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ABSTRACT

The demand for new and reliable welding processes comes from the need to improve pro-
ductivity and quality in welding of new materials used in infrastructure projects. Among
the areas where this development is crucial, is pipeline welding, which is performed in large
infrastructure projects.

The development of new grades of high strength steels for line pipes has also driven the
need for newer welding process which offer reduced heat input into the work piece, thus
avoiding deterioration of the material properties. Since these steels are heat sensitive, the
general goal is to increase deposition while maintaining similar nominal heat input into
the steel. Cold wire gas metal arc welding (CW-GMAW) is a process that could offer such
performance, however a comprehensive understanding of the process features is still lacking
in the available literature.

To address this lack of understanding, the present work will present a comprehensive
analysis of the CW-GMAW process while employing a constant voltage welding power
source. First, this work reports a study on the metal transfer dynamics of the CW-GMAW
process using high speed imaging synchronized with current and voltage. The droplet
diameter and its frequency are estimated and correlated to different transfer mode regimes.

In addition, estimates of melting efficiency of the welds and geometry measurements of the
beads are reported. Subsequently, a study on the application of CW-GMAW to fill 4 mm
wide narrow gaps is reported, it was found that CW-GMAW provides better consistency
during welding and avoids sidewall penetration which hamper the mechanical properties
of the joints. An overview on current pulsation, on CW-GMAW, is also reported. It was
found that cold wire feed rates affect welding with low peak to background current ratio
causing differences on weld bead cooling rate, leading to differences in hardness. Globular
to spray transition in CW-GMAW was also studied, and it was found that CW-GMAW
transits faster to spray regime than standard GMAW.

In order to understand the effect of the cold wire feed rate on the energy transferred to the
workpiece during welding, an uncertainty study on a water-flow calorimeter was performed,
followed by calorimetry of CW-GMAW for the three natural transfer regimes (short-circuit,
globular, and spray). Results show that the efficiency on CW-GMAW depends on cold wire
feed rate and metal transfer. Lastly, the mechanical properties of welding joints are tested
and the CW-GMAW provided better performance for the welding parameters tested.

In summary, the CW-GMAW process offers higher productivity than standard GMAW and
can be employed successfully with or without pulsation control of current. The thermal
efficiency of the process for the same metal transfer decreases with an increase in cold wire
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feed rate along with reduced dilution of the filler metal. This interesting process feature
also qualifies the CW-GMAW for hardfacing applications.

Keywords: GMAW,CW-GMAW, metal transfer, arc dynamics, stability, droplet features
and bead geometry measurements.
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Chapter 1

Introduction

1.1 The Importance Of The Welding Industry

Welding is one of the most prominent manufacturing process in industry, since nearly
every manufacturing route involves at least one welding operation during assembly. This
scenario drives research with the aim of introducing newer welding processes that offer
effective control of induced material properties through of process parameters.

A recent meeting of the American Welding Society (AWS) [12] noted that welding is
strategic for the economic growth of a country. Specifically, it was suggested that, by 2020,
welding needs to be completely integrated to other manufacturing process, and that the
following goals are fundamental to this objective:

1. Increase of productivity through automation, cost reducing, and better process se-
lection. It is expected that this actions will lead to reduction of 25% in the overall
costs;

2. Enhance welding through correct process selection, aiming for higher integration to
other manufacturing processes and higher versatility;

3. Better practices in education of welding personal, and higher rates of energy savings
during manufacturing operation, in order to reduce heat input and post-welding
operations (e.g straightening of distorted joints).

In summary, improvements to productivity, measured by deposition in (kg/h), and lower
heat input are of fundamental importance to the next generation of welding processes. A
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prime example of heavy equipment welding (e.g. pipeline welding) involves the joining of
high strength steels used to fabricate pipelines with higher productivity and reliability.

1.2 Pipeline Welding

In a recent report produced by the National Energy Board (NEB) of Canada [1], it was
suggested that crude oil production will increase steeply until 2030, and then level off. This
implies that there will be a need to increase the available infrastructure for transporting
oil and its derivatives. Figure 1.1 shows the projected growing production of crude oil in
Canada until 2040. Although there has been a steep rise in the rate of oil transport by rail
in Canada due to keep up with this production, this presents a higher risk and impacts
associated with derailment accidents involving oil tanker cars. [13].

Figure 1.1: Energy production in Canada. [1].

Even in the case of natural gas transmission, there is a need for considerable growth to sim-
ply meet existing consumption demands. For example,TC Energy Inc recently announced
the investment of $160 M for pipeline expansion [14] in order to transport extra 80 million
cubic feet per day of natural gas needed for southern Ontario consumers. Additionally,
the same company will invest $2 billion to expand the pipelines facilities of its Nova Gas
Transmission Ltd.(NGTL) system, with ongoing investment until 2021 based on an exist-
ing contract. This project will consist of 273 km of pipelines and five compressing stations,
representing a major infrastructure construction project in the near future. Figure 1.2
shows a sketch of the Nova project as well the existing NGTL pipelines. A consequence
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of these new investments in pipeline construction and/or expansion is the need to develop
new welding process, since welding plays an important role as a joining method of the pipe
sections.

Figure 1.2: Map of the NGTL existing pipelines and projcted expansion. [2].

1.3 Welding Process: Productivity and Quality

Welding is the main method used for assembly of the pipe sections. A common paradigm for
evaluating new welding process involves a compromise between productivity and quality,
the latter impacting the reliability of joints produced. Various processes can be used for
pipeline welding for instance, arc welding processes, laser welding, electron beam welding,
and hybrid processes.

The main advantage of arc welding is its ability to efficiently fill the joint gaps. However,
the high nominal heat input softens the heat affected zone (HAZ) of the welds, which can
lead to embrittlement which is deleterious to the mechanical properties of the joints. Yapp
and Blackman [15] provided a review on the latest developments related to pipeline applied
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welding process, highlighting the advantages of using two torches in the TANDEM GMAW
process developed at Cranfield University.

The main advantage of laser welding derives from the highly focused laser energy which
decreases the width of the HAZ compared to arc welding. However, this class of process is
expensive, and is not widely used for pipelines. One of the earlier studies on the applications
of laser welding to pipeline steels is attributed to Miranda et al.[16], which concluded that
it was suitable for field applications, and that it produced welds having finer grain pattern
when compared to gas tungsten arc welding (GTAW).

