.81 502.44

38 583.99 543.51 533.24 528.86 524.48 520.10 515.72 511.35 506.97 502.59

39 584.11 543.66 533.44 529.05 524.66 520.27 515.89 511.50 507.11 502.72

40 584.20 543.80 533.62 529.22 524.83 520.43 516.03 511.64 507.24 502.85

41 584.29 544.84 535.02 530.56 526.10 521.64 517.18 512.72 508.26 503.80

42 584.37 544.85 535.03 530.57 526.10 521.64 517.18 512.72 508.26 503.80

43 584.44 544.85 535.03 530.57 526.11 521.64 517.18 512.72 508.26 503.79

44 584.50 544.85 535.03 530.57 526.10 521.64 517.18 512.71 508.25 503.79

45 584.56 544.84 535.03 530.56 526.10 521.64 517.17 512.71 508.24 503.78

46 584.62 544.84 535.02 530.56 526.09 521.63 517.16 512.70 508.23 503.77

47 584.67 544.83 535.01 530.55 526.08 521.62 517.15 512.69 508.22 503.76

48 584.71 544.82 535.00 530.54 526.07 521.60 517.14 512.67 508.21 503.74

49 584.75 544.81 534.99 530.52 526.06 521.59 517.12 512.66 508.19 503.72
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Appendix A The result of thermal simulation

Table A.9 : Data surface deposition temperature (Tdep) of Exp.3 at initial tempera-
ture (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

50 584.78 544.80 534.97 530.51 526.04 521.57 517.10 512.64 508.17 503.70

51 584.82 544.79 534.96 530.49 526.02 521.55 517.08 512.62 508.15 503.68

52 584.84 544.78 534.94 530.47 526.00 521.53 517.06 512.59 508.13 503.66

53 584.87 544.76 534.92 530.45 525.98 521.51 517.04 512.57 508.10 503.63

54 584.89 544.74 534.90 530.43 525.95 521.48 517.01 512.54 508.07 503.60

55 584.91 544.73 534.87 530.40 525.93 521.46 516.99 512.52 508.05 503.57

56 584.92 544.71 534.85 530.37 525.90 521.43 516.96 512.49 508.02 503.54

57 584.94 544.69 534.82 530.35 525.87 521.40 516.93 512.46 507.98 503.51

58 584.95 544.67 534.79 530.32 525.85 521.37 516.90 512.42 507.95 503.48

59 584.96 544.65 534.76 530.29 525.82 521.34 516.87 512.39 507.92 503.44

60 584.97 544.62 534.73 530.26 525.78 521.31 516.83 512.36 507.88 503.41

61 584.97 544.60 534.70 530.23 525.75 521.28 516.80 512.32 507.85 503.37

62 584.98 544.58 534.67 530.20 525.72 521.24 516.77 512.29 507.81 503.34

63 584.98 544.56 534.65 530.17 525.69 521.21 516.73 512.26 507.78 503.30

64 584.98 544.53 534.62 530.14 525.66 521.18 516.70 512.22 507.75 503.27

65 584.98 544.51 534.59 530.11 525.63 521.15 516.67 512.19 507.72 503.24

66 584.98 544.49 534.57 530.09 525.61 521.13 516.65 512.17 507.69 503.21

67 584.97 544.48 534.55 530.07 525.59 521.11 516.63 512.15 507.67 503.19

68 584.97 544.47 534.54 530.06 525.58 521.11 516.63 512.15 507.67 503.19

69 584.97 544.47 534.55 530.07 525.59 521.12 516.64 512.16 507.68 503.20

70 584.96 544.48 534.58 530.10 525.63 521.15 516.67 512.20 507.72 503.24
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.9 : Data surface deposition temperature (Tdep) of Exp.3 at initial tempera-
ture (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

71 584.95 544.52 534.65 530.17 525.69 521.22 516.74 512.27 507.79 503.32

72 584.94 544.60 534.77 530.29 525.82 521.34 516.87 512.39 507.92 503.44

73 584.94 544.73 534.97 530.50 526.02 521.54 517.07 512.59 508.11 503.64

74 584.93 544.97 535.31 530.83 526.35 521.87 517.38 512.90 508.42 503.94

75 584.92 545.36 535.85 531.36 526.86 522.37 517.88 513.38 508.89 504.40

76 584.90 546.01 536.68 532.19 527.70 523.20 518.71 514.22 509.73 505.24

77 584.89 547.03 537.92 533.48 529.04 524.61 520.17 515.73 511.29 506.85

78 584.88 548.60 539.85 535.51 531.17 526.83 522.49 518.15 513.81 509.47

79 584.87 550.86 542.85 538.72 534.58 530.44 526.30 522.16 518.02 513.88

80 584.85 553.16 545.93 542.87 539.82 536.76 533.71 530.65 527.60 524.54

• Initial temperature (Tinit) of 300°C

Table A.10 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

1 523.63 465.51 464.21 464.16 464.10 464.04 463.99 463.93 463.87 463.82

2 553.56 508.53 505.16 504.93 504.70 504.47 504.24 504.01 503.78 503.55
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Appendix A The result of thermal simulation

Table A.10 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

3 568.51 528.38 524.06 523.63 523.20 522.76 522.33 521.90 521.47 521.04

4 578.15 541.07 535.46 534.72 533.98 533.24 532.51 531.77 531.03 530.29

5 584.59 549.21 543.45 542.47 541.48 540.49 539.50 538.52 537.53 536.54

6 588.18 554.65 549.23 547.94 546.66 545.37 544.08 542.80 541.51 540.23

7 591.10 559.03 553.52 552.30 551.08 549.86 548.63 547.41 546.19 544.97

8 593.56 562.65 556.84 555.42 553.99 552.57 551.14 549.72 548.29 546.87

9 595.64 565.70 559.65 558.05 556.45 554.85 553.24 551.64 550.04 548.44

10 596.77 568.30 562.06 560.31 558.55 556.79 555.03 553.27 551.51 549.76

11 597.49 570.54 564.15 562.26 560.36 558.47 556.57 554.68 552.78 550.88

12 598.12 572.50 565.98 563.96 561.95 559.93 557.92 555.90 553.89 551.87

13 598.68 574.21 567.59 565.47 563.35 561.22 559.10 556.98 554.86 552.74

14 599.18 575.72 569.01 566.80 564.58 562.37 560.16 557.94 555.73 553.51

15 599.63 577.05 570.27 567.98 565.69 563.40 561.10 558.81 556.52 554.23

16 600.02 578.25 571.40 569.04 566.68 564.32 561.96 559.60 557.23 554.87

17 600.38 579.31 572.41 569.98 567.56 565.14 562.71 560.29 557.87 555.45

18 600.70 580.20 573.31 570.83 568.35 565.88 563.40 560.92 558.44 555.96

19 600.99 580.80 574.12 571.59 569.07 566.54 564.02 561.49 558.96 556.44

20 601.24 581.31 574.85 572.28 569.71 567.14 564.57 562.00 559.44 556.87

21 601.48 581.76 575.51 572.90 570.30 567.69 565.08 562.47 559.86 557.25

22 601.69 582.17 576.11 573.47 570.82 568.18 565.54 562.89 560.25 557.61

23 601.88 582.55 576.65 573.98 571.30 568.63 565.95 563.28 560.60 557.93
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.10 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

24 602.05 582.88 577.14 574.44 571.73 569.03 566.33 563.63 560.92 558.22

25 602.21 583.19 577.58 574.86 572.13 569.40 566.67 563.94 561.21 558.49

26 602.35 583.46 577.99 575.24 572.48 569.73 566.98 564.23 561.48 558.73

27 602.48 583.71 578.35 575.58 572.81 570.04 567.27 564.49 561.72 558.95

28 602.60 583.94 578.68 575.89 573.10 570.31 567.52 564.73 561.94 559.15

29 602.71 584.14 578.99 576.18 573.37 570.57 567.76 564.95 562.15 559.34

30 602.81 584.33 579.25 576.44 573.62 570.81 567.99 565.18 562.36 559.54

31 602.90 584.50 579.46 576.67 573.89 571.10 568.31 565.53 562.74 559.95

32 602.98 584.65 579.64 576.88 574.12 571.36 568.60 565.84 563.08 560.32

33 603.05 584.79 579.79 577.08 574.36 571.65 568.94 566.23 563.52 560.81

34 603.11 584.92 579.91 577.25 574.59 571.93 569.27 566.62 563.96 561.30

35 603.17 585.03 580.02 577.41 574.80 572.19 569.58 566.97 564.35 561.74

36 603.23 585.13 580.12 577.55 574.98 572.41 569.85 567.28 564.71 562.14

37 603.28 585.22 580.20 577.68 575.15 572.62 570.09 567.56 565.03 562.51

38 603.32 585.30 580.28 577.79 575.30 572.80 570.31 567.81 565.32 562.83

39 603.36 585.38 580.35 577.89 575.43 572.97 570.50 568.04 565.58 563.12

40 603.40 585.44 580.42 577.98 575.55 573.11 570.68 568.24 565.81 563.37

41 603.43 585.74 580.70 578.36 576.02 573.69 571.35 569.01 566.68 564.34

42 603.46 585.72 580.68 578.34 575.99 573.64 571.30 568.95 566.61 564.26

43 603.49 585.70 580.66 578.31 575.95 573.60 571.24 568.89 566.53 564.18

44 603.51 585.69 580.65 578.28 575.92 573.55 571.18 568.82 566.45 564.09
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Appendix A The result of thermal simulation

