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Abstract

Recently, X65 carbon steel pipes internally clad with a thin Inconel625 alloy lining are highly used.
However, during welding the Inconel625 lining in the root pass, the weld bead is uneven. To avoid
weld defects in the successive passes, an additional grinding procedure is always required to flatten the
weld bead. It is known that as an indispensable component in GMAW, the shielding gas can protect
the liquid metal from oxidation and defects in the atmosphere. The shielding gas composition greatly
determines the characteristics of the welding arc which plays a significant role in the heat, mass
transfer during welding and flow motion in the weld pool. It is proposed that the uneven weld bead can
possibly be improved by changing the shielding gas composition during welding the Inconel625 lining.
Therefore, it is necessary to study the effect of shielding gas composition on the weld bead geometry

during short-circuit gas metal arc welding (GMAW) of Inconel625 alloy.

In this research, short-circuit GMAW of the Inconel625 lining was reproduced in a laboratory scale.
Three kinds of gas, argon (Ar), helium (He) and carbon dioxide (CO;) were considered and two types
of experimental configurations, bead-on-plate welding and U-shaped groove butt welding were
performed. It was found that the shielding gas composition could make a great influence on the arc
voltage, power of the heat source (welding arc), flow motion in the weld pool and the resultant
geometry of the weld bead. For the Ar-He shielding gas mixtures, the arc voltage is increased as the
He content is increased, which is attributed that the ionisation potential of He is higher than that of Ar.
As a consequence, with an increase of the He content, the heat source (the welding arc) becomes more
powerful and more heat is transferred to the workpiece. A larger fusion area is created. For the Ar-CO,
shielding gas mixtures, it was found that adding 3.3% CO, to Ar could raise the arc voltage and lead to
a more powerful welding arc. More importantly, the presence of oxygen which is dissociated from
CO- can largely reduce the surface tension of the liquid metal. The temperature gradient of the surface
tension can be changed from negative to positive and the direction of the Marangoni convection which
is driven by the surface tension force will be changed from outward and upward to inward and
downward. The efficiency of the heat transfer from the surface of the weld pool to the bottom is
greatly enhanced. Consequently, addition of 3.3% CO- to Ar can deepen the penetration and enlarge

the fusion area.
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Chapter 1. General introduction

1.1 Thesis description

In the aerospace, offshore, defence and transportation industries, application of Corrosion Resistant
Alloys (CRAS) has rapidly grown. Due to superior corrosion resistance, CRAs protect metal assets in
production, exploration, refineries, and processing plants against aggressive environments. In the
offshore oil and gas industry, the CRA pipes are also serving a more and more important role.
Recently, Allseas Engineering B.V. uses the X65 carbon steel pipes internally clad with a thin
Inconel625 alloy (a kind of CRAS, more details in Section 2.5) lining to provide a highly economical
alternative to the solid CRA pipes. In the pipeline production, multi-pass welding is performed.
During welding the Inconel625 lining in the root pass, it is caused that the shape of the weld bead is
uneven (Figure 1-1). In order to avoid weld defects in the successive passes, an additional grinding

procedure is required to flatten the weld bead, which is expensive and time-consuming.

Cross section of
weld bead

X65 pipe clad with  wem

Inconel625

Figure 1-1 The cross section of the weld bead during welding Inconel625 lining in the root pass. This
picture is provided by Allseas Engineering B.V..

Featuring a high material deposition rate and a high welding speed, gas metal arc welding (GMAW) is
highly used in the pipeline construction [1, 2]. As an indispensable component in GMAW, shielding
gas can protect the liquid metal from oxidation and defects in the atmosphere. The shielding gas
composition greatly determines the properties of the welding arc which has a significant influence on
heat transfer, metal transport and liquid flow motion in the weld pool during welding [3-7]. The
resultant shape of the weld bead can be affected to some extent. Therefore, it is proposed whether the



uneven weld bead during the root-pass welding of the Inconel625 lining can be flattened by changing
the shielding gas composition. If it works, the additional grinding procedure can be eliminated. To
verify the feasibility of this approach, the effects of the different shielding gases on welding need to be
revealed. In fact, extensive studies of the effects of the shielding gas on the welding arc, the liquid
droplets transfer and the weld pool dynamics have been accomplished in the past decades. However,
most of research was focused on welding steel and the effect of the shielding gas on welding

Inconel625 alloy was limitedly investigated. Above all, it is necessary to carry out this research.

The highlight of this research focuses on three aspects. First of all, three kinds of shielding gases,
argon (Ar), helium (He) and carbon dioxide (CO,) are investigated. To sufficiently reveal the effects
of these three gases, Ar, He and CO; should be studied separately. Secondly, during GMA welding of
the Inconel625 lining the short-circuit metal transfer mode is employed. It should be mentioned that in
GMAW, three metal transfer modes exist (short-circuit transfer, globular transfer and spray transfer)
and the short-circuit metal transfer mode is characterised by a frequent contact between the welding
wire and the workpiece. Unlike the relatively stable current and voltage in the globular transfer and the
spray transfer, the welding current and voltage in the short-circuit mode is periodically changed which
increases the complexity of research. Thirdly, welding the Inconel625 lining in offshore is reproduced
in a laboratory scale. To realise it, two simplifications are made:

1) In practice, the pipes are welded in 5G position (pipes are fixed horizontally and welding is
done overhead, vertical and flat with a full transition of all positions) (Figure 1-2). As the
position is changed, the welding parameters keeps changing to maintain an optimal welding
condition. For simplicity, only the twelve-o’clock location (the flat position) is reproduced. It
is achieved by using the Inconel625 plates in the same thickness of the Inconel625 lining to
simulate welding the pipes. The welding parameters used are the parameters specific to the
twelve-o’clock location for welding the pipes.

2) As shown in Figure 1-1, the majority of the weld bead remains in the region of Inconel625
lining and the X65 pipe acts as heat sink in the root pass. During the butt welding experiments,

a X65 metal block should be placed on the Inconel625 plate.



Figure 1-2 Schematic presentation of 5G welding [1, 2].

1.2 Research goals and approaches

The primary objective of this research is to study the effect of the shielding gas composition on the
weld bead geometry during short-circuit GMAW of Inconel625 alloy. Three underlying questions
emerge:

1) Whether the shielding gas composition can influence the welding parameters such as welding
current, arc voltage and heat input and affect the short-circuit transfer parameters such as the
short-circuit time, the arc time and the short-circuit frequency.

2) Whether the shielding gas composition can influence the thermophysical properties of the arc
plasma, for instance of the electrical conductivity.

3) Whether the shielding gas composition can affect the flow motion of the liquid metal in the

weld pool.

To address these questions, this research is carried out in three approaches. In the first step, to obtain a
basic understanding of GMAW process, the preliminary bead-on-plate welding is performed. The
shielding gas used is Ar and the wire feed rate is varied. It should be clarified that as a key welding
parameter, the wire feed rate makes a significant influence on the manner of short-circuit metal
transfer mode. Before investigating the shielding gas, the features of short-circuit GMA welding of
Inconel625 alloy must be understood. In the second step, the bead-on-plate welding in He and the
mixtures of Ar and CO; is carried out in the completely same welding conditions with that in the first
step. After the second step, the effects of Ar, He and CO, on welding Inconel625 alloy can be
generally disclosed. In the third step, the welding configuration is changed to the butt welding with a
U-shaped groove, the dimension of which is the same with the Inconel625 lining of the pipe. In this

step, the shielding gas composition is the unique variable and several gas mixtures are tested.



1.3 Outline of the thesis

The outline of the thesis is as follows. In chapter 2, the gas metal arc welding and its short-circuit
metal transfer mode are described. The physics of arc plasma and the mechanism of the flow motion in
the weld pool are introduced. Besides, a brief introduction of Inconel625 alloy is given. In chapter 3,
the experimental procedure, equipment and the welding conditions are provided. In chapter 4, the
results obtained from the experiments are presented. Chapter 5 mainly explains the experimental
results and discusses the research questions. Finally, the general conclusions and recommendations for

the future work are presented in chapter 6.



Chapter 2. Background

In this chapter, the fundamentals of gas metal arc welding and especially the short-circuit metal
transfer mode are described. An introduction to the shielding gas, arc plasma and flow motion in the

weld pool is provided. Besides, the basic information of Inconel625 alloy is presented.

2.1 Gas metal arc welding

Gas metal arc welding (GMAW), which is also known as metal inert gas (MIG) or metal active gas
(MAG) welding, is being widely applied for joining metals in industry. In this process, an arc plasma
is created between a continuously feed wire and a workpiece [3]. Both the arc plasma and the liquid
weld pool are protected from the air by a shielding gas. During GMAW, the heat produced by the arc
plasma and marginally by Joule heating of the electrode extension is consumed by melting the wire
and the workpiece. The welding equipment and an enlarged welding area are schematically shown in
Figure 2-1. It should be mentioned that for GMAW, a direct current is normally employed with a
positive wire electrode (DCEP) [6].

Flow meter\ﬂ_I ({ Regulator

Wire - \' /g\

Wire drive  reel

& control
Wire
electrode

Welding

direction Gun

)V
“W—\S © ©
orkpiece Power Shielding
Cable 1| Source Hgas
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Cable 2
. Wire electrode
Shleldér;g Contact tube
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Shielding '«— Shielding gas
gas nozzle e
dMet;alt \‘>2§ Arc
rople
ST —
Weld
o 4 P, = metal
7 7
Base metal Weld pool

Figure 2-1 Schematic presentation of GMAW [6].



2.1.1 Principles of operation

A feature of GMAW is that the feed wire is deposited to the weld pool in the form of liquid droplets.
The mode of the droplet transport mainly depends on welding conditions, especially the welding
current and the arc voltage. Three major modes exist in GMAW which are the short-circuit transfer
(also known as dip transfer), globular transfer, and spray transfer (Figure 2-2). In the case of a low
welding current and a low arc voltage, the short-circuit transfer occurs [6]. It is characterised by a
regular contact between the electrode and the workpiece. During the contact (the short-circuit period),
the arc is extinguished and a liquid bridge is formed between the electrode and the workpiece. When
the liquid bridge ruptures, the metal transfer is completed and the welding arc reignites. This marks the

beginning of the arc period [1]. More details on short-circuit transfer are presented in Section 2.2.
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Figure 2-2 Schematic illustration of metal transfer modes in different welding conditions [8].

The globular transfer encompasses a low current but a high arc voltage. A large liquid droplet is
formed at the tip of the electrode [9]. This feature can be attributed to a low wire feed rate and a long
welding arc. The droplet is provided with the sufficient space to grow and is finally detached by
gravity. Accordingly, spatter loss can be severe and the process stability is poor. The application of

this transfer mode is very limited in practice [8].

When the current increases above a critical value (spray transition current), spray transfer occurs. In
this mode, the small discrete droplets are formed and travel across the arc at a much higher frequency
and speed relative to the globular transfer [9]. This transfer mode is stable and spatter free. The
welding current and the arc voltage are in such a high level that the heat input is relatively high. The
spray transfer is commonly used for welding thick sections [1]. To overcome the thickness limitation
of the workpiece in the spray transfer, pulsed gas metal arc welding (P-GMAW) is designed. The
welding current of this process is switched regularly between a low background current and a

superimposed pulsing current (higher than the spray transition current) (Figure 2-3). The low



background current is used to sustain the arc, while the high pulsing current causes one or more
droplets to be formed and transferred [10, 11]. Therefore, the stable spray transfer can be applied at a
low average current level. Compared with the short-circuit transfer and the globular transfer, P-
GMAW offers a much lower spatter level [12].
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Figure 2-3 The current characteristics of Pulsed-GMAW [1].