The use of electron beam welding (EBW) techniques is still emerging. Komizo [17] refers
to its use in Japan in 1994; the main advantage considered is the low nominal heat input
while welding and the ability to be applied in all positions. One of the drawbacks is the
low productivity, due to complex equipment needed to the need to generate a local vacuum
at the workpiece which can transfer the electron beam.

In order to couple productivity and quality, hybrid arc-laser welding processes were tested
in pipelines. Recent research [18] examined the stability of the beam during root pass
welding in the horizontal position, referring to energy and penetration as key parameters,
and the results of these studies indicate sufficient stability. One of the main advantages of
this class of processes is the coupling of high penetration with delivery of a filling metal
which can theoretically permit the joining of thick plates without multiple passes.

1.4 Motivation

Motivated by the fact that new technologies are always required in pipeline welding in order
to optimize productivity and reliability of pipe joints, this document reports research on
the Cold Wire Gas Metal Arc Welding (CW-GMAW) process in terms of two areas:

a. A study on the feasibility to narrow groove welding; and

b. An evaluation of arc stability, metal transfer, bead geometry, dilution, thermal effi-
ciency, and mechanical properties.
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1.5 Objectives

1.5.1 General Objective

A general objective of this document relates to the study of CW-GMAW applied to narrow
groove joint designs typical of pipeline welding, and also for V-groove joints. The key
aspects/attributes involve: arc stability, the influence of the secondary wire on metal
transfer mechanisms, and the implications of metal transfer mechanisms on bead geometry,
on dilution, in addition to thermal efficiency measurements for CW-GMAW and standard
GMAW and assessment of mechanical of weld joints.

1.5.2 Specific Objectives

In order address the research needs outlined in the previous subsection, this thesis is divided
into the specific measurable goals related to the evaluation of the CW-GMAW process:

1. Test the feasibility of the process for narrow gap welding, and present specific features
of metal transfer for narrow grooves;

2. Evaluate the role of cold wire feeding on the dynamics of the arc for constant voltage
and pulsed regimes;

3. Determine the influence of cold wire on the globular to spray transfer;

4. Measure the thermal efficiency of the CW-GMAW process;

5. Assess the mechanical properties of CW-GMAW joints.

These aspects are investigated through experiments that focus on narrow gap welding fea-
sibility, metal transfer dynamics, calorimetry of CW-GMAW, and on mechanical properties
of weld joints fabricated using CW-GMAW.

1.5.3 Thesis Chapters Outline

This thesis consists of ten chapters outlined in the following list:

1. Chapter 1 provides an introduction including the motivation and research objectives;
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2. Chapter 2 consists of a literature review that summarizes basic knowledge necessary
for understanding the subsequent chapters in this thesis, and the general methodology
and equipment used in this work. (Although each chapter has a methodology section
reporting specific details of the experiments performed);

3. Chapter 3 discusses the metal transfer of CW-GMAW for the three natural transfer
modes and estimates the melting efficiency of the CW-GMAW process;

4. Chapter 4 discusses the narrow gap welding application and the advantages of using
CW-GMAW over standard GMAW;

5. Chapter 5 discusses the effect of cold wire feed on current control through pulsation,
using a standard waveform, and its effect on microstructure and Vickers hardness;

6. Chapter 6 reports the effect of cold wire feed on the globular to spray transition
which is investigated though high speed cinematography with synchronized electric
signals acquisition;

7. Chapter 7 describes the effect of calorimeter parameters on the overall measurement
uncertainty of thermal efficiency employing a traditional water-flow calorimeter;

8. Chapter 8 builds on the results discussed on Chapter 8 and reports the thermal
efficiency of the CW-GMAW process;

9. Chapter 9 reports the tensile mechanical properties of CW-GMAW weld joints versus
standard GMAW weld joints.

10. Finally, Chapter 10, reports the comprehensive conclusions, the suggestions for future
work, and list of contributions originated from this thesis.
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Chapter 2

Literature Review And General
Methodology

2.1 Physics Of The Arc Welding Process

2.1.1 Principles Of The Electric Arc

An electric arc results from a discharge between two poles in a conductive medium such
as an ionized gas. This discharge is then converted into light, sound, and heat. This
physical phenomenon can be used as a controlled and directed heat source, as in the case
arc welding and related techniques.

Thus, understanding the physical phenomena involving the electric arc and their interplay
with heat transfer and the final properties of welds is of fundamental importance. In order
to further study the electric arc, let us divide it into three regions: the anode, cathode,
and arc column.

The anode is the the positive part of the arc which attracts electrons; the arc column
comprises the region formed by the ionised plasma resulting from the shielding gas through
which matter, electrons, and ions flow. The negative part of the arc is the cathode, which is
the source of electrons. Figure 2.1 shows the contribution of the three zones of the electric
arc to the overall voltage of the arc.
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Figure 2.1: Voltage contribution of the arc zones.

The overall voltage can be expressed as the sum of the anodic fall voltage Va , the column
voltage Vcolumn , and the cathodic fall voltage Vcathode .

V = Va + Vcolumn + Vc (2.1)

where Va represents the anodic fall, Vcolumn the column voltage and Vcathoderepresents the
cathodic fall voltage. In addition, one can further expand Equation 2.1 knowing that the
voltage across the arc column is proportional to the arc length (la). Then, it is possible to
write:

V = Va + Ela + Vc (2.2)

where E represents the electric field across the column. According to Marques [19] the
value of E in a tungsten inert gas (TIG) arc for pure argon is around 1000 V/m. As
Vcolumn � (Va + Vc) the voltage across the arc is proportional to the arc length (la).

2.1.2 The Electric Arc Applied To Eelding

This section will introduce the some special features of the electric arc that are relevant
to welding technology. The static characteristics of the arc welding power source, are so-
named because they do not take into account dynamic variations in current(A) and voltage
(V). The characteristic curve of the arc can be modelled by:
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U = A+BI +
C

I
(2.3)

where A, B and C are empirical constants, U is voltage and I is the current. Table 2.1
gives the values for A, B and C referring to Figure 2.2 which presents an example of static
characteristics for gas tungsten arc welding (GTAW) arc for different arc lengths as well as
the proportionality between voltage and arc length for selected currents. The GTAW arc
is considered here for its relative simplicity and similarity with other consumable electrode
arcs.