Table A.10 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

45 603.53 585.67 580.63 578.25 575.87 573.50 571.12 568.74 566.37 563.99

46 603.55 585.65 580.61 578.22 575.83 573.44 571.05 568.67 566.28 563.89

47 603.56 585.63 580.58 578.18 575.78 573.38 570.98 568.58 566.18 563.78

48 603.57 585.60 580.56 578.15 575.73 573.32 570.91 568.49 566.08 563.67

49 603.58 585.58 580.54 578.11 575.68 573.26 570.83 568.40 565.97 563.55

50 603.59 585.55 580.51 578.07 575.63 573.19 570.75 568.31 565.87 563.42

51 603.60 585.53 580.49 578.03 575.58 573.12 570.66 568.21 565.75 563.30

52 603.61 585.50 580.46 577.99 575.52 573.05 570.58 568.11 565.63 563.16

53 603.61 585.48 580.43 577.95 575.46 572.97 570.49 568.00 565.51 563.03

54 603.61 585.45 580.40 577.90 575.40 572.90 570.39 567.89 565.39 562.89

55 603.61 585.42 580.38 577.86 575.34 572.82 570.30 567.78 565.26 562.74

56 603.62 585.39 580.35 577.81 575.27 572.74 570.20 567.67 565.13 562.59

57 603.61 585.36 580.32 577.76 575.21 572.66 570.10 567.55 565.00 562.44

58 603.61 585.33 580.28 577.71 575.14 572.57 570.00 567.43 564.86 562.29

59 603.61 585.30 580.25 577.66 575.08 572.49 569.90 567.31 564.72 562.13

60 603.61 585.27 580.22 577.61 575.01 572.40 569.79 567.19 564.58 561.97

61 603.60 585.24 580.19 577.56 574.94 572.31 569.69 567.06 564.44 561.81

62 603.60 585.21 580.16 577.51 574.87 572.23 569.58 566.94 564.30 561.65

63 603.59 585.18 580.13 577.46 574.80 572.14 569.48 566.82 564.16 561.49

64 603.58 585.15 580.10 577.42 574.74 572.06 569.38 566.70 564.02 561.34

65 603.58 585.12 580.07 577.37 574.67 571.97 569.28 566.58 563.88 561.19
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.10 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

66 603.57 585.09 580.04 577.32 574.61 571.90 569.18 566.47 563.76 561.04

67 603.56 585.06 580.01 577.28 574.56 571.83 569.10 566.37 563.65 560.92

68 603.55 585.04 579.99 577.25 574.51 571.77 569.03 566.29 563.56 560.82

69 603.54 585.02 579.98 577.23 574.48 571.74 568.99 566.24 563.50 560.75

70 603.53 585.02 579.98 577.23 574.48 571.73 568.99 566.24 563.49 560.74

71 603.52 585.02 579.99 577.25 574.51 571.77 569.03 566.29 563.55 560.81

72 603.51 585.05 580.04 577.32 574.60 571.88 569.16 566.44 563.72 561.00

73 603.50 585.12 580.12 577.44 574.76 572.08 569.40 566.72 564.05 561.37

74 603.49 585.26 580.27 577.66 575.05 572.43 569.82 567.21 564.60 561.99

75 603.48 585.49 580.52 578.02 575.51 573.01 570.50 568.00 565.49 562.98

76 603.46 585.90 580.93 578.59 576.25 573.91 571.57 569.22 566.88 564.54

77 603.45 586.56 581.57 579.48 577.39 575.30 573.21 571.12 569.03 566.94

78 603.44 587.61 582.59 580.55 578.51 576.47 574.43 572.39 570.35 568.30

79 603.43 588.30 584.25 582.23 580.21 578.18 576.16 574.14 572.11 570.09

80 603.41 589.12 586.12 584.63 583.13 581.64 580.14 578.65 577.15 575.66

• Initial temperature (Tinit) of 400°C
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Appendix A The result of thermal simulation

Table A.11 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

1 573.86 545.72 544.74 544.70 544.65 544.61 544.57 544.52 544.48 544.43

2 595.04 569.68 567.97 567.84 567.72 567.59 567.47 567.34 567.22 567.09

3 599.55 581.20 579.23 578.99 578.74 578.50 578.26 578.01 577.77 577.53

4 602.19 586.78 584.25 583.90 583.56 583.22 582.87 582.53 582.18 581.84

5 604.15 590.11 587.95 587.50 587.05 586.60 586.16 585.71 585.26 584.81

6 605.72 591.63 590.10 589.54 588.98 588.43 587.87 587.31 586.75 586.19

7 607.01 592.86 591.21 590.85 590.49 590.13 589.77 589.41 589.05 588.69

8 608.09 593.88 592.14 591.72 591.30 590.88 590.46 590.04 589.62 589.20

9 609.03 594.74 592.93 592.46 591.98 591.51 591.03 590.56 590.08 589.61

10 609.83 595.48 593.61 593.09 592.57 592.04 591.52 591.00 590.48 589.96

11 610.53 596.12 594.20 593.64 593.07 592.51 591.95 591.38 590.82 590.26

12 611.15 596.68 594.72 594.12 593.52 592.92 592.32 591.72 591.12 590.52

13 611.70 597.16 595.17 594.54 593.91 593.28 592.65 592.02 591.39 590.76

14 612.18 597.60 595.57 594.91 594.26 593.60 592.94 592.28 591.62 590.96

15 612.61 597.98 595.93 595.25 594.56 593.88 593.20 592.52 591.83 591.15

16 612.99 598.32 596.25 595.54 594.84 594.14 593.43 592.73 592.02 591.32

17 613.33 598.62 596.53 595.81 595.09 594.36 593.64 592.92 592.19 591.47

18 613.63 598.89 596.79 596.05 595.31 594.57 593.83 593.09 592.35 591.61

19 613.90 599.13 597.02 596.26 595.51 594.75 594.00 593.24 592.49 591.73

20 614.23 599.35 597.22 596.46 595.69 594.92 594.15 593.38 592.62 591.85

21 614.72 599.55 597.41 596.63 595.85 595.07 594.29 593.51 592.73 591.95
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.11 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

22 615.17 599.72 597.57 596.78 595.99 595.20 594.41 593.62 592.84 592.05

23 615.57 599.88 597.72 596.92 596.13 595.33 594.53 593.73 592.93 592.13

24 615.93 600.02 597.86 597.05 596.24 595.44 594.63 593.82 593.02 592.21

25 616.26 600.15 597.98 597.17 596.35 595.54 594.72 593.91 593.09 592.28

26 616.56 600.27 598.09 597.27 596.45 595.63 594.80 593.98 593.16 592.34

27 616.82 600.37 598.19 597.36 596.53 595.71 594.88 594.05 593.23 592.40

28 617.06 600.46 598.28 597.44 596.61 595.78 594.95 594.12 593.28 592.45

29 617.28 600.55 598.36 597.52 596.68 595.85 595.01 594.17 593.34 592.50

30 617.47 600.62 598.43 597.59 596.75 595.90 595.06 594.22 593.38 592.54

31 617.65 600.69 598.49 597.65 596.80 595.96 595.11 594.27 593.42 592.58

32 617.80 600.75 598.55 597.70 596.85 596.00 595.16 594.31 593.46 592.61

33 617.95 600.80 598.60 597.75 596.90 596.05 595.19 594.34 593.49 592.64

34 618.07 600.85 598.64 597.79 596.94 596.08 595.23 594.38 593.52 592.67

35 618.18 600.89 598.68 597.83 596.97 596.11 595.26 594.40 593.55 592.69

36 618.28 600.92 598.72 597.86 597.00 596.14 595.29 594.43 593.57 592.71

37 618.37 600.95 598.75 597.89 597.03 596.17 595.31 594.45 593.59 592.73

38 618.45 600.98 598.77 597.91 597.05 596.19 595.33 594.47 593.61 592.74

39 618.52 601.00 598.80 597.93 597.07 596.21 595.34 594.48 593.62 592.76

40 618.58 601.02 598.81 597.95 597.09 596.22 595.36 594.49 593.63 592.77

41 618.63 600.95 598.74 597.87 597.00 596.13 595.26 594.39 593.52 592.65

42 618.67 600.94 598.72 597.85 596.98 596.12 595.25 594.38 593.51 592.64
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Appendix A The result of thermal simulation

Table A.11 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

43 618.71 600.92 598.71 597.84 596.97 596.10 595.23 594.36 593.49 592.62

44 618.74 600.90 598.69 597.82 596.95 596.08 595.21 594.34 593.47 592.60

45 618.76 600.88 598.67 597.80 596.93 596.06 595.19 594.32 593.45 592.59

46 618.78 600.86 598.65 597.78 596.91 596.04 595.17 594.30 593.44 592.57

47 618.79 600.84 598.63 597.76 596.89 596.02 595.15 594.28 593.42 592.55

48 618.80 600.82 598.61 597.74 596.87 596.00 595.13 594.27 593.40 592.53

49 618.80 600.80 598.59 597.72 596.85 595.98 595.11 594.24 593.38 592.51

50 618.80 600.78 598.57 597.70 596.83 595.96 595.09 594.22 593.35 592.49

51 618.80 600.76 598.54 597.68 596.81 595.94 595.07 594.20 593.33 592.46

52 618.79 600.73 598.52 597.65 596.79 595.92 595.05 594.18 593.31 592.44

53 618.78 600.71 598.50 597.63 596.76 595.89 595.02 594.16 593.29 592.42

54 618.77 600.69 598.48 597.61 596.74 595.87 595.00 594.13 593.26 592.39

55 618.75 600.67 598.45 597.58 596.72 595.85 594.98 594.11 593.24 592.37

56 618.73 600.64 598.43 597.56 596.69 595.82 594.95 594.08 593.21 592.34

57 618.71 600.62 598.41 597.54 596.67 595.80 594.93 594.06 593.19 592.32

58 618.68 600.60 598.38 597.51 596.64 595.77 594.90 594.03 593.16 592.29

59 618.66 600.57 598.36 597.49 596.62 595.75 594.88 594.01 593.14 592.27

60 618.63 600.55 598.33 597.46 596.59 595.72 594.85 593.98 593.11 592.24

61 618.60 600.52 598.31 597.44 596.57 595.70 594.83 593.95 593.08 592.21

62 618.57 600.50 598.28 597.41 596.54 595.67 594.80 593.93 593.06 592.19

63 618.53 600.48 598.26 597.39 596.52 595.64 594.77 593.90 593.03 592.16
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A.3 Exp.3: Lateral overlap weld bead thermal simulation