2.1.2 Process variables
Wire feed rate

The amount of material deposited in the weld pool depends on the wire feed rate which is equal to the
average wire melting rate under a stable welding condition. For various feeding wire, the empirical
relationship between the wire feed rate and the average welding current has been obtained. For
example of the 300-series stainless steel wire, it can be seen in Figure 2-4 that a positive correlation
exists between the wire feed rate and the welding current. Moreover, a larger wire diameter requires an

increased current when the wire feed rate is constant.
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Figure 2-4 Burn-off characteristics for 300-series stainless steel wire [3].



However, it should be clarified that the welding current determines the wire melting rate (MR) rather
than the wire feed rate. The relationship between the instantaneous MR and the instantaneous current

can be expressed as [1]

g
MR = al + ﬁT (2.1)

where | is the welding current (A), | is the electrode or wire extension (mm) (the distance between the
end of the contact tip and the end of the electrode), a is the cross-section area of the wire (mm?), a and
/3 are constants. In equation 2.1, the first term is attributed to the arc heating effect and the second term

represents the Joule heating of the electrode extension.

Arc voltage

A welding arc is developed between the feeding wire and the top surface of the workpiece. The
voltage drop in the arc, termed arc voltage, greatly influences the amount of power input. It should be
noted that arc voltage is nonlinearly distributed along the arc. It is commonly divided into three
regions which are cathode sheath, arc column and anode sheath (Figure 2-5) [13]. The anode sheath
and the cathode sheath are extremely thin but employing a high voltage drop. In practice, the arc
voltage is bound up with the arc length, a critical parameter which should be carefully controlled. On
the one hand, a long welding arc leads to large droplets forming at the tip of wire and the spatter loss
can dramatically rise. On the other hand, an excessively short arc may cause the wire stubbing into the

weld pool [3]. More details on the welding arc are provided in Section 2.3.
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Figure 2-5 Schematic presentation of the anodic region, the arc column, and the cathodic region [13].



Travel speed and heat input

Travel/welding speed is the linear velocity at which the welding arc moves along the workpiece.
Incorporating the travel speed with the welding current and voltage, the heat input (the amount of heat

entering the workpiece per unit length of weld pool) to the joint can be calculated by [14]

twe
Joru-1-dt (2.2)
H=my =5

where U is the arc voltage (V), I is the welding current (A), n,, is the efficiency of heat source, t,,¢;4 is
the welding time (s) and D is the welding distance (mm). As the travel speed increases and other
parameters are maintained, the heat input is reduced. A shallow penetration and a small fusion zone
can be expected. On the contrary, if the travel speed is very low, the high heat input may cause the
workpiece burned through [15-17].

Torch orientation and weld joint position

The welding torch can normally be fixed in three orientations, i.e. forehand (pushing), perpendicular
and backhand (dragging) which can affect the weld bead geometry. Compared with the backhand
welding, the forehand welding can produce a wider but shallower weld bead (Figure 2-6) [3]. Besides,
several practical weld joint positions are tabulated in Table 2-1. Four basic welding positions are flat,
horizontal, vertical and overhead. Welding the pipelines can experience the transition from one

position to another due to its round shape [18].
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Figure 2-6 Influence of the torch orientation on the weld bead geometry [3].



Table 2-1 Welding positions for the plate and the pipeline [18].

Plate Pipeline
Flat position 1 Pipe is in horizontal position and rolled.
] . Pipe is fixed in vertical position.
Horizontal position 2 o )
Welding is done horizontally.
Pipe is fixed in horizontal position.
Vertical position 5 Welding is done overhead, vertical, and
flat with a full transition of all positions.
Overhead position 6 Pipe is fixed in 45° position.
Fillet weld R Pipe is fixed in the restricted position.
Groove weld ForG Fillet or groove.

2.1.3 Shielding gas

In the presence of oxygen at high temperature, metal rapidly oxidises and defects such as slag
inclusion and porosity can be caused. To protect the liquid metal from contaminants in the air, a
shielding gas is applied. Besides, the shielding gas determines the thermophysical property of the
welding arc which has a great influence on heat and mass transfer, weld bead geometry and the
mechanical properties of the welds [7, 19-24]. The shielding gas composition is an important
parameter in arc welding. Depending on material and dimension of the workpiece to be welded, argon,
helium, carbon dioxide, and mixtures of them are frequently used [1]. Their basic properties are shown
in Table 2-2.

Table 2-2 Basic properties of the shielding gases [25].

Argon Helium Carbon Dioxide
Atomic number 18 2 -
Molecular weight (g/mol) 39.95 4.00 44.01
Density (kg/m?®) at 0°C
y (kg/m) 1.78 0.18 1.98
and 1.01 bar, air=1.29
First ionisation energy
15.75 24.58 13.78
(eV)
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Approximately one percent of the atmosphere is composed of argon (Ar) which is colourless,
odourless and nontoxic. Relative to other shielding gases, Ar can be easily ignited during welding due
to a low ionisation potential and its inertness leads to no chemical reaction with metals. Hence, it
commonly serves as the basic gas in the shielding gas mixture. Nevertheless, a disadvantage of using
pure Ar as the shielding gas is the low heat flux to the workpiece [5, 26]. During welding the thick
workpieces or metals with high thermal conductivity, lack of penetration may occur.

High heat input can be achieved by using helium (He) or mixture of Ar and He as the shielding gas.
Compared with Ar, He generates a more contracted arc plasma with a higher power density [4, 5, 27,
28]. The main reason is that the ionisation potential of helium is much larger than that of argon. The
higher ionisation potential requests a greater power input to ignite and sustain the arc plasma. Larger
fusion area and a higher welding speed can be achieved [5]. However, in comparison with Ar, He is
more expensive and due to its low density He requests a higher gas flow rate to ensure proficient
shielding effect [3].

Carbon dioxide (CO,) is chemically reactive at high temperature, which is mainly used in welding
steel [6]. CO, molecules can dissociate and release carbon monoxide and free oxygen atoms. The
dissociation energy is 5.5 eV [29]. The presence of oxygen substantially decreases the surface tension
of the liquid metal. This can change the direction of the Marangoni convection to deepen the weld
pool [30-32]. The high content of CO- can produce heavy welding fume and cause the airborne issue
[3, 33]. Another shortcoming of using CO; is that the metal transfer can become irregular and severe

spatter may arise [14, 34].

2.2 Short-circuit gas metal arc welding

Short-circuit gas metal arc welding (S-GMAW) encompasses a low range of welding current and
voltage. The low heat input makes it mainly used for joining the thin sections, out-of-position welding
and bridging root openings [3]. A feature of this process is the periodical contact between the
feeding wire and the workpiece (Figure 2-7). During the arc period, the arc plasma is formed and
the length decreases continuously for the reason that the wire is fed at a faster rate than it is melted.
When the droplet on the tip of the electrode contacts the weld pool, the arc is extinguished and a
liquid bridge emerges which marks the beginning of short-circuit period [35, 36]. The current
rises immediately but the voltage descends to a low level. The liquid droplet is transported from
the wire to the weld pool. The short-circuit period ends up with the explosive rupture of the liquid

bridge and the arc reignites marking the arc period starts over [14].
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Figure 2-7 Schematic presentation of the short-circuit transfer [3].

2.2.1 Heat transfer

Heat transfer is an important aspect for welding. The amount of heat transferred from the heat source
to the workpiece can have a great influence on the shape, microstructure and properties of the welds.
In S-GMAW, both the arc heating and the Joule heating of the electrode extension serve as the heat

source to melt the filler wire and the workpiece [14].

Heat flow in the electrode anode

In S-GMAW, the heat transferred to the anode comes from the arc heating and the Joule heating in the
arc period and the Joule heating in the short-circuit period. This can be expressed as

Qelectrode = Qan—a + Qr—a + Qr—sc (2-3)

where Qeectrode 1S the total heat generated in the anode (J), Qun—q IS arc heating in the electrode
anode (J), Q,_, is the Joule heating in the arc period (J) and Q,_. is the Joule heating in the short-

circuit period (J).

During the arc period, the arc heating is contributed by the heat generated in the anode sheath, thermal
conduction from the arc column, the work function energy released by the electron condensation and

the heat received from the hot electrons (Thomson effect) [7, 37, 38]. This can be expressed as

3k(Tcol - Ta) I (2_4)

Qan-a =|€aUcot +Ug + @y, + 2e ' a'ta'fs'tweld

12



where ¢, is the fraction of heat transferred from the arc column, U,,; is the voltage drop of the arc
column (V), U, is the voltage drop of the anode sheath (V), ¢,, is the work function of the anode
metal (V), k is Boltzmann constant (J/K), T,,; is the temperature of the arc column (K), T, is the
temperature of the anode (K), e is the charge of an electron (C), I, is the average arc current (A), t, is
the average arc time (S), f; is the average short-circuit frequency (Hz) and t,,;4 is the total welding

time. During the arc period, the Joule heating can be calculated by

Qra=Uy Ig-t,- fs “tweld (25)

where U,, is the average voltage drop through the wire extension in the arc period (V). During the

short-circuit period, the Joule heating can be expressed as

Qrosc=Ugse I te s tyera (2-6)

where U, is the average voltage drop through the wire extension in the short-circuit period (V), I, is
the average short-circuit current (A), and ¢, is the average short-circuit time (s). It should be noted that
the Joule heating also depends on the electrical resistance, diameter and the extension length of the

filler wire.

Heat flow in the workpiece cathode

The heat source of the workpiece cathode includes the arc heating in the arc period and the energy
carried by the arriving liquid droplets. The Joule heating of the workpiece can be neglected due to the

low current density. This can be expressed as

Qworkpiece = Qca—a + eroplets (2-7)

where Q.q—, is arc heating in the workpiece cathode (J) and Qgropiets IS the heat carried by the

droplets (J).

During the arc period, the arc heating is contributed by the cathode sheath heating and thermal
conduction from the arc column. Besides, a certain amount of energy is consumed by the emission of
electrons (the work function) and elevating the temperature of electrons to the temperature of arc

column [19, 38]. The arc heating can be expressed as

3k(Tcol - Tc) .

2e I, ty fs-tyewa (2'8)

Qca-a=|cUcot +Uc— @y, —
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where c,. is the fraction of heat transferred from the arc column, U, is the voltage drop of the cathode
sheath (V), ¢,, is the work function of the anode metal (V), k is Boltzmann constant (J/K), T,,; is the
temperature of the arc column (K), and T is the temperature of the cathode (K). The heat carried by
the droplets (Qgropiers) approximately equals the heat generated in the electrode (Qeiectroae)- It should
be mentioned that the heat loss caused by the radiation and the influence of metal vapour from the
wire and the weld pool is not considered in this study.