Figure 2.2: a) The arc static characteristics for different arc lengths (mm); b) The pro-
portionality between voltage and arc length for two different current levels. Adapted from
[3].

Another important feature is the characteristic power source curve. For the sake of sim-
plicity just two types of power sources will be considered here: constant current (CC); and
constant voltage (CV). Figure 2.3 shows schematics of the curves for these two sources: U0

represents the voltage when there is no welding current and Isc represent the short-circuit
current.
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Figure 2.3: Two common types of welding power sources a) Constant voltage; b) Constant
current.

Typically, the initial slope of the power source response curve is 0.02 V/A for constant
voltage power sources, while for constant current sources the slope is on the order of 10
V/A. When operating the arc, the characteristic curve is superimposed on the source curve
and their intersections correspond to the operation point for the parameters chosen [3].

Table 2.1: Values of the constants A, B and C for the characteristic curve of the welding
power source [3].

la(mm) A (V) B(V/A) C(V.A)
2 7.36 0.0163 75.3
4 8.89 0.0158 78.8
6 10.25 0.0179 61.4

2.1.3 Metal Transfer Modes In Arc Welding

Basically, according to Kim et al.[20] there are two main theories that account for the
metal transfer in welding with consumable electrode:

a. The static force balance theory (SFBT) and;

b. The pinch instability theory (PIT)
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The SFBT simply states that the droplet at the end of the electrode tip will detach when the
equilibrium between the detaching forces and the attaching forces cannot be maintained.

The basic static forces that act on the droplet are:

1. Gravitational force (Fg) due to the weight of the droplet;

2. Drag force (Fd) due to due shielding gas and plasma flow;

3. The electromagnetic (Fem) force due to the self-induced magnetic field and;

4. The surface tension (Fγ) force between the liquid droplet and the molten metal
column.

Then, generally, a droplet will detach when force balance is exceeded according to:

Fg + Fd + Fem = Fγ (2.4)

The gravitational force can be written as the product of the the droplet mass and the
gravity acceleration vector, assuming that the droplet is spherical,

Fg =
4

3
πR2ρg (2.5)

where R is the droplet radius, ρ is the density of the droplet and g is acceleration of gravity.
The drag force existence was first suggested by Needham et al. [21] in 1960. The drag
force is estimated

Fd = CdAp

(
ρfv

2
f

2

)
(2.6)

where Cd is the drag coefficient, Ap is the projected area on the plane perpendicular to
the fluid flow, ρf is the fluid density andvf is the fluid velocity.

Equations for the electromagnetic force were derived by two different researchers, inde-
pendently. Greene [4] assumed that the droplet is spherical and the arc root (i.e. the
area of the droplet in which the arc is rooted and current is transferred) is a semi-angle of
the centre of the spherical droplet. The same result was obtained by Amson in 1965 [22]
when integrating the Maxwell stresses over the surface of the the droplet and extended the
results for other forms than spherical. The electromagnetic force can be written as:
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Fem =

∫
V

(J ×B) sinφdV (2.7)

where B is the magnetic field, J is the current density, and φ is the angle between the force
and the longitudinal axis of the of the droplet. Integrating Equation 2.7, one obtains:

Fem =
µ0I

2

4π

[
ln
Rsinθ

b
−
(

1

4
+

1

1− cosθ

)
+

2

(1− cosθ)2 ln
2

1 + cosθ

]
(2.8)

where µ0 is the magnetic permeability in vacuum, R is the radius of the droplet, b is the
radius of the electrode and θ is the semi-angle of the arc root. Figure 2.4 shows a schematic
of the droplet, and the relationship between φ and θ.

Figure 2.4: Schematics for the calculation of the electromagnetic force. Reproduced from
[4].

The surface tension force according to [20] can be written as:

Fγ = 2πbγ (2.9)

where γ is the surface tension of the liquid droplet and b is the radius of the electrode.
More detailed analysis of the SFBT theory, specifically on the time variation of the axial
magnetic force, can also be found in Jones et al.[23].
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The PIT states that the droplet will detach when the liquid metal column is subjected to
a perturbation whose wavelength is critical, forcing the column to break into a series of
spherical droplets, according to Rayleigh instability theory.

This theory is based on the fact that spheres have a lower free energy per volume than
a column of a droplet. Consequently, a disturbance with a critical wavelength will break
the liquid column into droplets. Normally the perturbation is assumed to be sinusoidal
for the sake of simplicity, and the metal droplet is assumed to be inviscid. The critical
wavelength(λc) to break the liquid column into droplets is:

λc =
2πR[

1 +
µ0I

2

2π2Rγ

]2 (2.10)

where R is the initial radius of the droplet column (cylinder), µ0 is the magnetic vacuum
permeability, and Rγ is the effective radius of the column, taking into account the bulged
and pinched regions. One drawback of this theory is that is does not explain the repelling
metal transfer when one uses a shielding gas rich in CO2. One has to bear in mind that, in
contrast to Rayleigh theory where the driving force for pinch was gravitational force, the
driving force for pinch detachment is the self-induced electromagnetic force.

Since 1976 the International Institute of Welding (IIW) categorized the metal transfer
in welding according to main mechanisms for natural metal transfer, as summarized in
Table 2.2.
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Table 2.2: IIW original Metal transfer classification (1976). Adapted from [10]

.

TRANSFER TYPE EXAMPLE PROCESSES
1.0 Free flight transfer

1.1 Globular
1.1.1 Drop Low current GMAW

1.1.2 Repelled CO2 shielded GMAW
1.2 Spray

1.2.2 Streaming Medium current GMAW
1.2.3 Rotating High current GMAW
1.3 Explosive SMAW (Coated electrodes)

2.0 Bridging transfer
2.1 Short-circuit Short-arc GMAW

2.2 Bridging without interruption Welding w/ filler wire
3.0 Slag protected transfer

3.1 Flux wall guided SAW
3.2 Other modes SMAW, FCAW

The original IIW classification considered only natural transfer modes, but the advent of
electronic power sources made new transfer modes possible which correspond to the so-
called controlled transfer modes. Norrish’s review [24] incorporates the controlled transfer
modes, such as synergic transfer, and dip transfer known as cold metal transfer (CMT).