Table A.11 : Data surface deposition temperature (Tdep) of Exp.3 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

64 618.50 600.45 598.24 597.36 596.49 595.62 594.75 593.87 593.00 592.13

65 618.46 600.43 598.21 597.34 596.47 595.59 594.72 593.85 592.98 592.10

66 618.43 600.41 598.19 597.31 596.44 595.57 594.70 593.82 592.95 592.08

67 618.39 600.38 598.17 597.29 596.42 595.55 594.67 593.80 592.93 592.05

68 618.35 600.36 598.15 597.27 596.40 595.52 594.65 593.78 592.90 592.03

69 618.31 600.34 598.13 597.25 596.38 595.51 594.63 593.76 592.88 592.01

70 618.26 600.33 598.12 597.24 596.37 595.49 594.62 593.74 592.87 591.99

71 618.22 600.32 598.11 597.24 596.36 595.49 594.61 593.74 592.86 591.99

72 618.18 600.32 598.12 597.24 596.37 595.49 594.62 593.74 592.86 591.99

73 618.13 600.34 598.14 597.26 596.39 595.51 594.63 593.76 592.88 592.00

74 618.09 600.38 598.19 597.31 596.43 595.55 594.67 593.80 592.92 592.04

75 618.04 600.46 598.28 597.39 596.51 595.63 594.75 593.86 592.98 592.10

76 617.99 600.61 598.42 597.53 596.65 595.76 594.87 593.98 593.10 592.21

77 617.95 600.85 598.66 597.76 596.87 595.97 595.08 594.19 593.29 592.40

78 617.90 601.23 599.03 598.13 597.23 596.33 595.43 594.53 593.63 592.73

79 617.85 601.80 599.60 598.71 597.81 596.92 596.02 595.13 594.24 593.34

80 617.80 602.48 600.40 599.54 598.68 597.82 596.95 596.09 595.23 594.37
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Appendix A The result of thermal simulation

Table A.12 : Average surface temperature deposition (Tdep) and standard deviation
(σ) of Exp.3: Lateral overlap weld bead

Tinit 200°C 300°C 400°C

Number of layers Tdep σ Tdep σ Tdep σ

L1 581.13 5.92 602.53 1.67 617.05 2.45

L2 540.22 7.30 583.32 3.87 600.09 1.24

L3 529.96 7.55 577.90 4.41 597.91 1.17

L4 525.73 7.21 575.37 4.26 597.09 1.09

L5 529.96 7.55 577.90 4.41 597.91 1.17

L6 534.19 7.89 580.43 4.55 598.74 1.25

L7 538.42 8.22 582.95 4.70 599.56 1.33

L8 542.65 8.56 585.48 4.86 600.38 1.41

L9 546.88 8.90 588.00 5.02 601.20 1.49

L10 551.11 9.24 590.53 5.19 602.03 1.57

A.4 Exp.4: Vertical overlap weld bead thermal
simulation

A.4.1 Thermal simulation process of Exp.4
Figure A.4.1 (a) & (b) shows the results of the fifth layer (L5) and tenth layer (L10)
of temperature analysis, at initial temperatures of 100°C, 200°C, 300°C, and 400°C,
respectively. The results show a history of surface temperatures occurring during
deposition. It can be seen that the L5 and L10 temperatures are in the end zone.
The surface deposition temperature (Tdep) rises rapidly due to the small area for
heat transfer at the end of the weld.

A.4.2 Thermal simulation of vertical overlap weld bead at Tinit

= 100°C, 200°C and 300°C
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Figure A.4.1 : Thermal simulation of Exp.2: Vertical overlap weld bead, (a) Number
of 5th layer (L5) and (b) Number of 10th layer
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Appendix A The result of thermal simulation

Figure A.4.2 : Thermal simulation result of Exp.4: Vertical overlap weld bead at
initial temperature (Tinit) at 100°C

Figure A.4.3 : Thermal simulation result of Exp.4: Vertical overlap weld bead at
initial temperature (Tinit) at 200°C

178



A.4 Exp.4: Vertical overlap weld bead thermal simulation

Figure A.4.4 : Thermal simulation result of Exp.4: Vertical overlap weld bead at
initial temperature (Tinit) at 300°C

A.4.3 Thermal simulation of vertical overlap weld bead data
• Initial temperature (Tinit) of 100°C

Table A.13 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 100°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

1 381.74 487.83 496.37 496.77 496.79 496.79 496.79 496.79 496.79 496.79

2 439.96 545.17 565.89 567.44 567.55 567.55 567.56 567.56 567.56 567.55

3 462.95 567.51 598.67 601.22 601.32 601.39 601.39 601.39 601.39 601.32

4 477.38 577.92 605.50 607.23 607.44 607.59 607.60 607.60 607.60 607.46

5 488.00 583.30 608.67 611.23 611.59 611.87 611.91 611.91 611.91 611.69

179



Appendix A The result of thermal simulation

Table A.13 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 100°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

6 496.35 586.46 610.66 619.30 621.21 621.66 621.73 621.73 621.73 621.51

7 503.18 588.45 611.89 625.52 628.24 628.92 629.02 629.03 629.03 628.75

8 508.92 589.86 613.82 629.94 633.52 634.45 634.62 634.63 634.63 634.29

9 513.07 590.96 615.15 633.12 637.57 638.80 639.04 639.06 639.06 638.66

10 516.25 591.89 615.95 635.45 640.74 642.28 642.61 642.65 642.65 642.21

11 519.01 592.74 616.45 637.18 643.28 645.14 645.57 645.63 645.64 645.17

12 521.43 593.52 616.78 638.48 645.34 647.52 648.06 648.14 648.15 647.69

13 523.57 594.26 617.02 639.49 647.03 649.52 650.18 650.29 650.31 649.84

14 525.46 594.96 617.21 640.28 648.43 651.22 652.00 652.15 652.18 651.72

15 527.15 595.63 617.39 640.91 649.59 652.67 653.58 653.77 653.81 653.36

16 528.66 596.26 617.56 641.42 650.57 653.91 654.95 655.19 655.24 654.82

17 530.01 596.85 617.73 641.85 651.39 654.98 656.15 656.44 656.50 656.11

18 531.23 597.40 617.90 642.20 652.10 655.91 657.21 657.54 657.62 657.27

19 532.33 597.92 618.08 642.51 652.70 656.73 658.14 658.53 658.63 658.30

20 533.31 598.40 618.27 642.77 653.22 657.43 658.96 659.40 659.52 659.24

21 534.21 598.62 618.45 643.01 653.68 658.06 659.69 660.19 660.33 660.08

22 535.02 598.74 618.64 643.22 654.07 658.60 660.34 660.89 661.06 660.85

23 535.75 598.85 618.82 643.41 654.42 659.09 660.92 661.53 661.71 661.54

24 536.43 598.96 619.00 643.58 654.72 659.51 661.44 662.10 662.31 662.17

25 537.04 599.06 619.17 643.74 654.99 659.89 661.90 662.61 662.84 662.75

26 537.60 599.15 619.34 643.89 655.23 660.23 662.32 663.08 663.33 663.28
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.13 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 100°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

27 538.11 599.23 619.50 644.03 655.44 660.53 662.69 663.50 663.78 663.76

28 538.58 599.31 619.66 644.16 655.64 660.80 663.03 663.88 664.18 664.20

29 539.01 599.38 619.81 644.27 655.81 661.04 663.33 664.22 664.55 664.60

30 539.40 599.44 619.95 644.39 655.96 661.26 663.60 664.54 664.89 664.97

31 539.76 599.51 620.09 644.49 656.10 661.45 663.85 664.82 665.19 665.31

32 540.09 599.56 620.22 644.59 656.23 661.63 664.07 665.08 665.47 665.62

33 540.40 599.61 620.34 644.68 656.35 661.78 664.27 665.31 665.73 665.91

34 540.68 599.66 620.45 644.76 656.45 661.93 664.45 665.53 665.96 666.17

35 540.94 599.70 620.56 644.85 656.55 662.05 664.61 665.72 666.17 666.41

36 541.18 599.75 620.66 644.92 656.64 662.17 664.76 665.90 666.37 666.63

37 541.40 599.78 620.75 644.99 656.72 662.27 664.90 666.06 666.54 666.83

38 541.60 599.82 620.84 645.06 656.79 662.37 665.02 666.20 666.70 667.02

39 541.79 599.85 620.92 645.12 656.86 662.46 665.13 666.33 666.85 667.19

40 541.96 599.88 620.99 645.18 656.92 662.63 665.49 666.72 667.25 667.34

41 542.12 600.15 621.72 645.23 657.46 663.17 666.03 667.44 668.12 668.75

42 542.26 600.15 621.73 645.28 657.46 663.17 666.04 667.45 668.13 668.77

43 542.40 600.16 621.74 645.33 657.47 663.18 666.04 667.46 668.14 668.79

44 542.52 600.16 621.75 645.37 657.47 663.18 666.05 667.47 668.15 668.81

45 542.64 600.16 621.76 645.41 657.48 663.19 666.05 667.47 668.16 668.82

46 542.74 600.17 621.77 645.45 657.48 663.19 666.05 667.48 668.16 668.84

47 542.84 600.17 621.77 645.48 657.48 663.19 666.06 667.48 668.17 668.85
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Appendix A The result of thermal simulation

Table A.13 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 100°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