2.2.2 Metal transport

Metal transport is an important feature of GMAW and the transport manner can greatly affect the
welding process and the quality of welds [39].

Droplets formation and transport

In short-circuit GMAW, the metal transport starts with the droplets being formed and pending on the
tip of the electrode. Subsequently, the contact takes places between the droplet and the weld pool. The
transportation ends up with the rupture of the liquid bridge. This process is governed by a balance of
forces which are the surface tension force (F,), the electromagnetic force (also termed Lorentz force)
(F.m), the gravity (F;), the vapour jet force (F,,) and the viscous dragging force (Fj) by the shielding
gas flow (Figure 2-8) [40-42].

Figure 2-8 Forces on the droplets in GMAW [1].

During the arc period, the electromagnetic force, the gravity and the gas dragging force normally act
as the detaching force, while the surface tension and the vapour jet force counteract the detachment.

This relationship can be expressed as [1]
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Fem+Fy+Fy—F,—Fy=0 (2.9)
During the short-circuit period, the inward component of the electromagnetic force squeezes the liquid
bridge which becomes constricted gradually. This phenomenon is known as “the pinch effect”. In the

final stage of this period, the surface tension turns to promote the droplets detaching.

The surface tension force plays a significant role in the metal transport and the weld pool dynamics. It

can be given by [1]

F, =2nr,y (2.10)

where 1, is the wire radius and y is the surface tension. It should be noted that surface tension is

temperature dependent and can be dramatically influenced by the surface active elements .
The welding current produces a magnetic field and the electromagnetic force is generated [43]. The
force direction strongly depends on the current path (Figure 2-9). A contractive current distribution

can change the axial component from downward to upward. The magnitude of this force can be
calculated by [8]

Fom = —In— (2.11)

where u is the magnetic permittivity of the wire material, I is the current, r and R are respectively the

“exit” and “entry” radius of the current path.

Electrode

Droplet

Arc

Figure 2-9 Influence of the current path on the electromagnetic force [8].
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The gravity is given by the product of the droplet mass and the gravitational acceleration. Its direction
relies on the welding torch orientation and the specific joint position. The vapour jet force is caused by
the evaporation of the liquid droplet, which becomes remarkable at high current levels. Besides, the
shielding gas flow can exert a dragging force on the pending droplet. Its magnitude depends on the gas
velocity, density, and the droplet dimension. In S-GMAW, the vapour jet force and the aerodynamic
dragging force are quite small and negligible [1].

Spatter generation

Spatter is an undesirable type of mass transport. In short-circuit GMAW, the spatter originates in the
explosive rupture of the liquid bridge at the last moment of the short-circuit period. This is attributed
to an abruptly increased welding current, i.e. a large dI/dt, which rapidly increases the
electromagnetic pinch force. Severe spatter generation can induce lack of fusion, porosity in the weld
bead and a turbulent shielding gas flow, which are detrimental to the weld quality. As an indication of

the process stability, spatter loss must be limited [44].

2.3 Arcplasma

The welding arc is an electrical discharge between the negative cathode and the positive anode. In
comparison with the dark discharge and glow discharge, arc discharge employs a higher current (>0.1
A) but a lower voltage (<100 V). In welding, the properties of the arc plasma strongly depend on the

shielding gas composition and the welding parameters.

2.3.1 Basics of arc plasma

As one of the fundamental states of matters, plasma consists of unbound positive and negative
particles [45]. Arc plasma can be divided into three regions, i.e. the cathodic region (also termed
cathode sheath), the arc column, and the anodic region (also termed anode sheath) (Figure 2-5). The
cathodic and anodic regions are extremely thin layers above the electrode surface where strong
electrical fields are present. Due to the current contraction at the electrode surfaces, the current density

is higher than that in arc column [46].

The cathodic region requires a flow of positive ions into it and the extraction of electrons from the
outer shell of metal atoms (work function). Extra energy is consumed for heating the electrons. In arc
welding, the voltage drop in the cathodic region (V) depends on the cathode material and the welding
current [13]. The electrically neutral arc column consists of ions, electrons, and the neutral atoms and

molecules in both excited and non-excited states. When the electrons travel across the arc column,
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they strike the anode and release the kinetic energy and heat by condensation. The voltage drop in the
anodic region which is mainly determined by the ionisation energy of the anode metal vapour is lower
than that in the cathodic region [13, 47].

In the plasma, two gaseous chemical reactions, dissociation (if polyatomic molecules exist) and
ionisation take place. As the gas temperature increases, the valence bonds are ruptured and the
molecules are dissociated due to the severe rotation and vibration of atoms. With further increase in
temperature, one or more outer electrons are prone to escape the electron bands making the atoms
ionised. The energy level of ionisation is substantially higher than that of dissociation. For a specific
gas, the plasma temperature and pressure determine the degree of dissociation and of ionisation [13]. It
should be noted that when the degree of ionisation is larger than 1%, the plasma is considered to be

highly ionised [13]. In arc welding a highly ionised plasma is the case.

As the plasma is at atmosphere pressure, a locally quasi-thermodynamic equilibrium exists where the
temperature of electrons is close to the gas temperature. In other words, the arc temperature is unique
in each point of the plasma [7, 48]. With a flow of positive and negative particles, the arc plasma
comes down to a process of thermal diffusion [49], which can be characterised by the transport
coefficients such as thermal conductivity, electrical conductivity and viscosity.

2.3.2 Comparison among Ar, He and CO; arc plasma

As mentioned in section 2.1.3, the thermophysical properties of the welding arc can be greatly affected
by the shielding gas composition. In this part, a comparison is made among Ar, He and CO. arc

plasma.

Ar-He arc plasma

The thermophysical properties of the Ar-He arc plasma are presented in Figure 2-10 [4]. In Figure
2-10 a, the specific heat is plotted as a function of temperature. It can be seen that the specific heat of
the ionised gas is increased with the He content. This is because the specific heat can be greatly

increased by ionisation and the ionisation energy of He is much higher than that of Ar [13].

The electrical conductivity (Figure 2-10 b), thermal conductivity (Figure 2-10 c) and viscosity (Figure
2-10 d) of the Ar-He gas mixtures were also assessed [27, 50]. It was found that at temperature below
22000 K, the electrical conductivity is reduced as the He content is elevated. However, at temperature
above 22000 K, the case is opposite. This is attributed that at low temperature, the ionisation degree of

He is much lower than that of Ar. As for the thermal conductivity and viscosity, a higher helium
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content can lead to a greater value. It should be mentioned that the high thermal conductivity of He

makes the energy more uniformly distributed in the He arc plasma.

—— 100% Ar & 14
~ 1009 —----90% Ar, 10% He E 2]
e o] 70% Ar, 30% He <
I I 50% Ar, 50% He 2 10
=y 30% Ar, 70% He 3 8
g | 10% Ar, 90% He 2 4l
2 40d - 100% He S
= = 4
g 20 £ 2]
@ . ©
0 moo

0 5000 10000 0 5000 10000 15000 20000 25000

O o0 10000 15000 20800 25300 0 5000 10000 15000 20000 25000

Temperature (K} Temperature (K)

Thermal conductivity (W m™! K1)

Figure 2-10 The thermophysical properties of the argon-helium mixtures. (a) The specific heat; (b)
electrical conductivity; (c) thermal conductivity; (d) viscosity. The data were calculated under a
pressure of 101.3 kPa [4, 27].

By using TIG welding and the water-cooled copper workpiece, the arcs in the argon-helium mixtures
were compared (Figure 2-11) [4]. It can be seen that with the same arc length and welding current, an
increased helium content leads to higher arc voltage and temperature. Besides, compared with the
argon arc, the helium arc is more constricted. This can be explained by the “thermal pinch” effect [28].
It is argued that an increased enthalpy h results in a decreased arc cross-section area A. At the axial
position, the enthalpy of the plasma is close to the product of the welding current I and arc voltage V.

A relationship is proposed as [4]

IV = phvA (2.12)

where p is density, v is the plasma velocity. It is noted the specific heat C,, is equivalent to the

enthalpy due to C,, = dh/dT. Compared with argon, the higher specific heat of helium makes the arc
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cross-section area smaller. This result is in agreement with Nemchinsky who reported that compared

with in argon, the arc constriction in helium should be stronger [51].
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Figure 2-11 Temperature fields for the argon-helium arc plasma. (a) Ar; (b) He; (c) Ar+30% He; (d)
Ar+70% He [4].

Ar-COz arc plasma

The arc plasma of the argon-CO, mixtures in GMAW were investigated [32, 52]. The thermophysical
properties of the gas mixtures are provided in Figure 2-12. As the CO. content is increased, the
specific heat is raised. It is because as the temperature is increased, CO. molecules can dissociate
which costs energy. The arc voltage in a high CO, content is higher than that in Ar. Due to the
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“thermal pinch” effect, the presence of CO. produces a contractive arc which can lead to a high
current density.
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Figure 2-12 Thermophysical properties of the Ar-CO, gas mixtures. (a) Density; (b) electrical
conductivity; (c) radiation coefficient; (d) specific heat; (e) thermal conductivity; (f) viscosity [32].
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2.4 Fluid flow in the weld pool

When heat is transferred from the welding arc to the workpiece, the base metal is melted and a weld
pool is created. The heat reaching the workpiece is dissipated through conduction and convection. In
the weld pool, flow of the liquid metal occurs which plays a significant role in transferring the energy
from the surface of weld pool to the bottom [53-57]. This process is driven by a balance of forces, i.e.
buoyancy, electromagnetic force, surface tension force, and shear stress by arc plasma [58, 59]. In
GMAW, the droplets impingement also makes a contribution [60]. The dynamics in the weld pool can
greatly influence the heat distribution and geometry of the solidified weld bead. In this section, the

mechanism for the weld pool dynamics is briefly described.

2.4.1 Driving forces
Buoyancy

Buoyancy can propel the liquid to fall along the weld pool boundary and rise along the central axis
(Figure 2-13 a and b). This is caused by a density gradient in the weld pool. The closer to the pool
boundary, the cooler the liquid is. Since a high temperature leads to a low density, the heavy liquid on
the boundary tends to sink to the central bottom, while the low-density liquid is forced to move

upwards [6, 61]. The magnitude of buoyancy can be calculated by [62]

Fy, = pgB(T — To) (2.13)

where p is the density of liquid metal, g is the gravity acceleration, g is the thermal expansion
coefficient, T is the temperature of the liquid metal, and T, is the reference temperature. Eisazadeh et
al. [63] investigated the effect of buoyancy on the weld bead geometry. It was found the buoyancy-
driven convection can produce a wide but shallow weld pool. When the welding current is greater than
100A, the buoyancy becomes much smaller than the electromagnetic force and the surface tension

force.

Electromagnetic force

When an electric current passes through the workpiece, a magnetic field and the electromagnetic force

(also termed the “Lorentz force”) are induced. The electromagnetic force ﬁem can be expressed as [62]

— -

F,,=J]xB (2.14)
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where J is the current density vector and B is the magnetic flux vector in the weld pool. According to
the left-hand rule, the force direction is inward and downward. The liquid is pushed down along the
pool axis and rises along the pool boundary (Figure 2-13 ¢ and d). If the welding current is very high,

the electromagnetic force can dominate the flow motion. A deep but narrow weld pool can be expected
[64].
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Figure 2-13 The driving forces for the weld pool convection: (a, b) buoyancy; (c, d) electromagnetic

force; (e, f) surface tension; (g, h) shear stress caused by arc plasma [6].