Norrish highlights that the original IIW classification must be changed to account for new
developments in power sources as well as in welding techniques. Similarly, Iordachescu
(2008) [25] indicated that streaming and rotating metal transfers become independent
main categories (and not types of spray), and a broad category called fundamental transfer
modes is created to encompass both the natural and controlled transfer modes.

Scotti [26] proposed an updated classification dividing it broadly in contact transfer modes
which encompasses, for example, short-circuit and surface tension transfer (STT), and free
flight transfer modes which encompasses, for example, repelled globular and rotating spray.

In summary, many new developments in metal transfer driven by new power source tech-
nologies involve some unexplored phenomena, and this, ultimately points to the need of a
revised IIW classification of metal transfer.
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2.1.4 Heat Flow In Arc Welding

The thermal signature of the process is also important, especially when welding heat sen-
sitive materials. Thus, it is vital to understand and control the effective heat input for a
certain welding process, since it is fundamental to obtaining sound welds.

An earlier model (1995) for energy transfer from the arc and electrode (Earc+electrode) to
the work piece was proposed by DuPont & Marder [5], shown in Figure 2.5a. This simple
model does not distinguish the different types of energy losses (Elosses) that occur during
welding, and only accounts for the energy actually given to the fusion zone (Efz ) and to
the base material (Ebm).

A more sophisticated model proposed by Scotti (2012) [27, 6], is shown in Figure 2.5b. It
summarizes different types of energy losses, such as radiation and convection, in the arc and
in the weld pool, as well in the work piece. Moreover, it considers different plate thicknesses.
These models provide a different understanding of thermal signatures for welding processes.
In Dupont’s work [5] the heat input question for different welding processes was considered
to be solved, and their work was merely an update review. Since then, the advent of
new welding-applied calorimetric techniques reopened the heat input question. Also, the
impact of the intrinsic errors of measurement techniques were considered along with their
influence on the measured of heat input values.

Figure 2.5: Schematics of energy balance of energy for an arc welding process: a) Dupont’s
Model [5], b) Scotti’s model [6].
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One of the first attempts to determine the temperature profiles in welds was by Rosenthal
in 1941 [28]. To develop his equation, Rosenthal proposed the following hypotheses:

1. The heat flow is considered steady-state;

2. A point heat source was considered;

3. There is no phase change during the welding (no latent heat effects);

4. The solid is isotropic and thermal properties are constant;

5. There is no heat loss over the substrate surface;

6. There is no convection in the weld pool.

Figure 2.6 shows a schematic summary of the coordinates used to derive Rosenthal’s equa-
tion. Rosenthal’s equation for three dimension (3D) can be written as:

Figure 2.6: Schematics for the coordinates used to derive Rosenthal’s equation. From [7].

2π (T − T0) kr

Qnet

= exp

[
−V (r − x)

2α

]
(2.11)

where T0 stands for the substrate temperature before welding in (K), k is substrate thermal
conductivity in (W/m.K), r is the radial distance the heat source center in (m) given by
r2 = x2 +y2 +z2, Qnet is the net heat input which is written as Qnet = Qηa being ηa the arc
efficiency,Q is the nominal heat input, V is the travel speed (m/s), and α is the thermal
diffusivity in (m2/s). The same equation can be written for 2D which yields,
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2π (T − T0) kt

Qnet

= exp

(
V x

2α

)
K0

(
V r

2α

)
(2.12)

where K0 stands for the modified Bessel function of second kind and zero order. Figure 2.1.4

shows the values of K0 for different values of

(
V r

2α

)
.

Figure 2.7: Variation of the Bessel function with

(
V R

2α

)
. From [7].

The Rosenthal equation provides a segue to an important variable in welding research; arc
efficiency, defined as the ratio between the net arc power over the power delivered to the
workpiece by the welding power source [8].

ηa =
Qnet

Q
(2.13)
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Calorimetry is most often used to measure the thermal efficiency of the arc welding pro-
cesses. Calorimetry involves measuring the heat delivered to the substrate using the tem-
perature variation of a thermo-absorbent fluid which is inside the calorimeter. Meanwhile,
inverse heat conduction analysis relies on the measurement of temperatures on the work
piece using the heat equation to determine the heat source parameter. Table 2.3 gives
the reported values of thermal efficiency of different fusion welding process according to
Fuerschbach [11]. These values should not be generalized to all welding conditions, given
that, there is no consensus in the literature regarding arc welding efficiency values.

Table 2.3: Reported thermal efficiencies of different fusion welding processes. Adapted
from [11]

.

Welding process Reported Therm. Efficiency(%)
GMAW 85
GTAW 67-80
SAW 90

SMAW 75

These reported values do not take into account different parameters that might affect
thermal efficiency, such as shielding gas, arc length, substrate material, welding speed, and
current/voltage waveforms. Recent works by Lyskevich et al. [6, 29] defined a quantity
called the gross heat input which is a theoretical parameter that accounts for the heat that
a process would be able to transfer to a weld bead of null length. For thin plates:

q∗ = qgrosse
−kL (2.14)

where q∗ represents the absorbed heat per unit of weld length in (J/mm), qgross is the
gross heat input which represents the theoritical heat input for a bead of null length, in
(J/mm) and L is weld length in (mm). One can see that with decreasing length, the
absorbed heat per length trends to be equal approaches the gross heat input. Moreover,
Liskevych et al. [6] were the first researchers to actually discuss the intrinsic error in a
calorimetric measurement system (based on a liquid nitrogen calorimeter) and the effect
on the measured values of thermal efficiency.

Haelsig et al.[30] used a new type of water calorimeter with variable water level and mea-
sured thermal efficiency of GMAW and GTAW accounting for the influence of voltage level
(arc length), shielding gas flow rate and CO2 content in the shielding gas, current waveform,
and contact-tip-to-workpiece distance (mm), reporting a range of 66-82 % for GMAW and
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of 68-80 % for GTAW. Employing different materials, aluminium and steel, while using the
same calorimeter, Haelsig [31], reported values of 69-85 % (steel) and 76-87 % (aluminium)
for GMAW, which implies that far from being common, the subject of thermal efficiency
for conventional welding of steel is still an unsolved subject in the literature.