48 542.93 600.17 621.78 645.51 657.48 663.19 666.06 667.48 668.17 668.86

49 543.02 600.17 621.78 645.54 657.48 663.19 666.06 667.48 668.17 668.86

50 543.09 600.17 621.78 645.77 657.48 663.19 666.05 667.48 668.17 668.87

51 543.16 600.17 621.78 645.77 657.48 663.19 666.05 667.48 668.17 668.88

52 543.23 600.17 621.79 645.77 657.48 663.18 666.05 667.47 668.17 668.88

53 543.29 600.17 621.79 645.77 657.48 663.18 666.05 667.47 668.16 668.88

54 543.34 600.17 621.79 645.77 657.48 663.18 666.04 667.47 668.16 668.88

55 543.39 600.17 621.79 645.76 657.47 663.17 666.04 667.46 668.15 668.88

56 543.44 600.17 621.78 645.76 657.47 663.17 666.03 667.46 668.15 668.88

57 543.48 600.17 621.78 645.76 657.47 663.17 666.03 667.45 668.14 668.88

58 543.52 600.17 621.78 645.76 657.47 663.16 666.03 667.45 668.14 668.89

59 543.55 600.17 621.78 645.76 657.46 663.16 666.03 667.45 668.14 668.89

60 543.59 600.17 621.78 645.76 657.46 663.17 666.03 667.45 668.14 668.89

61 543.62 600.17 621.77 645.76 657.47 663.17 666.03 667.46 668.15 668.90

62 543.64 600.17 621.77 645.76 657.47 663.18 666.05 667.47 668.16 668.92

63 543.67 600.17 621.77 645.78 657.49 663.20 666.08 667.50 668.19 668.95

64 543.69 600.17 621.78 645.80 657.51 663.24 666.12 667.55 668.24 669.00

65 543.71 600.17 621.78 645.85 657.55 663.30 666.20 667.63 668.32 669.07

66 543.72 600.17 621.80 645.92 657.62 663.40 666.31 667.75 668.45 669.19

67 543.74 600.17 621.83 646.05 657.74 663.56 666.50 667.95 668.65 669.37

68 543.75 600.17 621.88 646.26 657.92 663.81 666.79 668.25 668.96 669.65
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.13 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 100°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

69 543.76 600.18 621.98 646.61 658.23 664.20 667.23 668.71 669.43 670.09

70 543.77 600.19 622.15 647.19 658.71 664.82 667.91 669.42 670.16 670.76

71 543.78 600.21 622.45 648.15 659.49 665.77 668.96 670.51 671.26 671.79

72 543.79 600.26 622.97 649.77 660.75 667.27 670.58 672.17 672.95 673.40

73 543.80 600.34 623.90 652.46 662.78 669.61 673.08 674.74 675.55 675.89

74 543.80 600.51 625.55 656.97 666.07 673.30 676.98 678.72 679.57 679.79

75 543.81 600.86 628.54 664.59 671.40 679.16 683.09 684.93 685.83 685.90

76 543.81 601.59 633.99 677.59 680.10 694.94 702.41 704.37 705.71 695.60

77 543.81 603.18 643.98 699.77 694.47 710.50 718.52 722.24 724.07 711.15

78 543.81 606.88 662.49 772.43 724.07 741.15 749.66 753.66 755.62 755.92

79 543.81 615.81 698.96 903.01 807.76 825.26 833.96 838.19 840.28 841.59

80 543.81 654.98 826.00 1020.26 939.48 944.47 946.77 951.10 953.24 974.08

• Initial temperature (Tinit) of 200°C
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Appendix A The result of thermal simulation

Table A.14 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

1 459.19 532.45 540.66 541.06 541.08 541.08 541.08 541.08 541.08 541.08

2 502.90 585.92 601.73 602.17 602.20 602.20 602.20 602.20 602.20 602.20

3 521.40 601.73 610.86 611.88 611.98 611.98 611.98 611.98 611.98 611.98

4 531.81 604.35 625.09 631.03 631.72 631.79 631.80 631.80 631.80 631.80

5 539.46 605.66 635.09 643.81 645.07 645.22 645.23 645.24 645.24 645.24

6 545.43 606.38 641.22 652.67 654.63 654.91 654.95 654.95 654.95 654.95

7 550.28 606.80 644.86 658.78 661.55 662.01 662.07 662.08 662.08 662.08

8 554.33 607.08 647.04 663.10 666.74 667.41 667.52 667.54 667.54 667.54

9 557.78 607.30 648.33 666.20 670.71 671.64 671.81 671.83 671.84 671.84

10 560.75 607.49 649.11 668.45 673.80 675.03 675.27 675.31 675.32 675.32

11 563.33 607.68 649.59 670.12 676.27 677.81 678.13 678.19 678.20 678.20

12 565.58 607.86 649.91 671.37 678.25 680.11 680.54 680.62 680.63 680.63

13 567.56 608.04 650.13 672.33 679.86 682.04 682.58 682.69 682.72 682.72

14 569.31 608.22 650.32 673.08 681.19 683.68 684.34 684.49 684.52 684.52

15 570.87 608.39 650.48 673.66 682.29 685.08 685.86 686.06 686.10 686.10

16 572.26 608.56 650.64 674.14 683.21 686.29 687.20 687.44 687.50 687.50

17 573.50 608.71 650.80 674.53 683.98 687.33 688.37 688.65 688.73 688.73

18 574.62 608.86 650.96 674.85 684.64 688.23 689.40 689.73 689.83 689.83

19 575.62 609.00 651.13 675.13 685.20 689.02 690.31 690.70 690.82 690.82

20 576.53 609.14 651.30 675.37 685.68 689.70 691.12 691.56 691.71 691.71

21 577.35 609.26 651.47 675.58 686.10 690.31 691.83 692.33 692.50 692.50
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.14 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

22 578.10 609.37 651.64 675.76 686.45 690.83 692.47 693.02 693.23 693.23

23 578.77 609.48 651.81 675.93 686.77 691.30 693.04 693.64 693.88 693.88

24 579.39 609.58 651.97 676.08 687.04 691.71 693.54 694.20 694.47 694.47

25 579.94 609.67 652.13 676.22 687.28 692.07 694.00 694.70 695.01 695.01

26 580.45 609.76 652.28 676.34 687.49 692.39 694.40 695.16 695.49 695.49

27 580.91 609.83 652.43 676.46 687.67 692.67 694.76 695.57 695.94 695.94

28 581.34 609.91 652.57 676.56 687.84 692.93 695.09 695.94 696.34 696.34

29 581.72 609.97 652.70 676.66 687.99 693.15 695.38 696.27 696.71 696.71

30 582.07 610.03 652.83 676.75 688.12 693.35 695.64 696.57 697.04 697.04

31 582.40 610.09 652.95 676.84 688.23 693.53 695.87 696.84 697.35 697.35

32 582.69 610.14 653.06 676.92 688.34 693.68 696.08 697.09 697.62 697.62

33 582.96 610.18 653.16 676.99 688.43 693.82 696.27 697.31 697.87 697.87

34 583.21 610.23 653.26 677.06 688.51 693.95 696.43 697.51 698.10 698.10

35 583.43 610.26 653.35 677.12 688.59 694.06 696.58 697.69 698.31 698.31

36 583.64 610.30 653.43 677.18 688.65 694.16 696.72 697.85 698.50 698.50

37 583.83 610.33 653.51 677.23 688.71 694.25 696.84 698.00 698.67 698.67

38 583.99 610.36 653.58 677.28 688.77 694.32 696.94 698.13 698.83 698.83

39 584.11 610.39 653.65 677.32 688.81 694.39 697.04 698.25 698.97 698.97

40 584.20 610.41 653.71 677.36 688.85 694.45 697.12 698.35 699.10 699.10

41 584.29 610.58 654.10 677.57 689.02 694.74 697.60 699.01 700.00 700.00

42 584.37 610.58 654.10 677.56 689.01 694.73 697.59 699.00 700.00 700.00
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Appendix A The result of thermal simulation

Table A.14 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

43 584.44 610.58 654.09 677.55 689.00 694.71 697.58 698.99 699.99 699.99

44 584.50 610.58 654.09 677.54 688.99 694.70 697.56 698.98 699.99 699.99

45 584.56 610.57 654.08 677.53 688.98 694.69 697.55 698.97 699.98 699.98

46 584.62 610.57 654.07 677.52 688.96 694.67 697.54 698.96 699.97 699.97

47 584.67 610.57 654.06 677.50 688.95 694.66 697.52 698.94 699.95 699.95

48 584.71 610.56 654.04 677.49 688.93 694.64 697.50 698.93 699.94 699.94

49 584.75 610.56 654.03 677.48 688.91 694.62 697.49 698.91 699.92 699.92

50 584.78 610.56 654.02 677.46 688.90 694.60 697.47 698.89 699.91 699.91

51 584.82 610.55 654.00 677.44 688.88 694.58 697.45 698.87 699.89 699.89

52 584.84 610.55 653.99 677.43 688.86 694.56 697.43 698.85 699.87 699.87

53 584.87 610.54 653.97 677.41 688.84 694.54 697.41 698.83 699.85 699.85

54 584.89 610.54 653.96 677.39 688.82 694.52 697.39 698.81 699.83 699.83

55 584.91 610.53 653.94 677.37 688.80 694.50 697.37 698.79 699.80 699.80

56 584.92 610.53 653.92 677.36 688.78 694.48 697.35 698.77 699.78 699.78

57 584.94 610.52 653.90 677.34 688.76 694.46 697.32 698.75 699.76 699.76

58 584.95 610.52 653.89 677.32 688.74 694.44 697.30 698.73 699.74 699.74

59 584.96 610.51 653.87 677.30 688.72 694.42 697.29 698.71 699.72 699.72

60 584.97 610.50 653.85 677.28 688.71 694.41 697.27 698.69 699.70 699.70

61 584.97 610.50 653.83 677.27 688.69 694.40 697.26 698.68 699.69 699.69

62 584.98 610.49 653.82 677.25 688.68 694.39 697.25 698.68 699.68 699.68

63 584.98 610.49 653.80 677.24 688.68 694.39 697.26 698.68 699.69 699.69
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.14 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 200°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00