Surface tension force

The surface tension force t (also termed the Marangoni force) can greatly influence the liquid
convection in the weld pool [65]. This force is attributed to a surface tension gradient along the surface
of weld pool. The surface tension y of a pure liquid metal decreases with the increasing temperature,
i.e. dy/0T < 0. The liquid with a high surface tension pulls the surrounding more strongly than the
liquid with a low surface tension [6]. Consequently, the liquid on the surface tends to flow from centre

(the low-surface-tension region) to periphery (the high-surface-tension region) (Figure 2-13 e and f).
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This circulation is called the Marangoni convection [30, 66]. The surface tension force T can be
described by [67]

_0yaT ayacC

_0yaT dyac 2.15
aT ar | 9C or (2.19)

T

Where T is the temperature, r is the distance along the surface from the heat source, and C is the
concentration of surface active elements. In equation 2.15, the first term indicates the influence of
temperature on the surface tension while the second term indicates the influence of the surface active
elements. For a pure liquid metal, dC /dr is zero and the second term can be neglected. The effect of

surface active elements is introduced in section 2.4.2.

Shear stress and arc pressure induced by plasma jet

The plasma moves outward at a high speed along the surface of the weld pool. An outward shear stress
is exerted on the pool surface and causes the liquid metal to radially flow from the pool centre to the
edge (Figure 2-13 g and h). The arc pressure on the surface of weld pool is generated by the
impingement of the plasma jet. High arc pressure can strongly depress the pool surface and deepen the

welding penetration [68].

Droplets impingement

In GMAW, when a droplet carrying heat reaches the surface of weld pool, it tends to push surrounding
fluid away and sink. The droplets impingement can make the heat transfer more efficiently from the
surface of weld pool to the bottom [60].

2.4.2 Surface active elements

Besides temperature, the surface active elements (e.g., O, S, Se, Te) have a strong influence on the
Marangoni convection [69-74]. These elements can change the temperature coefficient of surface
tension (dy/0T) from negative to positive. The direction of the Marangoni convection is changed
from outward to inward (Figure 2-14). In practice, these surface active elements can be added in two
approaches. One is through the addition of oxide particles (e.g., TiO, TiO2, Al,Os, SiO;, Fe.03) [75].
This can be achieved by using the doped feeding wire or smearing the active flux on the surface of the

joint. The other way is to mix the reactive gas (e.g., CO-, Oy) in the shielding gas during welding [76].
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Figure 2-14 The inward flow caused by the positive temperature coefficient of surface tension [67].

The surface tension in the iron-oxygen system is quantified (Figure 2-15) [31, 77]. It is found that
without oxygen, the surface tension of the liquid metal is reduced as the temperature is increased, i.e.
the temperature gradient dy/aT is negative. The direction of liquid flow in the weld pool is outward
and upward. With 0.03 wt.% oxygen in the Fe-O system, dy /90T becomes positive at temperature
below 2240 K, i.e. the temperature gradient dy /T is positive, while at temperature above 2240 K, the
temperature gradient dy/aT is still negative. Consequently, if the maximal temperature of the weld
pool is lower than 2240 K, an inward and downward flow will appear which can result in a deep but
narrow weld pool. If the maximal temperature of the weld pool is higher than 2240 K, a double-cell

convection with an outward, upward flow inside and an inward, downward flow outside will appear.

Figure 2-15 The surface tension of Fe-O system as a function of temperature and oxygen

concentration [77].
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2.5 Inconel625 alloy

Known for the outstanding corrosion resistance, nickel-chromium alloy 625 (Inconel625) is being
widely used in the offshore, aerospace, defence and transportation industries. Inconel625 is a solid-
solution alloy with the face-centred-cubic (FCC) structure. The chemical composition is shown in
Table 2-3. Due to a high solubility in nickel (Ni), chromium (Cr) is the most important alloying
element in many Ni-base alloys. A dense passive Cr,0; layer is formed on the alloy surface to protect
it against the aggressive environment. A small amount of molybdenum (Mo) is added to enhance the

resistance to the pitting and crevice corrosion.

The melting temperature of Inconel625 alloy is 1290~1350 °C. After welding, the solidification starts
with the Ni-rich FCC austenite y phase. As the temperature decreases, the solubility of Cr and Mo in
Ni reduces and the intermediate compounds such as ¢ and P phases can be formed. Various carbides
may appear in the form of MC, MeC, and M2;Cs. Besides, niobium (Nb) can strengthen the alloy by
the precipitation of the y-NisNb phase. The presence of these phases has a great influence on the

mechanic properties of Inconel625 alloy and thus the welding process requires a careful control [78].

Table 2-3 The chemical composition of Inconel625 alloy [41].

wt% Ni Cr Mo Fe Nb C Mn Si Al

Alloy ) 3.15~ 0.1 0.5 0.5 0.4
58 min | 20~23 | 8~10 | 5 max
625 4.15 max max max max
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Chapter 3. Experimental procedure

In this chapter, the experimental materials, setup and procedure are provided. To obtain the general
characteristics of short-circuit GMA welding of Inconel625 alloy, bead-on-plate welds were made.
Then, as an approach to welding Inconel625 lining offshore, butt welding with a U-shaped groove was
carried out. With the shielding gas composition changed, the welding current and the welding voltage

were monitored and the cross-section geometry of the weld bead was inspected.

3.1 Materials and consumables

The bead-on-plate welding were carried out on Inconel625 plates with the dimension of 200x75%3
mm3. An Inconel625 wire with a diameter of 1.0 mm was used as the consumable welding wire. The
chemical composition of the Inconel625 plates and wire is listed in Table 2-3. The butt welding were
performed on Inconel625 plates (200x75x3 mm?®) which were milled a U-shaped groove on the long
edge and tack welded on both ends (Figure 3-1). The industrially pure Ar, He, CO; and their mixtures

were used as the shielding gas.

Figure 3-1 The tack welded workpiece in the butt welding.
3.2 Welding experiments

3.2.1 Welding system

A schematic representation of the welding setup is shown in Figure 3-2. A constant-voltage power
source (Fronius™ Transpuls Synergic 5000) (Figure 3-3 a) was operated in the GMAW Standard
Manual mode. The welding wire was supplied by the Fronius VR 7000 wire feeder (Figure 3-3 b) and
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the RCU 5000i remote controller (Figure 3-3 c) was connected with the power source to adjust the
welding parameters. Before welding, the gases were firstly injected into a mixing chamber (Figure 3-3
d). The flow rate of each gas indicated on the flowmeters can be adjusted to obtain a uniform gas
mixture with a certain composition (volume fraction, %). A total gas flow rate of 15 | min'* was kept

constant. During welding, the signals of current and voltage were recorded by an oscilloscope.

Remote control

o =
L=l <

Mixing chamber

BN

A
1 L1 L Workpiece
Ar He CO, Power source
(W

Oscilloscope

Figure 3-2 Schematic presentation of the experimental setup.

1

Figure 3-3 (a) Fronius™ Transpuls Synergic 5000 power source; (b) VR 7000 wire feeder; (c) RCU
5000i remote controller; (d) Mixing chamber with flowmeters.
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3.2.2 Bead-on-plate welding

Configuration

The configuration of the bead-on-plate welding is presented in Figure 3-4. The Inconel625 plate was
clamped and supported by a steel backing plate.

Figure 3-4 The configuration of bead-on-plate welding.

Welding conditions

Table 3-1 provides the fixed welding conditions in this configuration. The experimental variables are
shown in Table 3-2. Four shielding gas compositions (Ar, He, Ar+3.3% CO- and Ar+6.7% CO,) were
used. For Ar and He, the wire feed rate was increased gradually from 6 to 9 m min. It should be
stated that as a critical welding parameter, the wire feed rate can greatly affect the GMAW process. To
obtain the general features of welding Inconel625 alloy in the short-circuit transfer mode, the effect of
the wire feed rate on the short-circuit manner is necessary to elucidate. Then, the results under
different gas compositions but in the same welding conditions (including the wire feed rate) were

compared. The total gas flow rate is lower than that during the offshore production (30 | min).

Table 3-1 The fixed welding conditions of the bead-on-plate welding.

Metal transfer mode Short-circuit transfer
Voltage setting [V] 17.3
Travel speed [mm s] 4.3
Total gas flow rate [I min’?] 15
Standoff distance [mm] 10
Contact-tube-to-workpiece distance [mm] 15
Gas pre-flow time [s]
Gas post-flow time [s] 2
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Table 3-2 The experimental variables of the bead-on-plate welding.

Shielding gas
Group number composition (volume | Wire feed rate [m min]
fraction, %)
6
7
1 Ar 8
9
6
7
2 He 8
9
3 Ar+3.3% CO, 8
4 Ar+6.7% CO: 8

3.2.3 U-groove butt welding

Configuration

The presentations of the butt welding configuration are shown in Figure 3-5 a and b respectively. The
tack welded Inconel625 workpiece was clamped and supported by two steel plates. A ceramic backing
strip was placed under the U-shaped groove. Two metal blocks used as the heat sink were placed on
the workpiece. The dimension of the U-shaped groove which is provided in Appendix A is the same
with that of the Inconel625 lining in the pipe. It should be mentioned that there is a 2-mm gap between
the workpiece and the ceramic backing. The reason for this design is that as stated in section 2.4, the
presence of oxygen in CO; can change the direction of the Marangoni flow from outward to inward
which induces a strong downward flow from the top surface to the bottom. If the backing is tightly
attached on the bottom of the workpiece to block the liquid flow, it is difficult to identify the effect of
CO:..

Heat sink

Clamp
1 ]

Ceramic backing

Figure 3-5 The configuration of butt welding. (a) Physical presentation; (b) schematic presentation.
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During the offshore welding of the pipelines, a copper backing ring is used. To completely reproduce
the practical welding, the butt welding with a tightly attached copper backing was also performed, the
results of which are provided in Appendix B.

Welding conditions

The welding conditions are listed in Table 3-3 and Table 3-4. The shielding gas composition
is the unique variable in the butt welding and eight compositions were used.

Table 3-3 The fixed welding conditions of the U-groove butt welding.

Metal transfer mode Short-circuit transfer
Wire feed rate [m min™] 6
Voltage setting [V] 13
Travel speed [mm s?] 4.3
Total gas flow rate [I min] 15
Standoff distance [mm] 10
Contact-tube-to-workpiece distance [mm] 15
Gas pre-flow time [s] 2
Gas post-flow time [s] 2

Table 3-4 The experimental variables of the U-groove butt welding.