Recently, Hurtig et al. [32] critically analysed a water-flow stationary calorimeter to eval-
uate the concept of calorimeter performance as a function of current, work-piece material
and flow rate for the first time, with reported measurement error due to variations in
parameters being ±9%.

Another important factor to characterize a welding process is the melting efficiency (ηm)
which is defined as the portion of heat transferred to the substrate that is actually used to
melt the work-piece and filler metal. This value is defined as the ratio of melting enthalpy
of the welding volume over the net heat input [5].

ηm =
(AbaseV tweld)Hbase + (AfillerV tweld)Hfiller

ηaUItweld
(2.15)

where Abase and Hbase are the area formed by the base metal in a weld bead and volume
melting enthalpy of the base metal (J/mm3) and Afiller and Hbase are the area formed by
the filler metal in a weld bead, and volume melting enthalpy of the filler metal also in
(J/mm3), respectively. tweld is the welding time in seconds. Figure 2.8 refers to these
quantities.

Figure 2.8: The areas due base and filler metals in a weld bead. Adapted from [7].

The literature also provides an alternative definition for melting efficiency, first given by
Wells, for 2D heat transfer regime assuming Rosenthal’s hypothesis, in 1952 [33].
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ηm =
1

8α

5V w
+ 2

(2.16)

where w is the bead weld width, V is the travel speed, and α is thermal diffusivity in
m2/s. Yet another relation describing melting efficiency is attributed to Okada (1977), for
3D heat transfer regime, also based on Rosenthal’s theory[34, 35] as follows:

ηm =
1

1.35
[
1 +

(
1 + 10.4α2

V w

)1/2
] (2.17)

Equations 2.16 and 2.17 show that melting efficiency will increase with travel speed and
asymptotically approaches 0.48 for 2D geometries and 0.37 for 3D geometries [36]. One
also observes that with increasing thermal diffusivity, the melting efficiency will decrease.
Fuerschbach and Knorovsky (1991) [8] noticed that for GTAW and PAW the melting
efficiency converges to 0.5 when plotted against the quantity (ηaUIV ) / (Hαν). In this
work the non-dimensional melting power P is defined, which represents the part of the
energy of the arc that is actually responsible for melting the work-piece and filler metals,
where H = HBase +HFiller and ν is the kinematic viscosity at the melting point (mm2/s).

Figure 2.9 shows the original data reported by Fuerschbach and Knorovsky and exemplifies
the methodology they used to determine the maximum theoretical melting efficiency. Ac-
cording to Fuerschanch’s data, the theoretical melting efficiency for a 3D geometry is 0.346
and 0.407 for a 2D geometry. Dupont and Marder (1995) [5] compiled a process database
for melting efficiency. Figure 2.1.4 shows the compiled data by Dupont and Marder [5].

Recently, there has been renewed interest in obtaining the melting efficiency for different
joint configurations [37]. The values were reported to vary from 0.23 to 0.39.
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Figure 2.9: Melting efficiency data for GTAW and PAW for different materials: a) the
original data as function of non-dimensional melting power; and b) semi-log plot of melting
efficiency as function of inverse non-dimensional melting power (1/P). From [8].

Figure 2.10: Compilled data for melting effciency for different arc welding processes. From
[5].
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2.1.5 Basic Arc Welding Metallurgy

This section will summarize the basics of welding metallurgy, focusing on the microstruc-
tural regions commonly found in welds, known as the weld metal (WM), the heat affected
zone (HAZ), and the base metal. Figure 2.11 depicts these regions in a weld cross-section
in comparison to the peak temperatures experienced, and phases predicted based on the
iron-carbon phase diagram. The WM is the region of the weld where the temperature
exceeds the melting temperature of the work-piece. The HAZ where the metal microstruc-
ture is affected by the heat during the welding process but experiences temperatures lower
than the melting temperature of the substrate. Finally, the base metal is the region that
is not affected by the heat during welding and preserves the same micro-structure of the
substrate before welding.

Figure 2.11: Macro-regions commonly found in a weld cross-section. Adapted from [9].

The HAZ in Figure 2.11 is further subdivided into 4 regions. The first zone is called
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the coarse-grained HAZ (CG-HAZ), which is immediately adjacent to the fusion line, the
materials within this region is fully austenitized, and experiences a rapid growth of the
austenite grains. The second region is the fine grained HAZ (FG-HAZ); this region is also
heated to form austenite, but the maximum temperature achieved is lower than in the
CG-HAZ such that particles do not dissolve, retarding the austenite grain growth. The
inter-critical HAZ (IC-HAZ) is the region formed between the two critical temperatures Ac1
and Ac3, so this region is not completely austenitized but has some some austenite. The
last region is the sub-critical HAZ (SC-HAZ), which does not experience any metallurgical
transformation except tempering.

Another important parameter is dilution, D . Referring back to Figure 2.8 the dilution can
be defined using Equation 2.18:

D(%) =
Abase

Abase + Afiller
(2.18)

which indicates how much of the bead is formed by the base material. Dilution is also
correlated by [36] to melting and arc efficiency. In general, higher dilution means a higher
melting efficiency and vice-versa for standard arc welding processes.

2.2 Welding Processes For Narrow Gap Welding (NGW)

Pipelines are frequently welded using narrow gap (NG) joint geometries in order to reduce
the quantity quantity of welding material consumed compared with wide gap (WG) grooves.
This reduction in the deposited molten metal also helps to reduce weld distortion, since
reducing the molten material volume will suppress solidification shrinkage. Figure 2.12 is a
schematic showing the difference between wide grooves which have a typical groove angle
around 30 degrees, compared to narrow grooves.
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Figure 2.12: Schematic showing the difference between wide and narrow grooves.

Narrow gap welding (NGW) aims to reduce molten metal deposition volume and welding
heat input by a reduction in groove width. Consequently, this technique decouples the
relationship between welding time and plate thickness that is commonly found in standard
welding techniques.

When the gas metal arc welding (GMAW) process is used for NGW, a low heat input
condition is used in order to avoid groove sidewall erosion. To enhance groove sidewall
fusion and wetting, a traditional approach is to oscillate the electric arc according to the
procedure of Norrish and Nakamura [38] and [39], respectively, in order to distribute the
heat over the joint.