64 584.98 610.48 653.79 677.24 688.69 694.41 697.28 698.71 699.72 699.72

65 584.98 610.47 653.78 677.25 688.72 694.45 697.33 698.76 699.78 699.78

66 584.98 610.47 653.78 677.28 688.78 694.53 697.42 698.86 699.88 699.88

67 584.97 610.47 653.80 677.34 688.88 694.66 697.57 699.02 700.05 700.05

68 584.97 610.46 653.84 677.46 689.06 694.88 697.82 699.28 700.32 700.32

69 584.97 610.47 653.92 677.66 689.35 695.24 698.21 699.70 700.75 700.75

70 584.96 610.47 654.08 678.00 689.84 695.81 698.84 700.35 701.42 701.42

71 584.95 610.49 654.37 678.58 690.61 696.72 699.81 701.36 702.46 702.46

72 584.94 610.53 654.89 679.54 691.87 698.15 701.34 702.94 704.07 704.07

73 584.94 610.61 655.81 681.14 693.90 700.42 703.73 705.39 706.57 706.57

74 584.93 610.78 657.47 683.81 697.18 704.01 707.48 709.22 710.46 710.46

75 584.92 611.12 660.44 688.29 702.47 709.71 713.38 715.23 716.55 716.55

76 584.90 611.84 665.81 695.84 711.10 718.85 722.78 724.75 726.87 726.87

77 584.89 613.40 675.66 708.61 729.66 744.50 751.96 755.69 758.37 758.37

78 584.88 618.38 693.69 745.76 777.88 793.90 801.92 805.92 808.80 808.80

79 584.87 640.00 752.63 824.41 858.99 876.07 884.58 888.82 891.89 891.89

80 584.85 702.76 875.44 950.67 986.34 1003.83 1012.53 1016.86 1020.03 1020.03

• Initial temperature (Tinit) of 300°C
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Appendix A The result of thermal simulation

Table A.15 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

1 523.63 577.41 585.20 585.59 585.61 585.61 585.61 585.61 585.61 585.61

2 553.56 607.29 613.65 615.14 615.24 615.25 615.25 615.25 615.25 615.25

3 568.51 612.98 643.70 647.17 647.49 647.56 647.57 647.57 647.57 647.52

4 578.15 620.45 660.41 666.41 667.12 667.27 667.29 667.29 667.29 667.20

5 584.59 624.17 670.28 679.01 680.29 680.57 680.60 680.60 680.60 680.46

6 588.18 626.07 676.30 687.68 689.67 690.12 690.19 690.19 690.19 689.99

7 591.10 627.01 679.86 693.64 696.44 697.11 697.22 697.23 697.23 696.97

8 593.56 627.58 681.97 697.83 701.49 702.43 702.60 702.61 702.61 702.30

9 595.64 628.02 683.22 700.83 705.34 706.57 706.81 706.83 706.84 706.49

10 596.77 628.43 683.96 702.99 708.33 709.87 710.20 710.24 710.24 709.86

11 597.49 628.87 684.41 704.57 710.69 712.54 712.97 713.03 713.04 712.64

12 598.12 629.34 684.70 705.75 712.57 714.75 715.29 715.38 715.39 714.97

13 598.68 629.83 684.90 706.64 714.10 716.59 717.25 717.37 717.39 716.97

14 599.18 630.34 685.06 707.33 715.35 718.14 718.92 719.08 719.10 718.69

15 599.63 630.85 685.21 707.86 716.38 719.45 720.37 720.56 720.60 720.19

16 600.02 631.35 685.35 708.29 717.23 720.57 721.61 721.85 721.90 721.50

17 600.38 631.83 685.49 708.64 717.94 721.53 722.70 722.98 723.05 722.67

18 600.70 632.30 685.63 708.92 718.54 722.36 723.65 723.98 724.07 723.70

19 600.99 632.74 685.78 709.16 719.05 723.07 724.48 724.87 724.97 724.62

20 601.24 633.16 685.92 709.37 719.48 723.69 725.21 725.66 725.78 725.45

21 601.48 633.55 686.07 709.54 719.84 724.22 725.86 726.36 726.50 726.18
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.15 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

22 601.69 633.91 686.22 709.70 720.16 724.69 726.43 726.98 727.14 726.85

23 601.88 634.25 686.36 709.83 720.43 725.10 726.93 727.54 727.72 727.44

24 602.05 634.56 686.50 709.95 720.66 725.45 727.38 728.03 728.25 727.98

25 602.21 634.84 686.64 710.06 720.86 725.76 727.77 728.48 728.71 728.47

26 602.35 635.11 686.77 710.16 721.03 726.03 728.12 728.88 729.14 728.90

27 602.48 635.35 686.89 710.25 721.18 726.27 728.43 729.24 729.52 729.30

28 602.60 635.57 687.01 710.33 721.31 726.48 728.70 729.55 729.86 729.65

29 602.71 635.77 687.12 710.40 721.43 726.66 728.95 729.84 730.17 729.97

30 602.81 635.95 687.22 710.47 721.53 726.82 729.16 730.10 730.45 730.26

31 602.90 636.12 687.31 710.53 721.61 726.96 729.35 730.33 730.70 730.52

32 602.98 636.27 687.40 710.58 721.68 727.08 729.52 730.53 730.93 730.75

33 603.05 636.40 687.48 710.63 721.75 727.18 729.67 730.71 731.13 730.96

34 603.11 636.53 687.55 710.67 721.80 727.27 729.80 730.87 731.31 731.14

35 603.17 636.64 687.62 710.70 721.85 727.35 729.91 731.02 731.47 731.31

36 603.23 636.74 687.68 710.74 721.89 727.42 730.01 731.14 731.61 731.46

37 603.28 636.83 687.73 710.76 721.92 727.47 730.10 731.26 731.74 731.59

38 603.32 636.91 687.78 710.79 721.94 727.52 730.17 731.35 731.86 731.71

39 603.36 636.97 687.82 710.81 721.96 727.56 730.23 731.44 731.96 731.81

40 603.40 637.04 687.86 710.82 721.98 727.69 730.55 731.77 732.31 731.90

41 603.43 637.19 687.79 710.57 721.66 727.37 730.23 731.64 732.32 732.13

42 603.46 637.16 687.77 710.54 721.62 727.33 730.20 731.61 732.29 732.10
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Appendix A The result of thermal simulation

Table A.15 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

43 603.49 637.14 687.74 710.51 721.59 727.30 730.16 731.58 732.26 732.06

44 603.51 637.11 687.71 710.47 721.55 727.26 730.13 731.55 732.23 732.02

45 603.53 637.08 687.68 710.44 721.51 727.23 730.09 731.51 732.20 731.98

46 603.55 637.05 687.65 710.40 721.48 727.19 730.05 731.47 732.16 731.94

47 603.56 637.02 687.61 710.37 721.44 727.15 730.01 731.44 732.13 731.90

48 603.57 636.99 687.58 710.33 721.40 727.11 729.97 731.40 732.09 731.85

49 603.58 636.96 687.54 710.30 721.36 727.07 729.93 731.36 732.05 731.81

50 603.59 636.92 687.51 710.26 721.32 727.03 729.89 731.32 732.01 731.76

51 603.60 636.89 687.47 710.22 721.28 726.98 729.85 731.27 731.97 731.71

52 603.61 636.85 687.44 710.18 721.24 726.94 729.81 731.23 731.92 731.66

53 603.61 636.81 687.40 710.14 721.20 726.90 729.76 731.19 731.88 731.61

54 603.61 636.77 687.36 710.10 721.16 726.86 729.72 731.14 731.84 731.56

55 603.61 636.74 687.32 710.06 721.11 726.81 729.68 731.10 731.79 731.51

56 603.62 636.70 687.28 710.02 721.07 726.77 729.63 731.06 731.75 731.45

57 603.61 636.66 687.24 709.98 721.03 726.73 729.59 731.01 731.70 731.40

58 603.61 636.62 687.20 709.94 720.99 726.69 729.55 730.97 731.66 731.35

59 603.61 636.58 687.16 709.90 720.95 726.65 729.51 730.93 731.62 731.30

60 603.61 636.54 687.12 709.86 720.91 726.61 729.47 730.89 731.58 731.25

61 603.60 636.50 687.08 709.82 720.87 726.58 729.44 730.86 731.55 731.21

62 603.60 636.45 687.05 709.79 720.84 726.55 729.42 730.84 731.53 731.18

63 603.59 636.41 687.01 709.76 720.82 726.54 729.41 730.83 731.53 731.16
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.15 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 300°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00

64 603.58 636.37 686.98 709.74 720.81 726.54 729.42 730.85 731.54 731.16

65 603.58 636.33 686.95 709.73 720.82 726.57 729.46 730.89 731.59 731.19

66 603.57 636.29 686.93 709.74 720.85 726.63 729.55 730.99 731.68 731.27

67 603.56 636.26 686.92 709.78 720.94 726.76 729.70 731.15 731.85 731.42

68 603.55 636.23 686.95 709.88 721.10 726.99 729.96 731.43 732.14 731.67

69 603.54 636.21 687.01 710.06 721.38 727.36 730.39 731.87 732.59 732.08

70 603.53 636.20 687.15 710.39 721.85 727.96 731.05 732.56 733.30 732.74

71 603.52 636.23 687.42 710.95 722.62 728.91 732.09 733.64 734.39 734.69

72 603.51 636.31 687.93 711.90 723.87 730.39 733.70 735.29 736.07 737.97

73 603.50 636.50 688.83 713.48 725.88 732.71 736.18 737.84 738.65 743.07

74 603.49 636.91 690.46 716.13 729.15 736.39 740.06 741.80 742.65 751.00

75 603.48 637.77 693.39 720.56 739.98 747.74 751.66 753.51 754.41 763.41

76 603.46 639.58 698.69 731.33 757.58 772.42 779.88 781.85 783.18 782.83

77 603.45 643.53 708.30 757.43 786.05 802.07 810.09 813.82 815.64 813.37

78 603.44 652.48 737.95 801.44 832.66 849.73 858.24 862.24 864.20 862.16

79 603.43 673.38 807.75 877.55 911.16 928.65 937.35 941.59 943.67 942.62

80 603.41 758.52 926.36 999.43 1034.07 1039.07 1041.36 1045.69 1047.83 1066.36

• Initial temperature (Tinit) of 400°C
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Appendix A The result of thermal simulation