Shielding gas composition (volume
fraction, %)
Ar
Ar+20% He
Ar+40% He

Group number

1 Ar+60% He
Ar+80% He
He
9 Ar+3.3% CO;

Ar+40% He+3.3% CO;

3.3 Logging of electrical welding signals and temperature

By using an oscilloscope (DL750 ScopeCorder YOKOGAWA) (Figure 3-6 a), the welding current
and voltage were collected with a measuring time of 10 s and a sampling frequency of 1 kHz during all
welding experiments. The measurement accuracy of the DL750 oscilloscope is +£0.25%. The welding
current was measured by an ampere meter (Pico AC/DC Current Clamp) (Figure 3-6 b). The
measurement accuracy of the ampere meter is +(2% reading + 2 A). It should be noted that the
voltage which is measured between the contact tube and the workpiece is the sum of the voltage

drop across the arc plus the drop in the electrode extension. Due to a high accuracy of the voltage
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measurement, the error (£0.25%) is negligible. However, for the current measurement, the error is

considerable and the error bar is inserted.

Besides, during the bead-on-plate welding, the temperature of the bottom surface of the workpiece is
measured for the cases of Ar, He and Ar+3.3% CO, at the wire feed rate of 8 m min?. The
measurement is done by means of an oscilloscope (DL750 ScopeCorder YOKOGAWA) connected
with a K-type thermocouple (OMEGA). The thermocouple is attached on the bottom surface of the
workpiece straight under the centre of the weld pool. The measurement lasts for 300 s with a sampling

frequency of 20 Hz. The error of the K-type thermocouple is +2.2 °C.

Figure 3-6 (a) DL750 ScopeCorder YOKOGAWA oscilloscope; (b) Pico AC/DC Current Clamp.

3.4 Weld bead geometry and optical microscopy

The weld cross-sections were obtained by transversely cutting the weld bead and embedding the
samples in the DuroFast thermosetting epoxy resin. The samples were ground from 80 to a 2000 grit
finish and polished to 1 um. Then, by using the “Waterless Kalling’s” etchant (5 g of copper chloride
dissolved in a solution of 100 ml of hydrochloric acid and 100 ml of ethanol), the samples were
immersed and etched for about 15 s. By means of the VHX-5000 KEYENCE optical microscope, the
macrostructures of the samples were observed and the dimensions of the weld bead cross-sections

were measured. Each cross-section was measured for three times to reduce the measuring error.

During measuring the weld bead cross-sections, two cases, the partial penetration and the full
penetration are separately considered. For the partial penetration, the width, height, depth, area of the
top reinforcement (Al) and area of the fusion/penetration zone (A2) were measured. For the full
penetration, a bottom reinforcement can be formed and its area (A3) is also measured. These
geometrical parameters are schematically shown in Figure 3-7. Besides, two angles 6, and 6, are

reported as shown in Figure 3-8.
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(a) Partial penetration
Width
Height /Al\
Depth A2
Workpiece
(b) Full penetration ;
Width
Height
eig Al\
A2
Depth Workpiece
A3

Figure 3-7 Definition of the geometrical parameters for the weld bead cross-section. (a) Partial

penetration; (b) Full penetration.

Weld bead

Workpiece

Figure 3-8 Definition of the angles measured in this thesis.
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Chapter 4. Results

In this chapter, the results of the bead-on-plate welding and the U-groove butt welding are provided.
To obtain an adequate understanding of the influence of shielding gas composition, the Ar-He

mixtures and the Ar-CO, mixtures are separately presented.

4.1 Bead-on-plate welding

In this section, the results of the bead-on-plate welding including the electrical parameters (voltage and
current), the short-circuit parameters (arc time, short-circuit time and short-circuit frequency) and the
weld bead geometry are described. A photograph of three welds produced in Ar, He and Ar+3.3% CO;

is shown in Figure 4-1.

Figure 4-1 The appearance of weld beads at the wire feed rate of 8 m min™ for the cases of He (top),
Ar (middle) and Ar+3.3% CO- (bottom).

4.1.1 Voltage and current data

The 100-millisecond sections of the measured voltage and current are presented in Figure 4-2, Figure
4-3 and Figure 4-4. The solid lines denote the welding current and the dash lines denote the welding
voltage. The measurements demonstrate that short-circuit GMAW is a dynamic process along with the
variation of voltage and current. In short-circuit GMAW, a short-circuit cycle encompasses an arc
period and a short-circuit period, which can be distinguished by the voltage signal. A sharply increased
voltage represents the beginning of the arc period and subsequently a voltage plateau is reached. The
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completion of the arc period is marked by a dramatic voltage drop and the short-circuit period featured
by a low level of voltage starts. In terms of the current signal, the current keeps growing during the
short-circuit period and a maximum is reached. In the arc period, the current decreases from the peak

to a low level.

Argon and helium

Figure 4-2 and Figure 4-3 present the measurement of voltage and current in Ar and He respectively at
different wire feed rates. It can be seen that for both Ar and He, more short-circuit cycles appear as the

wire feed rate increases.
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Figure 4-2 The 100-millisecond sections of the voltage and current data in Ar at the wire feed rate of

(@) 6 m min™; (b) 7 m min%; (c) 8 m min%; (d) 9 m min™.
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Figure 4-3 The 100-millisecond sections of the voltage and current data in He at the wire feed rate of

(@) 6 mmin™; (b) 7 m min%; (c) 8 m min%; (d) 9 m min™.
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Argon and CO2

Figure 4-4 a and b shows the measurement of voltage and current at the wire feed rate of 8 m min™ in
Ar+3.3% CO- and Ar+3.3% CO,.
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Figure 4-4 The 100-millisecond sections of the voltage and current data at the wire feed rate of 8 m
min™ in (a) Ar+3.3% CO;;(b) Ar+6.7% CO..

4.1.2 Average voltage, average current and power of heat source

After obtaining the transient voltage and current and distinguishing the arc period and the short-circuit
period, the average voltage (including average arc voltage and average short-circuit voltage) and the
average current (average arc current and average short-circuit current) can be calculated. The nominal

power of different heat sources is also provided.

Argon and helium

Figure 4-5 a and b present the average welding voltage and current as a function of the wire feed rate.
For both Ar and He, as the wire feed rate increases, the voltage decreases but the current increases
significantly. It can also be seen that compared with those of Ar, the voltage of He is higher while the

current of He is lower.
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Figure 4-5 (a) The average voltage; (b) The average current, in Ar and He as a function of the wire

Furthermore, the average voltage and current in the arc period and the short-circuit period can be
described quantitatively. In Figure 4-6 a and b, the average arc voltage and the average short-circuit
voltage in Ar and He respectively are plotted. Firstly, it can be observed that for both Ar and He, as the
wire feed rate increases, the average arc voltage slightly increases and the average short-circuit voltage

almost keeps unchanged which maintains approximately 4 V for all cases. Secondly, it is clear that the

feed rate.

Wire feed rate (m min™)

arc voltage in He (about 25 V) is higher than that in Ar (about 17 V).
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Figure 4-6 The average arc voltage and the average short-circuit voltage as a function of the wire

feed rate in (a) Ar; (b) He.




Concerning the current, with the wire feed rate increased, the average arc current and the average
short-circuit current increases in both cases of Ar and He (Figure 4-7 a and b). Besides, it is also

shown that at the same wire feed rate, the average arc current of Ar is about 20 A higher than that of
He.
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Figure 4-7 The average arc current and the average short-circuit current as a function of the wire
feed rate in (a) Ar; (b) He.

The voltage-current diagrams for Ar and He at the wire feed rate of 8 m min are depicted in Figure
4-8 a and b. In short-circuit GMAW, points are concentrated on two regions. The upper region
represents the arc period due to the high voltage while the lower region is the short-circuit period. It

can be seen that the difference between Ar and He mainly focuses on the arc period or rather the arc

voltage.
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Figure 4-8 The voltage-current diagrams at the wire feed rate of 8 m min™ for (a) Ar; (b) He.
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In a certain welding time t,,.;4 (S), With incorporating voltage and current, the heat Q generated by the
heat source (J) can be calculated by

tweld
Q =f Ut)-I(t) - dt (4.1)
0

where U is the voltage (V), I is the current (A) and dt is the time interval which is 1 ms in this

research. Furthermore, the nominal power P, ,mina: Of the heat source (W) can also be obtained as

tweld
Q S U@ - I(t) - dt
nominal tweld tweld ( )

It should be noted that as shown in Figure 4-2, Figure 4-3 and Figure 4-4, the welding voltage and
current is changed periodically over time in short-circuit GMAW. The nominal power of the heat
source determines the amount of heat generated per unit time during welding and significantly

influences the amount of heat entering the workpiece per unit time.

In Figure 4-9, the nominal power in Ar and He is plotted as a function of wire feed rate. It is shown
that for both Ar and He, with the wire feed rate increased, the nominal power increases. Besides, the
power in He is greater than that in Ar at the same wire feed rate.
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Figure 4-9 The nominal power of the heat source in Ar and He as a function of the wire feed rate.
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Argon and COz2

To begin with, it should be mentioned again that the results of Ar+3.3% CO, and Ar+6.7% CO at the
wire feed rate of 8 m min are contrasted with the results of Ar at the same wire feed rate. In other

words, the CO; content is the unique variable in this part.

As for the voltage, it can be seen in Figure 4-10 a that the presence of CO- raises the average voltage
and especially the average arc voltage which increases by about 4 V. Figure 4-10 b describes the
current for these three gas compositions. It is shown that the average current lies in the same level
while Ar+6.7% CO; gives a slight increase of current. Comparing the voltage-current diagrams for
Ar+3.3% CO; (Figure 4-11 a) and Ar+6.7% CO; (Figure 4-11 b) with that for Ar (Figure 4-8 a), it is
also demonstrated that the arc voltage is increased by the addition of CO,. The nominal power of the
is provided in Figure 4-12 and it is evident that the presence of CO, makes the power increase.
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Figure 4-10 (a) The average voltage; (b) the average current, in Ar, Ar+3.3% CO, and Ar+6.7% CO..
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Figure 4-11 The voltage-current diagrams for (a) Ar+3.3% COz; (b) Ar+6.7% CO..
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Figure 4-12 The nominal power for Ar, Ar+3.3% CO; and Ar+6.7% CO..

4.1.3 Temperature measurement

The temperature measurements in Ar, He and Ar+3.3% CO; at the wire feed rate of 8 m min? are
plotted as a function of time in Figure 4-13 a, b and c. It is distinct that the peak temperature in Ar, He
and Ar+3.3% CO:; is different. The maximal temperature in Ar is 1024.3+2.2 °C, while the maximum
in He is 1146.7+2.2 °C.

The maximal temperature measured in Ar+3.3% CO; is 1338.4+2.2 °C. Nevertheless, some points in
the measurement are missing. The reason for the lost points is that the temperature range of the K-type
thermocouple is -200~1260 °C and the extension grade of this range is 0~200 °C. The melting range
of the Inconel625 alloy is 1290~1350 °C. During welding in Ar+3.3% CO,, the workpiece is fully
penetrated (Figure 4-23 a) and the probes of the thermocouple touch the liquid metal for few seconds,
during which the measurement cannot be done. Therefore, it must be stated that the measured peak
temperature (1338.4+2.2 °C) may not be the actual peak temperature reached in Ar+3.3% COs.
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Figure 4-13 Temperature measurements as a function of time at the wire feed rate of 8 m min™ in (a)
Ar, (b) He and (c) Ar+3.3% CO..