There are many variations of the standard GMAW process used for narrow gap welding.
Recently, Liu et al. [40] proposed a process modification which uses three wires, two of
which are melted by the indirect arc. Phaonaim et al. [41] developed a hot wire hybrid laser
process that can successfully weld a 3 mm gap narrow groove with adequate properties and
consistent fusion of the sidewall. Nakamura et al. [39] proposed an oscillated arc GMAW
process, which was shown to improve the arc pressure distribution over the melt pool and
consequently increased the wetting of the groove side-walls by the melt pool.

Despite all these developments, preventing incomplete fusion resulting from the low heat
input values used to avoid groove sidewall erosion still remains as a major challenge. This
defect plays a role in crack initiation when the weldment is under service, and can be
detrimental to its mechanical performance. There are additional drawbacks associated
with this technique such as reliability of the equipment and costs associated with capital
and maintenance [42].

The sensitivity of NG welds to arc disturbances, which also leads to defects, and the
potential need to repair or re-work NG welds frequently requires time-consuming manual
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welding that can increase the overall cost of the fabrication procedure. This ultimately
hampers the productivity of NGW methods, which would otherwise improve by decreasing
the number of passes to weld intermediate and thick plates. As outlined one issue regarding
NGW techniques is productivity, the next section will outline some possible solutions, such
as new developed welding processes to overcome this issue.

2.3 Secondary Wire Assisted Arc welding: A Sum-

mary

This section gives an overview of the reported applications of secondary wire assisted
welding as well as give an overview of the published information on the cold wire gas metal
arc welding (CW-GMAW).

2.3.1 Three-electrode Welding Process

One of the earliest reported attempts to develop a welding process with an additional
wire feeding is attributed to Arita [43], shown in Figure 2.13. They developed a direct-
current electrode negative (DC-EN) twin GMAW system, and reported that this set-up
configuration improved stability. The basic for stability improvement mechanism is based
on the different polarity of the additional that balances the attraction of the two main twin
wires in the main torch.

Figure 2.13: Schematic showing the 3-electrode welding.

One of the first works to utilize a cold wire (central filler wire) involves tandem GMAW
applications [44],whose mechanism was similar to that of Arita [43], but with the electrode
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torches operating in direct current electrode positive (DCEP) mode. This study showed
that introducing a cold wire would balance the interaction between the two arcs. Other
characteristics reported in this work highlighted the reduction of welding instabilities while
improving the weld metal deposition rate, measured in (kg/s).

2.3.2 The Double Electrode Gas Metal Arc Welding (DE-GMAW)

Double electrode gas metal arc welding (DE-GMAW) was developed by Li et al. [45], shown
in Figure 2.14. This process includes a by-pass system in order to control the current,
and consequently, control the heat input delivered to the substrate. Moreover, Li et al.
[46, 47] demonstrated that this process is stable, and presents higher melting efficiency
compared to the standard GMAW, although choosing appropriate by-pass parameters is
key to controlling the process.

Figure 2.14: Schematic showing the DE-GMAW.

2.3.3 Twin-arc Gas Metal Arc Welding With Integrated Cold
Wire

Xiang et al. [48] reported the same stabilizing effect of the cold wire for twin-arc GMAW,
shown in Figure 2.15. One similarity of this work to the prior study by Hassler et al. [44]
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is that the cold wire is fed straight into the melt pool forming an equilateral triangle with
the two other wires. The mechanism proposed to explain the arc stabilization is that the
cold wire promotes stabilization of the cathode, thereby avoiding arc length variations.

Figure 2.15: Schematic showing twin-arc GMAW with integrated cold wire.

2.3.4 Cold Wire Submerged Arc Welding (CW-SAW)

Regarding the influence of cold wire feeding in the observed joint metallurgy, Moham-
madijoo et al. [49] reported that using cold wire in submerged arc welds (SAW), shown
in Figure 2.16, reduced dilution and reduced the CG-HAZ area. Further analysis revealed
that in the cold wire specimens the prior austenite grain size was reduced and there was a
significant decrease of martensite-austenite (M-A) fractions in the HAZ which are consid-
ered to be detrimental to the mechanical strength of weld joints.
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Figure 2.16: Schematic showing cold wire integrated submerged arc welding (SAW).

Further analysing the effect of cold wire on the Charpy impact results of SAW welds, Mo-
hammadijoo et al. [50] noticed that the low temperature fracture toughness was improved
by 38 % compared to the standard SAW, and the fraction of M-A phase was reduced
by 7.5% vol. Overall, the decrease in HAZ area was accompanied by a 12 % increase in
deposition.

2.3.5 Hot-wire Gas Metal Arc Welding (HW-GMAW)

Hot-wire gas metal arc welding (HW-GMAW) is another alternative that is frequently used
for hardfacing of structures against wear, due to the controlled dilution which provides low
carbide dissolution conferring high hardness to the weld bead [51]. Figure 2.17 shows the
schematic of the HW-GMAW assuming the electrode wire positive as is customary.
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Figure 2.17: Detail showing the HW-GMAW process.

The HW-GMAW consists of a standard GMAW torch with an auxiliary wire resistively
heated (hot-wire). This resistive heating of the hot-wire allows the reduction of the power
of the arc, diminishing the total heat input in comparison to the standard GMAW. As the
hot-wire is electrified, it can attract or repel the arc depending on its polarity. In general,
assuming that electrode wire will be positive, negative polarity of the hot-wire will repel
the arc. On the other hand, the positive hot-wire will attract the arc; as further discussed
by Günther [52]. Another interesting feature of HW-GMAW is that the introduction of
an auxiliary wire promotes a change in the melt flow of the weld pool accounting different
cooling rates, as reported by Günther et al. in subsequent work [53].

2.3.6 Cold Wire Gas Metal Arc Welding (CW-GMAW)

The general paradigm in developing a secondary wire assisted welding process is to increase
the deposition rate for similar heat inputs. To achieve similar benefits, the CW-GMAW
was proposed; refer to Figure 2.18. Prior research provided evidence that introduction of
cold wire leads to an increase in current, although, this increase in current does not lead
to an increase in penetration [54].
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Figure 2.18: Detail showing the CW-GMAW process.