Table A.16 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

1 573.86 604.32 606.60 606.72 606.72 606.72 606.72 606.72 606.72 606.72

2 595.04 631.77 651.57 653.09 653.20 653.21 653.21 653.21 653.21 653.20

3 599.55 650.19 681.01 684.50 684.84 684.91 684.91 684.91 684.91 684.86

4 602.19 658.24 697.39 703.39 704.12 704.27 704.29 704.29 704.29 704.20

5 604.15 662.05 707.06 715.74 717.04 717.32 717.35 717.35 717.35 717.21

6 605.72 664.02 712.95 724.21 726.22 726.67 726.74 726.74 726.74 726.54

7 607.01 665.02 716.42 730.00 733.11 733.79 733.89 733.90 733.90 734.05

8 608.09 665.63 718.47 735.66 741.94 742.88 743.04 743.06 743.06 743.35

9 609.03 666.09 719.67 740.97 748.66 749.89 750.13 750.16 750.16 750.65

10 609.83 666.51 720.37 744.82 753.87 755.41 755.74 755.78 755.79 756.51

11 610.53 666.94 720.79 747.66 757.97 759.83 760.26 760.32 760.33 761.31

12 611.15 667.40 721.04 749.77 761.23 763.40 763.95 764.03 764.04 765.31

13 611.70 667.87 721.22 751.37 763.84 766.33 766.99 767.11 767.13 768.70

14 612.18 668.36 721.35 752.60 765.96 768.75 769.54 769.69 769.72 771.60

15 612.61 668.84 721.46 753.55 767.69 770.77 771.68 771.87 771.91 774.10

16 612.99 669.31 721.57 754.29 769.11 772.45 773.49 773.73 773.78 776.28

17 613.33 669.76 721.68 754.89 770.28 773.87 775.04 775.32 775.39 778.19

18 613.63 670.19 721.79 755.37 771.25 775.07 776.36 776.69 776.78 779.86

19 613.90 670.60 721.91 755.76 772.06 776.08 777.49 777.88 777.98 781.34

20 614.23 670.98 722.02 756.08 772.73 776.94 778.47 778.91 779.03 782.64

21 614.72 671.34 722.14 756.35 773.29 777.67 779.31 779.81 779.95 783.80
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.16 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

22 615.17 671.66 722.25 756.58 773.76 778.30 780.04 780.59 780.75 784.83

23 615.57 671.96 722.36 756.77 774.16 778.83 780.66 781.27 781.46 785.74

24 615.93 672.24 722.47 756.93 774.49 779.28 781.21 781.86 782.07 786.55

25 616.26 672.49 722.57 757.07 774.76 779.67 781.68 782.38 782.62 787.26

26 616.56 672.72 722.67 757.19 774.99 779.99 782.08 782.84 783.09 787.90

27 616.82 672.92 722.76 757.28 775.18 780.27 782.43 783.23 783.51 788.46

28 617.06 673.11 722.84 757.37 775.33 780.50 782.72 783.57 783.88 788.96

29 617.28 673.27 722.92 757.43 775.46 780.69 782.98 783.87 784.20 789.40

30 617.47 673.42 722.98 757.49 775.56 780.85 783.19 784.13 784.48 789.79

31 617.65 673.55 723.04 757.53 775.63 780.98 783.38 784.35 784.72 790.12

32 617.80 673.67 723.10 757.56 775.69 781.09 783.53 784.54 784.93 790.42

33 617.95 673.77 723.14 757.58 775.73 781.17 783.65 784.69 785.11 790.67

34 618.07 673.86 723.18 757.59 775.75 781.23 783.75 784.83 785.26 790.89

35 618.18 673.94 723.21 757.59 775.76 781.27 783.83 784.93 785.39 791.07

36 618.28 674.00 723.24 757.58 775.76 781.29 783.89 785.02 785.49 791.23

37 618.37 674.06 723.26 757.56 775.75 781.30 783.93 785.09 785.57 791.35

38 618.45 674.10 723.27 757.54 775.72 781.30 783.95 785.13 785.64 791.46

39 618.52 674.14 723.28 757.51 775.69 781.29 783.96 785.17 785.68 791.54

40 618.58 674.17 723.29 757.47 775.65 781.36 784.22 785.44 785.98 791.59

41 618.63 673.68 722.59 755.80 773.81 779.53 782.39 783.80 784.48 790.24

42 618.67 673.62 722.53 755.69 773.69 779.41 782.27 783.68 784.36 790.10
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Appendix A The result of thermal simulation

Table A.16 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

43 618.71 673.56 722.48 755.57 773.57 779.28 782.15 783.56 784.25 789.96

44 618.74 673.50 722.42 755.46 773.45 779.16 782.03 783.44 784.13 789.81

45 618.76 673.44 722.35 755.34 773.33 779.04 781.90 783.32 784.01 789.67

46 618.78 673.38 722.29 755.22 773.20 778.91 781.78 783.20 783.89 789.52

47 618.79 673.32 722.23 755.10 773.07 778.78 781.65 783.07 783.76 789.36

48 618.80 673.26 722.16 754.98 772.95 778.66 781.52 782.94 783.63 789.21

49 618.80 673.19 722.10 754.85 772.82 778.53 781.39 782.82 783.51 789.05

50 618.80 673.13 722.03 754.73 772.69 778.40 781.26 782.69 783.38 788.89

51 618.80 673.06 721.97 754.61 772.56 778.26 781.13 782.55 783.25 788.72

52 618.79 672.99 721.90 754.48 772.43 778.13 781.00 782.42 783.11 788.56

53 618.78 672.92 721.83 754.36 772.30 778.00 780.87 782.29 782.98 788.39

54 618.77 672.86 721.76 754.23 772.17 777.87 780.73 782.16 782.85 788.23

55 618.75 672.79 721.70 754.10 772.04 777.74 780.60 782.02 782.72 788.06

56 618.73 672.72 721.63 753.98 771.90 777.60 780.47 781.89 782.58 787.89

57 618.71 672.65 721.56 753.85 771.77 777.47 780.34 781.76 782.45 787.72

58 618.68 672.58 721.49 753.72 771.65 777.34 780.21 781.63 782.32 787.56

59 618.66 672.50 721.42 753.60 771.52 777.22 780.08 781.50 782.19 787.40

60 618.63 672.43 721.35 753.48 771.40 777.10 779.96 781.38 782.07 787.25

61 618.60 672.36 721.28 753.36 771.28 776.98 779.85 781.27 781.96 787.11

62 618.57 672.29 721.22 753.24 771.17 776.88 779.75 781.17 781.86 786.99

63 618.53 672.22 721.15 753.14 771.08 776.80 779.68 781.10 781.79 786.89
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A.4 Exp.4: Vertical overlap weld bead thermal simulation

Table A.16 : Data surface deposition temperature (Tdep) of Exp.4 at initial temper-
ature (Tinit) = 400°C

Weld bead

position (mm)

Number of layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

0 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00

64 618.50 672.15 721.09 753.06 771.02 776.75 779.63 781.06 781.75 786.84

65 618.46 672.08 721.03 753.00 771.00 776.75 779.64 781.08 781.77 786.85

66 618.43 672.01 720.99 752.98 771.04 776.82 779.73 781.17 781.87 786.96

67 618.39 671.94 720.95 753.04 771.18 777.01 779.94 781.39 782.10 787.22

68 618.35 671.88 720.95 753.20 771.48 777.37 780.34 781.81 782.52 787.69

69 618.31 671.83 720.99 753.55 772.03 778.01 781.04 782.52 783.24 788.50

70 618.26 671.80 721.10 754.20 772.98 779.08 782.18 783.69 784.42 789.80

71 618.22 671.80 721.35 755.34 774.54 780.82 784.01 785.56 786.31 791.87

72 618.18 671.85 721.82 757.28 777.09 783.60 786.91 788.51 789.29 795.11

73 618.13 672.01 722.70 760.54 781.21 788.04 791.51 793.17 793.98 800.15

74 618.09 672.39 724.29 766.01 787.85 795.08 798.76 800.50 801.35 807.97

75 618.04 673.21 729.13 775.11 798.48 806.23 810.16 812.00 812.90 820.07

76 617.99 674.97 740.21 790.21 815.50 830.33 837.80 839.77 841.10 838.85

77 617.95 678.82 760.15 815.36 842.93 858.96 866.98 870.70 872.53 868.31

78 617.90 687.45 796.44 857.79 887.88 904.96 913.47 917.47 919.43 915.41

79 617.85 716.31 863.93 931.35 963.75 981.24 989.94 994.18 996.26 993.23

80 617.80 815.76 978.31 1048.84 1082.22 1087.21 1089.50 1093.84 1095.97 1112.56
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Appendix A The result of thermal simulation

Table A.17 : Average surface temperature deposition (Tdep) and standard deviation
(σ) of Exp.4: Vertical overlap weld bead