4.1.4 Arc time, short-circuit time and short-circuit frequency

It is known that a short-circuit cycle is comprised of an arc period and a short-circuit period. The
duration of each period and the short-circuit frequency are important characteristics of short-circuit
GMAW. The arc time and short-circuit time can be derived from the voltage and current signals. The

frequency is equal to the quotient of the number of the short-circuit cycles and the measurement time.

Argon and helium

The diagrams of average arc time and the average short-circuit time as a function of the wire feed rate
for the cases of Ar and He are presented in Figure 4-14 a and b respectively. It can be seen that for
both Ar and He, as the wire feed rate increases, the average arc time decreases while the average short-
circuit time almost keeps constant (about 4 ms). In other word, the ratio between the arc time and the
short-circuit time is reduced. Figure 4-15 depicts the short-circuit frequency for Ar and He. With the

wire feed rate increased, the frequency is raised and the growth rate of Ar is higher than that of He.
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Figure 4-15 The short-circuit frequency as a function of the wire feed rate in Ar and He.
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Argon and CO2

The average arc time, short-circuit time and short-circuit frequency for Ar and Ar-CO, mixtures are
presented in Figure 4-16. It is observed that with the presence of CO,, the average arc time is reduced

and the short-circuit frequency is raised.

100

80

60

40

20

Wire feed rate (m min™)

46

(b) He.
T T T T
Ar
= He L.
o)
» m o -
¢
o
[ ]
] 1 1 1
6 7 8 9




& | | 90 , , ,
a b
I Ar s
I Ar+3.3% CO, =
I Ar+6.7% CO, >
8 : 2 80 | . .
a 5]
w
£ &
i =
£ =
= 5 "
4 s 70 . —
=
13)
=
17}
" 60 | | |
Average arc time Average short-circuit time Ar Art3.3% CO, Ar+6.7% CO,

Figure 4-16 (a) The average arc time and short-circuit time; (b) The short-circuit frequency, for Ar,
Ar+3.3% CO; and Ar+6.7% CO..

4.1.5 Standard deviation in arc time and short-circuit time

The arc time and the short-circuit time are important features of short-circuit GMAW. The variation of
them which is characterised by the standard deviation can serve as the criterion for the process
regularity. Comparing Figure 4-2 ¢ with Figure 4-2 a, it can be seen that the short-circuit cycles in
Figure 4-2 c are similar and all the arc periods almost lasts for the same time. In other word, the
voltage and current signals in Figure 4-2 ¢ is more regular than those in Figure 4-2 a. It is stated that a

high process regularity will lead to a low spatter loss and increase the process efficiency [14, 34].

Argon and helium

The standard deviation of the arc time and the short-circuit time as a function of the wire feed rate for
Ar and He is given in Figure 4-17 a and b. For Ar, with the wire feed rate increased, the standard
deviation of the arc time decreases firstly and then increases while a minimum is found at the wire
feed rate of 8 m min. For He, the standard deviation of the arc time is continuously reduced as the
wire feed rate increases. The standard deviation of the short-circuit time for both Ar and He remains in

a low level (about 0.8 ms) as the wire feed rate is changed.
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Figure 4-17 The standard deviation of the arc time and the short-circuit time as a function of the wire
feed rate in (a) Ar; (b) He.

Argon and CO2

Figure 4-18 depicts the standard deviation of the arc time and the short-circuit time for the cases of Ar,
Ar+3.3% CO; and Ar+6.7% CO.. It is shown that the presence of CO, makes the standard deviation of
the arc time increase. In other words, the process becomes irregular as a certain amount of CO; is

present. However, the standard deviation of the short-circuit time almost keeps unchanged.
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Figure 4-18 The standard deviation of the arc time and the short-circuit time in Ar, Ar+3.3% CO; and
Ar+6.7% CO..
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4.1.6 Weld bead geometry

In this part, the cross-sections of the weld beads obtained from the bead-on-plate welding are provided.
Several geometrical parameters such as the width, height, depth, reinforcement area and fusion area
are considered. The definition of these values is shown in Figure 3-7.

Argon and helium

The cross-sections of the weld beads in Ar and He are presented in Figure 4-19 and Figure 4-20
respectively. It is shown that the weld beads in Ar are characterised by the narrow, finger-like
penetration while the penetration zone in He is relatively broad and parabolic.

In Figure 4-21, the height, width and depth of the weld beads in Ar and He are plotted as a function of
the wire feed rate. As the wire feed rate is increased, the weld beads in both Ar and He widen and
deepen. Moreover, at the same wire feed rate, the width of weld beads in Ar is larger than that in He.
As for the depth, at the wire feed rate of 6 and 7 m min, the weld beads in Ar is deeper than those in

He. Nevertheless, the contrary is the case at 8 and 9 m min™.

The reinforcement area in Ar and He is described as a function of the wire feed rate in Figure 4-22 a. It
should be firstly mentioned that a theoretical value of the reinforcement area denoted by the dash line

can be derived as

Vi Ao
Areinforcement = w;;e—vlwre (4.3)
trave

Where Areinforcement 1S the reinforcement area, V,,,;,. is the wire feed rate, A, is the cross-sectional
area of the wire and V.46 iS the travel speed. Due to a spatter loss in welding, the actual
reinforcement area is smaller than the theoretical area. The deviation between these two values can be
used to determine the severity of spatter. Figure 4-22 a shows that there is little difference of

reinforcement area between Ar and He.
In Figure 4-22 b, the fusion/penetration area in Ar and He is provided. It can be observed that with the

wire feed rate increased, the fusion zone in both Ar and He is enlarged. Moreover, the fusion area of

He is larger than that of Ar at the same wire feed rate.
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Figure 4-19 The cross-sections of the weld beads in Ar at the wire feed rate of (a) 6 m min™; (b) 7 m

min; (c) 8 m min%; (d) 9 m min™.
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Figure 4-20 The cross-sections of the weld beads in He at the wire feed rate of (a) 6 m min™; (b) 7 m

min; (c) 8 m min; (d) 9 m min™.
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Argon and CO2

The cross-sections of the weld beads in Ar+3.3% CO; and Ar+6.7% CO; at the wire feed rate of 8 m
min™ are presented in Figure 4-23. It is distinct that compared with the weld bead in Figure 4-19 c, the
weld beads get fully penetrated in the Ar-CO; gas mixtures. The height, width and depth of the weld
beads in Ar, Ar+3.3% CO; and Ar+6.7% CO- are plotted in Figure 4-24 a. It is shown that with the
presence of COg, the height is almost unchanged while the width is reduced and the depth is increased.
In Figure 4-24 b, the reinforcement area and the fusion area of the weld beads are described. It can be
seen that the reinforcement area in both Ar+3.3% CO. and Ar+6.7% CO: is less than that in Ar. With

respect to the fusion zone, this area is significantly enlarged as the CO, content is increased.

Figure 4-23 The cross-sections of the weld beads in (a) Ar+3.3% CO; and (b) Ar+6.7% CO at the

wire feed rate of 8 m min™.
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Figure 4-24 The cross-sectional geometry of the weld beads in Ar, Ar+3.3% CO; and Ar+6.7% CO;:
(a) Dimensions; (b) Area.
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4.1.7 Angle measurement

In this section, two angles 8,, 6, measured at the weld toe are provided and the definition of the

angles is shown in Figure 3-8.

Argon and helium

In Figure 4-25 a, it can be seen that as the wire feed rate is elevated, 8, in both Ar and He is increased
except for the case of He at 9 m min™. Moreover, at the same wire feed rate, 6; in Ar is smaller than
that in He. With regard to the angle 6,, it can be seen in Figure 4-25 b that 8, in Ar is 180° whatever

the wire feed rate is. 6, in He is smaller than 180° and reduced as the wire feed rate is elevated.
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Figure 4-25 The angles measured at the weld toe in Ar and He as a function of the wire feed rate. (a)
8; (b) 6,.

Argon and CO:2

In Figure 4-26, the angle 6, and 6, in Ar, Ar+3.3% CO; and Ar+6.7% CO; at the wire feed rate of 8 m
min? are described. It can be seen that with the presence of CO,, 6, is less than 90°. Besides, 6, in

both Ar and Ar+3.3% CO; are 180° while that in Ar+6.7% CO is 135°.
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Figure 4-26 The angle measured at the weld toe in Ar, Ar+3.3% CO- and Ar+6.7% CO at the wire
feed rate of 8 m min™.
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4.2 Butt welding with a U-shaped groove

In this section, the results of the U groove butt welding including the electrical parameters (voltage
and current), the short-circuit parameters (arc time, short-circuit time and short-circuit frequency) and
the weld bead geometry are described. A photograph of two welds produced in Ar and Ar+3.3% CO;

is shown in Figure 4-27.

Figure 4-27 The appearance of weld beads for the cases of Ar (left) and Ar+3.3% CO; (right).

4.2.1 Average voltage, average current and power of heat source

Argon and helium

The diagrams of average voltage, average current and power of the heat source as a function of the He
fraction are presented in Figure 4-28. With an increase of He content, both the average voltage and the
average arc voltage increase firstly and then a voltage plateau is reached at the He content of 60%,
while the average short-circuit voltage almost keeps unchanged (Figure 4-28 a). In Figure 4-28 b, it
can be seen that as the He content is elevated, the average current and the average arc current
gradually decrease. Figure 4-28 ¢ indicates the change of the nominal power of the heat source. It is
shown that with the He content increased, the power sharply increases at first but then slightly
decreases. The maximum lies in the range of 60% ~ 80% He.
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Figure 4-28 The diagrams of (a) the average voltage (including the average arc voltage and short-
circuit voltage), (b) the average current (including the average arc current and short-circuit current)

and (c) the nominal power as a function of the He content.
Argon, helium and COz

The average voltage, the average current and power of the heat source in the Ar-He-CO, mixtures are
plotted in Figure 4-29. For the convenience of comparison, the results of Ar and Ar+40% He are
presented again. As for the voltage, it should be noted that the average arc voltage increases with the
presence of CO, (Figure 4-29 a) but the change of the average short-circuit voltage is small. In Figure
4-29 b, it is shown that the average current and the average arc current slightly decreases. In Figure
4-29 c, the nominal power of Ar+3.3% CO; is much higher than that of Ar, while the power of Ar+40%
He+3.3% CO: is slightly lower than that of Ar+40% He.
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Figure 4-29 The diagrams of (a) the average voltage (including the average arc voltage and short-
circuit voltage), (b) the average current (including the average arc current and short-circuit current)
and (c) the nominal power, for Ar, Ar+3.3% CO,, Ar+40% He and Ar+40% He+3.3% CO..

4.2.2 Arc time, short-circuit time and short-circuit frequency

Figure 4-30 a describes the average arc time and the average short-circuit time as a function of the He
content. It can be seen that with the He content increased, the arc time does not change largely which
is around 16.5 ms for all cases. The short-circuit time almost keeps constant at approximately 3.8 ms.

Figure 4-30 b plots the short-circuit frequency in the Ar-He mixtures. It is shown that with an increase
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of He fraction, the short-circuit frequency is around 50 Hz for all cases.

58

Average short-circuit




24 T T T T T 80
a ®  Average arc time
20 ® Average short-circuit time - 3
a
] L] I b
- 16 - m - = - % 60
E 2
ZET 12 |- K
8 |- 1.5 40
K
5
4 e €] °® e ° o 1 =
0 | | | | | | 20
0 20 40 60 80 100

He content (%)

20 40

60

He content (%)

80 100

Figure 4-30 (a) The average arc time and short-circuit time; (b) The short-circuit frequency as a

function of the wire feed rate.