Further research [55] indicated that the CW-GMAW induced less residual stresses in welds
leading to a superior fatigue life [56]. It was reported that the arc was pinned to the cold
wire leading to a more consistent sidewall erosion than encountered through the standard
GMAW, and moreover, the microstructures commonly found in the HAZ were improved by
employing a cold wire [57]. Chapter 5 examines the feasibility of the CW-GMAW applied
to NGW and describes the arc dynamics of the welds.

2.4 General Methodology

2.4.1 Overview

This chapter will deal only with the general methodology in this thesis. The specifics
regarding each experiment will be reported in each chapter where the experiment and
results are discussed.

2.4.2 Welding Equipment

The welds reported in this work were all performed using a Fanuc arcmate 120i six axis
robotic arm operating in constant voltage, with the direct current electrode positive. The
cold wire injecting system was manufactured specifically for this robotic arc and the cold
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wire was injected using a Lincoln R450 wire feed system, which was used to ensure a
constant cold wire feed rate.

2.4.3 Welding Procedure

The general welding procedure consisted of welding bead on plate welds (flat position) to
study the electric arc dynamics and metal transfer. The electric arc dynamics were studied
using a LEM LT505-S current sensor and LEM LV100-100 voltage sensor. The voltage
and current signals were modulated using a National InstrumentsTM(DAQ) 6061 device,
and read and stored using Labview. Generally, the electrical signals were acquired for two
seconds at a frequency of 10 kHz.

The metal transfer during welding was studied using a FASTCAM UX50 160K-M-8GB
high speed camera which was triggered by the voltage and current measurement software
so that the images and electrical signals are synchronized. In order to investigate sidewall
erosion in narrow gaps or mechanical properties the weld joint grooves were machined using
end mills and the joint was assembled through tack welds.

2.4.4 Materials

This work focused on two types of steel: plain carbon steel was used for experiments dealing
with the the physics of metal transfer, arc stability, and bead morphology. For experiments
investigating sidewall erosion in narrow gap welding, X80 high strength low allowy steel
was used, since this material is actually employed in pipeline welding. The V-groove welds
reported in this work were manufactured using ASTM A131 Gr. A steel which is one the
steels used in shipbuilding construction.

2.4.5 Hardness Map and Tensile Test

The hardness maps were performed using a Clemex Vickers hardness tester operating ac-
cording to ASTM E384-17 [58]. The tensile tests were performed using a Tinius Olsen
tensile tester with cross-head speed of 1 mm/min in conjunction with digital image cor-
relation (DIC) software to analyse the material strain distribution during the tensile test.
The DIC system consisted of a pair of 5 megapixel cameras connected to a computer with
VIC-3D software by Correlated SolutionsTM.
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Chapter 3

The CW-GMAW Process: Droplet
Transfer and Geometry1

3.1 Overview

The metal transfer dynamics induced by adding the cold wire were examined during the
three natural transfer modes in welding: short-circuit (low arc power), globular (interme-
diate arc power), spray (high arc power). For all three regimes their implications on weld
bead geometry, dilution and melting efficiency are evaluated during cold wire gas metal
arc welding (CW-GMAW). Bead-on-plate welds were conducted on 3/8 in (9.52 mm) thick
AISI 1020 steel plates. Standard metallographic procedures were used to study dilution,
which is used to infer the melting efficiency. The results provide evidence that increasing
cold wire feeding rates will favour arc attachment to the cold wire rather than to the weld
pool for all natural transfer modes. This influences dilution of the welds along with the
melting efficiency. The findings are used to identify conditions where CW-GMAW offers
higher melting efficiency than the standard GMAW process.

1This chapter is based on the following paper: Ribeiro, R. A.; Dos Santos, E. B. F.; Assunção, P. D. C.;
Braga, E. M.; and Gerlich, .A. P. Cold wire gas metal arc welding: droplet transfer and geometry. Welding
Journal 98, no. 5 (2019): 135S-149S. https://s3.amazonaws.com/WJ-www.aws.org/supplement/2019.
98.011.pdf
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3.2 Background

Welding melting rate is considered here as an indication of overall productivity in welding
depends on other factors such as: welding speed, arc time and welding defect rate according
to general manufacturing definitions [59]. Moreover, according to Suban and Tušek [60],
melting rate is the most prominent factor to assess welding productivity; for this reason it
is taken here as reference for assessing of welding productivity.

Several techniques can be employed to decouple productivity/melting rate from the heat
input. These include, for example: double electrode (DE) – GMAW, cold wire submerged
arc welding (CW-SAW), and cross-arc GMAW, which are outlined as follows.

A recently developed technique is double-electrode (DE)-GMAW, which uses a bypass
electrode to limit the amount of current passing through the workpiece. The effect of the
bypass current on arc stability and metal transfer was studied by Li and Zhang [46]. Using
two GMAW power sources the bypass current was held constant, which improved metal
transfer stability in spray transfer, and consequently nearly doubled the productivity over
standard GMAW.

The consequences of these process modifications to increase productivity can also be noted
in the reduction of the heat affected zone (HAZ), which leads to improved properties. For
example, Mohammadijoo et al. [61] examined cold wire submerged arc welding (CW-SAW)
and showed that the deposition rate was increased by 6% due to cold wire. In addition,
the prior austenite grain size (PAGS) in the coarse grained heat affected zone (CGHAZ)
was reduced, due to the decrease in heat input to the workpiece. Meanwhile, the heat
affected zone fracture toughness [62] was increased due to the reduction of the fraction of
martensite-austenite.

A further development in welding processes is the cross-arc GMAW, or (CA)-GMAW as
proposed in a preliminary report by Chen et al.[63]. Generally, a cross-arc is established
between a gas tungsten arc welding (GTAW) electrode and two carbon electrodes aiming
to decouple deposition and heat input. The inter-wire current is related to the ionization
degree of the arc, and the authors reported that this process is stable for different levels
of GTAW currents. Moreover, weld stability increases with GTAW current; which allows
deposition to be controlled independently of heat input.

Another approach to increasing the productivity of a welding process is by enhancing the
melting efficiency, which represents the magnitude of the arc net power that is devoted
to melting the base and filler metals. This improvement in melting efficiency is achieved
when a larger fraction of the arc energy is used to create and sustain the melting pool.