Tinit 100°C 200°C 300°C 400°C

Number of layers Tdep σ Tdep σ Tdep σ Tdep σ

L1 538.80 6.79 581.13 5.97 602.53 1.69 617.05 2.47

L2 599.06 1.97 609.96 0.85 635.33 2.36 672.19 1.85

L3 620.37 1.76 652.92 1.39 686.87 0.94 722.03 0.79

L4 644.29 2.29 676.39 1.90 709.68 3.79 754.89 5.01

L5 655.36 3.75 687.21 3.28 720.21 2.74 772.08 4.12

L6 660.43 4.84 692.20 4.45 725.28 3.79 777.15 5.01

L7 662.77 5.58 694.50 5.22 727.62 4.50 779.49 5.61

L8 663.82 6.02 695.54 5.66 728.66 4.92 780.53 5.95

L9 664.28 6.25 696.01 5.88 729.13 5.13 781.00 6.12

L10 664.58 6.65 696.21 5.99 728.83 5.17 785.73 7.40
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Appendix B

The result of experiment produce

B.1 Design of experiment Exp.2: Single weld bead
on cylinder substrate

Figure B.1.1 : Design of experiment of single weld bead on cylinder substrate

B.2 The result of Exp.2: Single weld bead on
cylinder substrate at Tinit 25°C, 100°C, 200°C,
300°C and 400°C
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Appendix B The result of experiment produce

Figure B.2.1 : The result of Exp.3: single weld bead on cylinder substrate at
Tinit=25°C

Figure B.2.2 : The result of Exp.3: single weld bead on cylinder substrate at
Tinit=100°C
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B.2 The result of Exp.2: Single weld bead on cylinder substrate at Tinit 25°C,
100°C, 200°C, 300°C and 400°C

Figure B.2.3 : The result of Exp.3: single weld bead on cylinder substrate at
Tinit=200°C

Figure B.2.4 : The result of Exp.3: single weld bead on cylinder substrate at
Tinit=300°C
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Appendix B The result of experiment produce

B.3 Design of experiment Exp.3: Lateral overlap
weld beads

Figure B.3.1 : Design of experiment of lateral overlap weld bead
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B.4 Design of experiment Exp.4: Vertical overlap weld beads

B.4 Design of experiment Exp.4: Vertical overlap
weld beads

Figure B.4.1 : Design of experiment of vertical overlap weld bead
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Appendix B The result of experiment produce

B.5 The result of Exp.4: Vertical overlap weld beads
at Tinit 100°C, 200°C and 300°C

Figure B.5.1 : The result of Exp.4: Vertical overlap weld bead at Tinit= 100°C
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B.5 The result of Exp.4: Vertical overlap weld beads at Tinit 100°C, 200°C and
300°C

Figure B.5.2 : The result of Exp.4: Vertical overlap weld bead at Tinit= 200°C

Figure B.5.3 : The result of Exp.4: Vertical overlap weld bead at Tinit= 300°C
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Appendix C

MLP Regression in Python

C.1 Import library
We have imported all of the necessary modules, such as MLP Regressor, metrics,
and data sets. Then, using Limited-memory Broyden–Fletcher–Goldfarb–Shanno
(L-BFGS) algorithm or stochastic gradient descent, this model optimizes the R2

score [? ] as show in Figure C.1.1.

Figure C.1.1 : Import library in Python

Setting up the data for MLP Regressor

We have imported the weld bead shape data set from storage, with the input data
in X and the output in y. We have used train_test_split to split the data set into
two parts such that 20% of the data is in testing and the training data is 80% as
shown in Figure C.1.2.

Figure C.1.2 : Setting up the data for MLP Regressor in Python
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Appendix C MLP Regression in Python

Using MLP Regressor and calculating the scores

We created a model object and fitted the training data. Then we utilized the testing
data to put the model to the test by predicting the model output for the testing
data. We utilize the R2 score to calculate additional model scores by providing the
expected and predicted values of the testing set output as shown in Figure C.1.3.
The details are as follows:

Parameters:

• atv = activation function for the hidden layer.

• random_state = Determines random sample generation for weights and bias.

• hidden_layer_size = Number of hidden layer and number of neurons in hidden
layers.

• max_iter = This number of iterations.

• solver = The weight optimization of solver.

• tol = Tolerance for optimization.

• n_iter_no_change = Maximum number of epochs.

Methods:

• fit(X,y) = Fit the model to data matrix X and output y.

• predict(X) = Predict using the multi-Layer perceptron model.

• score(X,y[sample_weight]) = Return the coefficient of determination (R2) of
the prediction.

206



C.1 Import library

Figure C.1.3 : Using MLP Regressor and calculating the scores in Python
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Appendix C MLP Regression in Python

C.2 The MLP regression results of training and
testing set

Table C.1 : Comparison of experiment and predicted results
Data Output

set Index Tdep W F S T S Rsub r r − pred Error h h − pred Error

No. (°C) (m/min) (m/min) (mm) (mm) (mm) (%) (mm) (mm) (%)

Training

set: 35

samples

1 597.66 5 0.6 4 2.52 2.63 4.25% 1.34 1.07 20.00%

6 447.5 5 0.6 10 1.87 1.73 7.49% 2.09 2.06 1.46%

24 587.48 5 0.6 6 2.7 3.05 12.94% 0.96 0.96 0.31%

12 597.54 5 0.6 4.5 2.73 2.91 6.69% 1.04 0.96 7.31%

37 576.54 5 0.6 17.5 2.51 2.65 5.45% 1.78 1.80 1.19%

41 602.3 5 0.6 12.5 3.85 3.45 10.27% 1.23 1.16 5.42%

29 530.89 5 0.6 17.5 2.18 2.36 8.10% 2.04 2.04 0.21%

30 631.75 5 0.6 4.5 3.66 3.59 1.89% 0.31 0.71 128.88%

31 610.49 5 0.6 5 3.8 3.46 9.02% 0.33 0.76 129.97%

21 625.18 5 0.6 4 3.62 3.17 12.36% 0.44 0.87 97.10%

7 436.21 5 0.6 12.5 1.82 1.69 7.13% 2.27 2.25 0.78%

20 696.28 5 0.6 3.5 3.99 4.29 7.62% 0.93 0.45 51.92%

43 601.14 5 0.6 17.5 3.38 3.32 1.75% 1.58 1.50 4.80%

3 535.98 5 0.6 5 2.02 2.23 10.31% 1.63 1.33 18.11%

39 607.83 5 0.6 8 4.25 3.73 12.14% 0.72 0.79 9.71%

27 535.38 5 0.6 12.5 2.13 2.32 8.96% 1.81 1.74 3.72%

16 491.51 5 0.6 10 2.08 2.01 3.38% 1.81 1.83 1.28%

0 638.29 5 0.6 3.5 3.33 3.14 5.57% 0.79 0.88 11.20%

4 515.07 5 0.6 6 2.02 2.11 4.36% 1.52 1.50 1.56%

14 546.61 5 0.6 6 2.44 2.31 5.38% 1.15 1.33 16.01%

40 603.98 5 0.6 10 3.6 3.56 1.10% 1.08 0.98 9.57%

25 555.4 5 0.6 8 2.52 2.39 5.15% 1.39 1.40 0.50%

15 510.72 5 0.6 8 2.22 2.11 5.13% 1.55 1.63 4.94%

36 577.44 5 0.6 15 2.56 2.62 2.36% 1.72 1.66 3.40%

35 580.64 5 0.6 12.5 2.69 2.69 0.13% 1.54 1.49 3.55%

9 427.98 5 0.6 17.5 1.76 1.70 3.28% 2.47 2.56 3.83%

32 604.71 5 0.6 6 3.15 3.66 16.20% 0.71 0.71 0.44%

33 594.04 5 0.6 8 2.92 3.25 11.13% 1.13 0.99 11.95%
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C.3 Case study validation

Table C.1 : Comparison of experiment and predicted results
Data Output

set Index Tdep W F S T S Rsub r r − pred Error h h − pred Error

No. (°C) (m/min) (m/min) (mm) (mm) (mm) (%) (mm) (mm) (%)

22 609.75 5 0.6 4.5 2.99 3.15 5.51% 0.85 0.87 2.73%

19 427.98 5 0.6 17.5 1.79 1.70 4.90% 2.42 2.56 5.98%

17 482.68 5 0.6 12.5 1.9 1.99 4.51% 2.1 2.01 4.12%

38 620.89 5 0.6 6 4.99 4.23 15.15% 0.31 0.47 50.45%

34 585.51 5 0.6 10 2.69 2.91 8.01% 1.39 1.25 9.99%

28 531.9 5 0.6 15 2.16 2.33 7.91% 1.94 1.90 2.29%

2 576.45 5 0.6 4.5 2.49 2.49 0.18% 1.34 1.12 16.35%

Testing

set: 9

samples

8 429.88 5 0.6 15 1.79 1.68 6.02% 2.37 2.42 2.10%

11 607.03 5 0.6 4 2.77 2.81 1.55% 0.88 1.00 13.89%

26 541.59 5 0.6 10 2.31 2.33 0.79% 1.65 1.58 4.49%

42 601.38 5 0.6 15 3.65 3.38 7.52% 1.44 1.34 7.03%

18 477.75 5 0.6 15 1.95 1.99 1.87% 2.14 2.17 1.58%

13 566.81 5 0.6 5 2.56 2.42 5.30% 0.76 1.18 54.78%

23 598.04 5 0.6 5 3.02 3.21 6.31% 0.80 0.85 6.44%

10 662.23 5 0.6 3.5 3.25 3.62 11.36% 0.50 0.70 40.08%

5 468.43 5 0.6 8 1.92 1.84 4.31% 1.86 1.84 0.87%

Avg. error (%) 6.38% 17.55%

C.3 Case study validation

C.3.1 Thermal simulation of case study

Table C.2 : Average surface temperature deposition (Tdep) of validation part

Direction L –> R R–> L

Number of

layer

Tdep (°C) Number of layer Tdep (°C)
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Appendix C MLP Regression in Python