Argon, helium and COz2

In Figure 4-31 a and b, it can be clearly seen that with addition of 3.3% CO,, the average arc time is

reduced while the short-circuit frequency is increased. The average short-circuit time almost keeps

unchanged.
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Figure 4-31 (a) The average arc time and short-circuit time; (b) The short-circuit frequency for Ar,

Ar+3.3% CO,, Ar+40% He and Ar+40% He+3.3% CO..

4.2.3 Weld bead geometry

In this part, the cross-sections of the weld beads obtained from the butt welding are provided. Several

geometrical parameters such as the width, height, depth, top reinforcement area, bottom reinforcement

area and fusion area are considered. The definition of these values is shown in Figure 3-7.
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Argon and helium

The cross-sections of the weld beads in the Ar-He gas mixtures are presented in Figure 4-32. It is

evident that the weld bead geometry can be greatly influenced by the Ar-He gas composition.

Figure 4-32 The cross-sections of the weld beads obtained in the Ar-He mixtures: (a) Ar; (b) Ar+20%
He;(c) Ar+40% He; (d) Ar+60% He; (e) Ar+80% He; (f) He.
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In Figure 4-33, the height, width and depth of the weld beads as a function of the He content are
described. As the He content is elevated, the width is gradually reduced while the height is almost
maintained in the same level (Figure 4-33 a). Concerning the depth, it can be seen that except for the
weld bead in pure Ar, all the others get fully penetrated (Figure 4-33 b). The reinforcement area and
the middle fusion area are plotted as a function of the He content in Figure 4-34. In Figure 4-34 a, it is
shown that with the He content increased, the top reinforcement area is decreased and the bottom
reinforcement area is increased. The total reinforcement area which is close to the theoretical value
(12.5 mm?) is slightly changed. In Figure 4-34 b, it is clear that as the He content is raised, the middle

fusion area is continuously enlarged.
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Figure 4-33 The cross-sectional dimensions of the weld bead in Ar-He mixtures: (a) Height and width;
(b) Depth.
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Argon, helium and CO2

The cross-sections of the weld beads in Ar+3.3% CO; and Ar+40% He+3.3% CO; are presented in
Figure 4-35. Comparing Figure 4-35 a with Figure 4-32 a, the weld bead gets fully penetrated with the
presence of CO,. Besides, by comparing Figure 4-35 b with Figure 4-32 c, it can be seen that 3.3%
CO, makes more materials flow through the workpiece and reach the bottom side. In Figure 4-36, the
weld bead geometry in Ar+3.3% CO- and Ar+40% He+3.3% CO; are quantified. For the convenience
of comparison, the cases of Ar and Ar+40% He are presented again. In Figure 4-36 a, it is shown that

with 3.3% CO; added in the gas mixtures, the weld beads become lower but deeper. In Figure 4-36 b,

it can be found that both the bottom reinforcement area and the middle fusion area are enlarged by
addition of 3.3% CO..
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Figure 4-36 The cross-sectional geometry of the weld beads in Ar, Ar+3.3% CO,, Ar+40% He and
Ar+40% He+3.3% CO-: (a) Dimensions; (b) Area.
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Chapter 5. Discussion

In this chapter, attempts are made to explain the experimental results. General features of the short-
circuit GMAW of Inconel625 alloy are described. The effects of argon, helium and carbon dioxide on

the welding process and weld bead geometry are emphasised.

5.1 Features of the short-circuit GMAW of Inconel625 alloy

Irrespective of the shielding gas composition, some characteristics of short-circuit GMAW of
Inconel625 alloy are described and explained in this section. As shown in Figure 4-2, Figure 4-3 and
Figure 4-4, short-circuit GMAW is a dynamic process along with the periodical change of voltage and
current. The voltage in the arc period is higher than that in the short-circuit period. The welding
current keeps growing in the short-circuit period and a maximum is reached, while in the arc period

the current drops from the peak to a low value.

In Figure 4-14 and Figure 4-16, it can be seen that the duration of the arc period is larger than that of
the short-circuit period. At the wire feed rate of 6 m min, the arc period is approximately four times
longer than the short-circuit period. Besides, the duration and voltage drop of the short-circuit period
are not influenced by the shielding gas composition and the wire feed rate applied (Figure 4-6, Figure
4-10 a, Figure 4-14 and Figure 4-16 a). The effect of the shielding gas composition on short-circuit
GMAW is mainly concentrated on the arc period (Figure 4-8 and Figure 4-11).

Figure 4-14 shows that with the wire feed rate increased, the arc period gets shortened while the short-
circuit period almost keeps the same. The duration of the entire short-circuit cycle is reduced.
Consequently, the short-circuit frequency is increased as shown in Figure 4-15. This can be attributed
that as the filler wire is fed at a higher speed, i.e. more metal needs to be deposited on the workpiece
per unit time, the frequency of the metal transfer becomes higher. The standard deviations of the arc
time and the short-circuit time in all the short-circuit cycles can be used to indicate the process
regularity. In Figure 4-17, it is shown that with an increase of the wire feed rate, the standard deviation
of the arc time drops while that of the short-circuit time stays nearly unchanged. Thus, it is
demonstrated that as the wire feed rate is increased, the similarity among all the arc periods is

increased which means the process becomes more regular.
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5.2 Argon-helium shielding gas

In this section, some remarkable results obtained in Ar, He and Ar-He shielding gas mixtures are
analysed. The comparison between Ar and He is always made under the same welding parameters and

configuration.

5.2.1 Arc voltage

Comparing Figure 4-6 a with Figure 4-6 b or seeing Figure 4-28, it can be found that at the same wire
feed rate, the arc voltage of He is higher than that of Ar. This is because the first ionisation energy of
He is 24.58 eV, much larger than that of Ar (15.75 eV) [25]. To achieve ionisation, He requires more
energy than Ar. A higher ionisation energy of He also means that a higher arc voltage is necessary for

He to trigger and maintain the arc plasma.

However, it should be noted that in arc welding, the arc voltage is directly related to the arc length for
a specific shielding gas composition. In other words, for a certain shielding gas, an increased arc
length can also lead to an increased arc voltage. With regard to the results in Figure 4-6, it can be
argued that besides the higher ionisation potential, the higher arc voltage obtained in He may be also
attributed that the arc in He is longer than that in Ar. Therefore, it is necessary to clarify the influence
of the change of arc length. In short-circuit GMAW, a short-circuit cycle consists of an arc period and
a short-circuit period. In the arc period, it can be thought that the filler wire is fed in a constant speed
and the arc length gets shortened gradually (Figure 5-1). The maximal arc length can be roughly
calculated by multiplying the wire feed rate by the arc time.

Arc period Short-circuit
period
-
Arc
length

Figure 5-1 Schematic presentation of the local arc area.
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As shown in Figure 4-14 a and b, in the bead-on-plate welding at the wire feed rate of 6 m min, the
arc time in Ar is 18.1 ms while the arc time in He is 17.3 ms. The maximal arc length in Ar is
approximately 1.81 mm while that in He is approximately 1.73 mm. It means that in this case, the arc
length of He is approximately equal to that of Ar. In Figure 4-6, at the wire feed rate of 6 m min, the
arc voltage of He is 24.9 V while that of Ar is 15.9 V. It can be demonstrated that compared with Ar,
the higher arc voltage of He is due to the higher ionisation potential rather than the change of arc
length. Moreover, the results from the butt welding can lead to the same statement. In the butt welding
at the wire feed rate of 6 m min, the arc voltage of He is 24.1 V while that of Ar is 15.3 V (Figure
4-28 a). The arc time of all the Ar-He mixtures is close to 16.5 ms (Figure 4-30 a), which means the
arc length in the Ar-He gas mixtures are similar. The influence of the arc length on the arc voltage can

be neglected in this case.

5.2.2 Fusion area

In Figure 4-22 b, it can be seen that at the same wire feed rate, the fusion area of He is larger than that
of Ar. This is attributed that in comparison with Ar, the higher arc voltage of He leads to more energy
produced by the He arc plasma (Figure 4-9). However, it should be mentioned that what largely
determines the size of the fusion zone is the amount of heat transferred to the workpiece rather than
the amount of heat generated by the arc plasma. The amount of heat entering the workpiece is equal to
the product of the heat generated by the arc and the arc/process efficiency n,,. To verify that more heat
is transferred from the He arc to the workpiece, the temperature measurement was performed. In
Figure 4-13 a and b, it can be seen that the maximal temperature of the workpiece bottom in He
(1146.7+2.2 °C) is higher than that in Ar (1024.3+2.2 °C). Therefore, it can be demonstrated that
compared with Ar, more heat is transferred from the He arc to the workpiece which makes the fusion

area larger.

5.2.3 Angle 8, and 0,

In the beginning, it should be stated that the angle 8, can serve as an important indication of the weld
quality. In multi-pass welding, if 8, is less than 90° in the root pass, there is a high chance of defects
such as porosity and cracks in the subsequent passes. In Figure 4-25 a, it can be seen that at the wire
feed rate of 6 and 7 m min, 8, in Ar are 66° and 75° while those in He are 88° and 96° respectively.
It means that at a relatively low wire feed rate, the risk of defects in Ar is higher than that in He. With
regard to the angle 6,, it can indicate the magnitude of the heat transferred from the heat source to the
workpiece to some extent. As shown in Figure 4-19 and Figure 4-25 b, 8, in Ar stays at 180°. It means
that the heat input in Ar is low. As the liquid flow from the centre of the weld pool to the edge, the

liquid solidifies immediately and the base metal under the edge of the weld pool is not melted.
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Nevertheless, 8, in He is smaller than 180° and reduced as the wire feed rate is elevated (Figure 4-20
and Figure 4-25 b). As the liquid flows to the fringe of the weld pool, the base metal is melted. It is

indicated that in comparison with Ar, the heat input in He is higher.

5.3 Argon-carbon-dioxide shielding gas

In this section, the experimental results obtained in Ar-CO, gas mixtures are analysed. The
comparison between Ar and Ar-CO; mixtures is always made under the same welding parameters and
configuration.

5.3.1 Arc voltage

In Figure 4-10 a, it can be seen that in the bead-on-plate welding at the wire feed rate of 8 m min, the
arc voltage in Ar+3.3% CO; is 20.7 V, higher than that of Ar (16.8 V). This is because at about 3500
K, CO2 molecule can dissociate and release carbon monoxide and free oxygen atoms. The dissociation
requires extra energy, which results in a higher arc voltage in Ar-CO- arc plasma compared with the
Ar arc plasma. To clarify the influence of the arc length on the arc voltage, the duration of the arc
period needs to be considered. In Figure 4-16 a, it can be seen that in the bead-on-plate welding at the
wire feed rate of 8 m min, the arc time in Ar+3.3% CO, is 10.2 ms while that in Ar is 11.0 ms. The
calculated maximal arc length in Ar+3.3% CO; is approximately 1.36 mm which is slightly lower than
that in Ar (1.45 mm). It should be mentioned again that for a specific shielding gas, an increase of the
arc length results in an increased arc voltage. Although the arc in Ar+3.3% CO: s slightly shorter than
that in Ar, the arc voltage in Ar+3.3% CO; is nearly 4 V larger than that in Ar. It can be demonstrated
that compared with Ar, the higher arc voltage of Ar+3.3% CO; is due to the extra dissociation energy
of CO; rather than the change of arc length.

5.3.2 Penetration and fusion area

As shown in the results of both the bead-on-plate welding (Figure 4-24) and butt welding (Figure
4-36), two tendencies are distinct. Firstly, the penetration of the weld bead in the Ar-CO; gas mixture
is much deeper than that in Ar. Secondly, with the presence of 3.3% CO,, the fusion area gets enlarged.
A direct reason for them is that comparing the Ar-CO, arc with the Ar arc, more energy is transferred
from the heat source to the workpiece. As indicated in the temperature measurement (Figure 4-13 a
and c), more heat in Ar+3.3% CO- reaches the bottom of the workpiece. Moreover, it can be found in

Figure 4-12 that relative to the Ar arc, more heat is generated by the Ar-CO, arc.
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A potential reason can be the presence of oxygen dissociated from CO, molecules. It has been stated
by many researchers that the surface active elements such as O, S, Se and Te can significantly reduce
the surface tension of the liquid metal, which can change the direction of the Marangoni convection
from outward and upward to inward and downward (Section 2.4.2) [30, 62, 71, 74, 79-81]. The major
elements in the Inconel625 alloy are nickel and chromium. Keene et al. [82, 83], Sahoo et al. [77] and
SanSoucie et al. [84] reported the surface tension of the pure nickel and the nickel-oxygen system.
Sahoo et al. [77] reported the surface tension of the pure chromium and the chromium-oxygen system.
It was found that the surface tension of both nickel and chromium could be significantly reduced by
oxygen and the temperature gradient of the surface tension would be changed from negative to

positive. As a result, the inward, downward Marangoni convection appears.

As a certain amount of heat reaches the top surface of the workpiece, it will be transferred through the
workpiece via conduction and convection [55]. The convections driven by the surface tension force,
the electromagnetic force, the impingement of the droplets etc. can carry the liquid metal of high
temperature to the place of low temperature, which greatly improves the efficiency of the heat transfer.
Consequently, the heat distribution in the weld pool and the geometry of the weld bead can be
influenced. Back to the cases of Ar and Ar+3.3% CO, it can be thought that the inward, downward
Marangoni convection induced by CO, promotes the hotter liquid on the top surface of the weld pool
to flow down to the bottom. Consequently, the penetration is deepened and the fusion area is enlarged.

It should be mentioned that with the presence of CO,, the decrease of surface tension is not directly
verified in this study. Nevertheless, the influence of the inward, downward Marangoni flow which is
schematically shown in Figure 5-2 can be indicated by the geometry of the weld bead cross-section. In
Figure 4-24 a, it can be found that the weld bead with the presence of CO; is higher but narrower than
that without COs.. It is evident that the inward Marangoni convection impedes the liquid to flow from
the centre of the weld pool to the edge. Moreover, comparing Figure 4-23 with Figure 4-19 c or seeing
Figure 4-26, it can be found that the angle 6, in both Ar+3.3% CO, and Ar+6.7% CO- are 41° and 59°
respectively, much smaller than that in Ar (89°). This result can also indicate that with the presence of

CO,, the wetting behaviour gets weakened due to the existence of the inward Marangoni convection.
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Figure 5-2 Schematic presentation of the influence of CO; on the width, height and 6,.

5.3.3 Short-circuit frequency

Another interesting finding is that with the presence of CO,, the arc time decreases while the short-
circuit frequency is raised (Figure 4-16 and Figure 4-31). This can be attributed that the surface
tension of the molten metal is reduced when a certain amount oxygen is dissolved into the liquid
droplets. It has been stated that the metal transport is determined by several driving forces such as the
surface tension force, electromagnetic force, gravity, the vapour jet force exerted by the arc plasma
and the viscous dragging force exerted by the shielding gas flow. In comparison to the globular and
spray GMAW, the welding current in short-circuit GMAW is relatively low and the external forces
which play a dominant role in the metal transport are the surface tension force and the gravity [85, 86].
Moreover, the gravity acts as the detaching force while the surface tension force tends to hold the
droplets against the detachment. As a certain amount of oxygen is dissolved into the liquid droplets,
the magnitude of the surface tension force drops which facilitates the droplets to be detached from the
electrode and contact the weld pool (Figure 5-3, the dot line). As a consequence, the short-circuit

frequency is increased.
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Figure 5-3 Schematic representation of the influence of CO; on the droplets.

5.4 Shielding gas selection

Since the effects of Ar, He and CO; on the welding process and the geometry of the weld bead cross-
section have been revealed, two questions are raised:
1) How to select an appropriate shielding gas during short-circuit GMAW of Inconel625 alloy?
2) How does a pipeline production company benefit from this research?
To answer these two questions, a rough calculation is made. It should be stated at the beginning that
the calculation below still needs further validation in the environment of the offshore pipeline

production.

As discussed before, an increase of the He content in the shielding gas can lead to a more powerful
heat source while the presence of CO, can improve the efficiency of the heat transfer from the top
surface of the weld pool to the bottom. In Figure 4-32 b and Figure 4-33 b, it can be seen that the joint
is fully penetrated and no extra metal flows down by using Ar+20% He. The nominal power of the
heat source is 1424 W and the travel/welding speed is 4.3 mm s~1. The heat generated per unit length

of the weld can be calculated:

p 1424 W

H = =
Viraver 4.3mms™1

=331/ mm™! (5.1)

this calculation indicates that if the heat input is greater than or equal to this critical value
(3317 mm™1), the weld bead can be fully penetrated. In Figure 4-28 c, it is shown that the maximal
power of the heat source can be achieved at 1644.6 W by using Ar+60% He. In Figure 4-32 d and
Figure 4-33 Db, it can be observed that the weld gets fully penetrated and a certain amount of material

even goes down. So, the travel speed can be increased:
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I 1645 W
Viraver = E = 331) mm-1

=5mms~! (5.2)
this calculation indicates that by using Ar+60% He, the travel speed can be increased from
43mms~1to5mm s~ and the weld can still be fully penetrated. The 16.3% increase of the travel
speed means that the welding time can be reduced by 14.0%. It is known that a vessel operation cost
is in the order of thousands of euro per day [12]. Some cost can be saved by a decrease of the welding

time. In Figure 5-4, the travel speed is plotted as a function of the He content.
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Figure 5-4 The travel speed as a function of the He content at a constant heat input of 331 J mm™.

Moreover, it is mentioned in Section 1.1 that during welding the Inconel625 lining of the CRA pipes
in the root pass, the weld bead is protuberant (Figure 1-1) and an additional grinding procedure is
required which is time-consuming and expensive. The cause of the protuberant weld bead is that due
to a low travel speed, the metal deposition per unit length of the weld is too high which results in a

large top reinforcement area (A, ¢inforcement)- The top reinforcement area can be calculated by

. . 2,
Vwire Awire 4 _ re - Vyire

(5.3)

A.. =
reinforcement
Vtravel t Vtravel

where V,, ;.. is the wire feed rate (mm s™1), A, is the cross-sectional area of the filler wire (mm?),
t is the welding time (s), Viyqver iS the travel speed (mm s~1) and r is the radius of the filler wire
(mm). In this thesis, the wire feed rate is 100 mm s~ and the radius of the filler wire is 0.5 mm.

Equation 5.3 can be simplified as

78.5 (5.4)

Areinforcement = v
travel
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It can be found that with a constant heat input (331 J mm™1), an increased travel speed can lead to a
decreased top reinforcement area as described in Figure 5-5. It means that the material deposition per
unit length of the weld is reduced while the full penetration can still be achieved. Accordingly, the
weld bead can be flattened to a certain extent and the additional grinding procedure is possible to be
omitted. Besides, the calculation above which only considers the influence of the He content is a
conservative estimation. With a small amount of CO; (3.3%), the efficiency of the heat transfer from
the top surface of the weld pool to the bottom can be greatly enhanced which means that the travel
speed can be increased further.

Top reinforcement area (mm”)

14 | I I I
3.5 4.0 4.5 5.0

Travel speed (mm s

Figure 5-5 The relationship between the top reinforcement area and the travel speed at a constant
heat input of 331 J mm™.

71



72



Chapter 6. Conclusions and recommendations

6.1

General conclusions

In this work, the influence of different shielding gas (Ar, He and COz) compositions on the welding

process and the resultant weld bead geometry during short-circuit GMAW of Inconel625 alloy is

studied. On the basis of the results and discussion, the following conclusions can be drawn:

1)

2)

3)

4)

Short-circuit GMAW which consists of an arc period and a short-circuit period is a highly
dynamic process along with the periodical change of voltage and current. Both average
voltage and duration of the arc period are larger than those of the short-circuit period while the
average current of arc period is relatively lower. The influence of the change of the shielding
gas composition is mainly focused on the arc period but very limited during the short-circuit
period.

In short-circuit GMAW, wire feed rate is a critical process parameter. With other variables
fixed, it determines the material deposition rate and the welding current. The regularity of the
short-circuit process can also be greatly influenced by the wire feed rate. An increase of the
wire feed rate can lead to a higher regularity.

During short-circuit GMAW of Inconel625 alloy with a constant-voltage power source
(Fronius™ Transpuls Synergic 5000) used, it is demonstrated that the shielding gas
composition can make a great influence on the arc voltage, power of the welding arc, flow
motion in the weld pool and the geometry of the weld bead. In the Ar-He shielding gas
mixtures, it is found that with an increase of the He content, the arc voltage is elevated. As a
result, the heat source (the welding arc) becomes more powerful and more heat is transferred
to the workpiece. A larger fusion area is created.

For the Ar-CO; shielding gas mixtures, it is found that a small quantity of CO; (3.3%) can
make a great difference on the weld bead geometry. The influence of CO; is reflected in two
aspects, both of which contribute to a deep penetration and a large fusion area. Firstly, a
certain amount of CO; can also increase the arc voltage and the power of the welding arc.
More importantly, the presence of the surface active element, oxygen which is dissociated
from CO; can largely reduce the surface tension of the liquid metal. As a consequence, the
temperature gradient of the surface tension can be changed from negative to positive and the
direction of the Marangoni convection which is driven by the surface tension force will be
changed from outward and upward to inward and downward. The efficiency of the heat

transfer from the surface of the weld pool to the bottom can be enhanced.
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6.2 Recommendations for future work

To begin with, it should be stated that the shielding gas plays an important role in innovations of the
arc welding. Depending on the application, an appropriate selection of the shielding gas composition
can help to increase the productivity. In this research, some interesting and beneficial finding has been
reported. Nevertheless, some questions about the shielding gas still remains which require the further
research. It has been demonstrated that the heat input to the joint can be greatly changed by applying
different shielding gas composition. In the metallurgical perspective, the microstructure and quality of
the welds can be influenced to some extent and defects may be caused. Accordingly, investigation of

the effect of the shielding gas composition on the microstructure turns out to be meaningful.
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