Table C.2 : Average surface temperature deposition (Tdep) of validation part

Direction L –> R R–> L

Number of

layer

Tdep (°C) Number of layer Tdep (°C)

L1 468.71 L2 611.29

L3 607.32 L4 667.70

L5 638.08 L6 733.34

L7 673.81 L8 788.80

L9 709.13 L10 836.23

L11 749.29 L12 875.06

L13 788.40 L14 906.18

L15 819.61 L16 930.91

L17 844.35 L18 950.50

L19 863.92 L20 965.97

L21 879.37 L22 978.21

L23 891.60 L24 987.89

L25 901.30 L26 995.59

L27 909.03 L28 1001.73

L29 915.21 L30 1006.66

L31 920.17 L32 1010.63

L33 924.19 L34 1013.84

L35 927.44 L36 1016.45

L37 930.10 L38 1018.59

L39 932.27 L40 1020.34

L41 934.06 L42 1021.78

L43 935.54 L44 1022.98

L45 936.76 L46 1023.97
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C.3 Case study validation

Table C.2 : Average surface temperature deposition (Tdep) of validation part

Direction L –> R R–> L

Number of

layer

Tdep (°C) Number of layer Tdep (°C)

L47 937.78 L48 1024.80

L49 938.63 L50 1025.49

L51 939.34 L52 1026.07

L53 939.95 L54 1026.58

L55 940.47 L56 1027.01

L57 940.95 L58 1027.40

L59 941.41 L60 1027.77

C.3.2 Prediction weld bead shape of case study

Table C.3 : Cause study validation result
Input Prediction output

No. Tdep W F S T S Rsub r h

(C°) (m/min) (m/min) (mm) (mm) (mm)

L1 503.19 5 0.60 flat 1.77 3.17

L2 611.29 5 0.60 1.77 2.44 1.12

L3 607.32 5 0.60 2.44 2.44 1.14

L4 667.70 5 0.60 2.44 3.12 0.89

L5 638.08 5 0.60 3.12 2.92 0.96

L6 733.34 5 0.60 2.92 4.69 0.30

L7 673.81 5 0.60 4.69 4.53 0.36

L8 788.80 5 0.60 4.53 6.72 -0.47

L9 709.13 5 0.60 6.72 6.40 -0.35

L10 836.23 5 0.60 6.40 8.74 -1.23

L11 749.29 5 0.60 8.74 8.36 -1.09

L12 875.06 5 0.60 8.36 10.64 -1.94

L13 788.40 5 0.60 10.64 10.09 -1.72
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Table C.3 : Cause study validation result
Input Prediction output

No. Tdep W F S T S Rsub r h

(C°) (m/min) (m/min) (mm) (mm) (mm)

L14 906.18 5 0.60 10.09 12.25 -2.55

L15 819.61 5 0.60 12.25 11.16 -2.08

L16 930.91 5 0.60 11.16 13.36 -2.97

L17 844.35 5 0.60 13.36 12.02 -2.38

L18 950.50 5 0.60 12.02 14.24 -3.30

L19 863.92 5 0.60 14.24 12.70 -2.61

L20 965.97 5 0.60 12.70 14.94 -3.56

L21 879.37 5 0.60 14.94 13.23 -2.80

L22 978.21 5 0.60 13.23 15.48 -3.77

L23 891.60 5 0.60 15.48 13.66 -2.94

L24 987.89 5 0.60 13.66 15.92 -3.93

L25 901.30 5 0.60 15.92 13.99 -3.06

L26 995.59 5 0.60 13.99 16.27 -4.06

L27 909.03 5 0.60 16.27 14.26 -3.15

L28 1001.73 5 0.60 14.26 16.54 -4.17

L29 915.21 5 0.60 16.54 14.47 -3.23

L30 1006.66 5 0.60 14.47 16.76 -4.25

L31 920.17 5 0.60 16.76 14.65 -3.29

L32 1010.63 5 0.60 14.65 16.95 -4.32

L33 924.19 5 0.60 16.95 14.78 -3.33

L34 1013.84 5 0.60 14.78 17.08 -4.37

L35 927.44 5 0.60 17.08 14.90 -3.37

L36 1016.45 5 0.60 14.90 17.20 -4.42

L37 930.10 5 0.60 17.20 14.99 -3.41

L38 1018.59 5 0.60 14.99 17.30 -4.45

L39 932.27 5 0.60 17.30 15.06 -3.43

L40 1020.34 5 0.60 15.06 17.37 -4.48

L41 934.06 5 0.60 17.37 15.13 -3.45

L42 1021.78 5 0.60 15.13 17.44 -4.51

L43 935.54 5 0.60 17.44 15.18 -3.47
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C.3 Case study validation

Table C.3 : Cause study validation result
Input Prediction output

No. Tdep W F S T S Rsub r h

(C°) (m/min) (m/min) (mm) (mm) (mm)

L44 1022.98 5 0.60 15.18 17.50 -4.52

L45 936.76 5 0.60 17.50 15.22 -3.48

L46 1023.97 5 0.60 15.22 17.54 -4.54

L47 937.78 5 0.60 17.54 15.25 -3.50

L48 1024.80 5 0.60 15.25 17.57 -4.55

L49 938.63 5 0.60 17.57 14.93 -3.35

L50 1025.49 5 0.60 14.93 17.40 -4.49

L51 939.34 5 0.60 17.40 15.31 -3.53

L52 1026.07 5 0.60 15.31 17.63 -4.58

L53 939.95 5 0.60 17.63 15.33 -3.52

L54 1026.58 5 0.60 15.33 17.65 -4.58

L55 940.47 5 0.60 17.65 15.35 -3.53

L56 1027.01 5 0.60 15.35 17.67 -4.59

L57 940.95 5 0.60 17.67 15.36 -3.54

L58 1027.40 5 0.60 15.36 17.69 -4.60

L59 941.41 5 0.60 17.69 15.38 -3.54

L60 1027.77 5 0.60 15.38 17.71 -4.60

213






	Acknowledgements
	Remerciements
	Contents
	List of Figures
	List of Tables
	Introduction
	Context
	Problematic
	Scientific and technical issue

	1 Literature review
	1.1 Influence of process parameters on the weld bead shape
	1.1.1 Welding parameters
	1.1.2 Deposition trajectory

	1.2 Weld beads modeling
	1.3 Thermal simulation

	2 Design of Experiment and procedure
	2.1 Geometry of deposition surface
	2.1.1 Equipment
	2.1.2 Material properties
	2.1.3 Process parameters

	2.2 Thermal simulation
	2.2.1 Thermal simulation of single weld bead deposited on flat substrates
	2.2.2 Thermal simulation of single weld beads deposited on cylinder substrates
	2.2.3 Thermal simulation of lateral overlap weld bead
	2.2.4 Thermal simulation of vertical overlap weld bead

	2.3 Experimental procedure
	2.3.1 Experimental procedure of single weld bead on flat substrate
	2.3.2 Experimental procedure of single weld bead on cylinder substrate
	2.3.3 Experimental procedure of lateral overlap weld beads
	2.3.4 Experimental procedure of vertical overlap weld beads


	3 Geometrical identification
	3.1 Acquisition of numerical models of weld beads through 3D-scan correct
	3.2 Cross-section profile measurement
	3.3 Weld bead cross-section modeling
	3.3.1 Obtaining the representative dimensions of weld bead cross-sections

	3.4 First discussions on weld bead shape evolutions
	3.4.1 Contribution of Exp.1
	3.4.2 Contribution of Exp.2
	3.4.3 Contribution of Exp.3
	3.4.4 Contribution of Exp.4


	4 Interpolation & Validation
	4.1 Data collection
	4.2 Artificial Neural Network (ANN) and Multi-Layers Perceptron (MLP) model creation
	4.3 Training & Learning process
	4.4 Interpolation analysis
	4.4.1 Training procedure

	4.5 Validation

	Conclusion & Perspectives
	Conclusion
	Perspectives

	 Bibliography
	 Appendix
	A The result of thermal simulation
	A.1 Exp.1: Single weld bead on substrate thermal simulation
	A.1.1 Thermal simulation of single weld bead deposited on flat substrates data

	A.2 Exp.2: Single weld bead on cylinder substrate thermal simulation
	A.2.1 Thermal simulation process of Exp.2
	A.2.2 Thermal simulation of single weld beads deposited on cylinder substrates at Tinit = 25°C, 100°C, 200°C, 300°C
	A.2.3 Thermal simulation of single weld beads deposited on cylinder substrate data

	A.3 Exp.3: Lateral overlap weld bead thermal simulation
	A.3.1 Thermal simulation process of Exp.3
	A.3.2 Thermal simulation of lateral overlap weld bead at Tinit = 200°C and 300°C
	A.3.3 Thermal simulation of lateral overlap weld bead data

	A.4 Exp.4: Vertical overlap weld bead thermal simulation
	A.4.1 Thermal simulation process of Exp.4
	A.4.2 Thermal simulation of vertical overlap weld bead at Tinit = 100°C, 200°C and 300°C
	A.4.3 Thermal simulation of vertical overlap weld bead data


	B The result of experiment produce
	B.1 Design of experiment Exp.2: Single weld bead on cylinder substrate
	B.2 The result of Exp.2: Single weld bead on cylinder substrate at Tinit 25°C, 100°C, 200°C, 300°C and 400°C
	B.3 Design of experiment Exp.3: Lateral overlap weld beads
	B.4 Design of experiment Exp.4: Vertical overlap weld beads
	B.5 The result of Exp.4: Vertical overlap weld beads at Tinit 100°C, 200°C and 300°C

	C MLP Regression in Python
	C.1 Import library
	C.2 The MLP regression results of training and testing set
	C.3 Case study validation
	C.3.1 Thermal simulation of case study
	C.3.2 Prediction weld bead shape of case study