33



Based on the work of DuPont and Marder [5], it is thought that the maximum value of
melting efficiency for an arc shielded welding process is around 0.5 or 50% due to the in-
trinsic heat losses of the weld pool. Recently, Hackenhaar et al.[37] examined the melting
efficiency of GMAW using a Box-Behnken designed experiment, and it was found that
melting efficiency depends on the geometry of the welded part, which is consistent with
differences in energy distribution and losses. Comparing the values of melting efficiency
for T-joints and bead-on-plates the reported values asymptotically converged to 0.5, as
expected. Moreover, T-joints had a lower melting efficiency, which one would expect with
3D heat flow regime.

Cold wire gas metal arc welding (CW-GMAW) was developed to provide an alternative to
such costly specialized equipment in these welding processes. This was originally proposed
to provide higher deposition in shipbuilding applications [64], where decreasing the heat
induced distortion can be achieved by simply using an additional wire feeder to feed cold
wire to the weld pool. Subsequently, Ribeiro et al. [54] showed that introducing the cold
wire leads to a slight increase in current without consequent increase in penetration. More-
over, Costa Assunção et al. [57] successfully demonstrated that the use of CW-GMAW
can facilitate narrow gap welding of joints with spacings as little as 5 mm. Importantly,
CW-GMAW prevents detrimental sidewall erosion, and decreases the HAZ width in com-
parison to conventional GMAW welding. Further research on CW-GMAW by Costa [55]
using an acoustic birefringence technique provided evidence that the use of cold wire re-
duces residual stress, and consequently there is evidence that CW-GMAW manufactured
joints offer superior fatigue life, using standard fatigue tests and metallographic techniques,
when compared to GMAW joints as proposed by Marques et al. [19].

This work evaluates the modifications to metal transfer induced by the cold wire feeding
(non-energized) in CW-GMA welding for the three natural transfer modes, short-circuit,
globular, and spray. The results show that, with the increase of cold wire feed rates, the
arc attaches progressively more to the cold wire, leading to changes in dilution and melting
efficiency. Moreover, estimates of melting efficiency were calculated assuming an average
value of arc efficiency. A main focus is the potential to decouple welding deposition and
nominal heat input during in CW-GMAW, which is a key feature of the new welding pro-
cesses.
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3.3 Experimental Methodology

Bead on plate welds were performed on AISI 1020 plates measuring 300 mm long, 150 mm
wide and 9.52 mm thick. AWS ER70S-6 [65] was used as electrode(energized) and cold wire
(non-energized) with nominal diameters of 1.2 mm and 0.9 mm, respectively. Table 3.1
presents the nominal compositions of the base metal and the wires used in this study.

Table 3.1: Nominal chemical composition of the base metal and welding wire.

Material
Nominal chemical composition (wt.%)

C Si Mn P S Cr Fe

AISI 1020 0.18 - 0.30 - Max.0.005 - Bal.
ER70S-6 0.15 1.15 1.85 0.025 0.035 0.05 Bal.

During the welding, high speed imaging was used to study the electric arc behaviour. The
high-speed camera was operated at a frame rate of 5000 frames per second, with an aperture
of f/22, and shutter speed of 25µs. A narrow band pass filter of 900± 10 nm wavelength
was used to limit the amount of arc radiation reaching the camera sensor. In parallel,
the electric signals were acquired using a DAQ system with a frequency of 20 kHz for two
seconds. Eight replicates were produced in order to assess the repeatability of the inferred
dilution and melting efficiency values. Beads were subsequently cross-sectioned, prepared
via standard metallographical procedures until final polishing with 1.0 µm alumina powder
and etched with a 5 %Nital in order to show the macrostructure.

After that, the melting efficiency and dilution were calculated, following Equations 2.15
and 2.18, respectively. Generally, the GMAW and CW-GMAW thermal efficiencies were
assumed to be the same. The shielding gas composition used was Ar-15% CO2 with a flow
rate of 40 cfh (19 l/min). Table 3.2 gives the thermophysical properties used to calculate
the melting efficiency.

Table 3.2: Parameters to calculate the melting efficiency for the bead welds.
ηa Hbase (J/mm3) Hfiller (J/mm3)

0.83 10.5 7.88

In Table 3.2 Hbase is volumetric enthalpy of the base metal and, Hfiller is the volumetric
enthalpy of the filler metal. The physical quantities given in Table 3.3 were used in order
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to calculate the cold wire absorbed power, i.e how much of the arc power the cold wire is
able to absorb. The absorbed heat by the cold wire,QCW ,is the sum of the specific and
latent heat of the additional wire excluding the vaporization of the liquid which requires
the consideration of the increasing of temperature up to vaporization and change from the
liquid state to gas.

Q̇CW = (ṁcs∆ (Tm − T0)) + (ṁL) (3.1)

where ṁ represents the cold wire mass feed rate in (kg/s), cs is the solid specific heat in
(kJ/kg), Tm and T0 are the wire melting temperature and the room temperature, respec-
tively, in K; and L is the wire latent heat (in units of kJ/kg).

Table 3.3: Physical constants of the wire used ER70S-6 in the electrode and cold wire.
Delec. (mm) DCW (mm) ρ (kg/m3) cs (kJ/kgK) L (kJ/kgK) Tm (K) T0 (K)

1.2 0.9 7930 0.70 200 1723 293

Table 3.4 gives the parameters set in the welding source, for the three intended transfer
modes, for the welds in this work.

Table 3.4: Welding parameters used for each transfer mode.

Mode
WFS

(in/min)
[m/min]

Voltage
(V)

Travel
speed

(in/min)
[cm/min]

CTWD
(mm)

Short-circuit
250

[6.35]
20

25
[63.5]

22

Globular 250 25 25 22

Spray
350

[8.89]
30 25 22

3.4 Results and Discussion

3.4.1 Electrical Signals And Transfer Modes

Figure 3.1 presents oscillograms for the short-circuit conditions; one observes the presence
of incipient short-circuits (by definition those with duration ≤ 2 ms). As the cold wire is in
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contact with the substrate, it can short-circuit the droplet being formed since the distance
between the wire and the droplet is less than the distance from the wire to the workpiece,
which explains the increase of short-circuits as the cold wire fraction is increased. This
also leads to spatter formation. The cold wire also extends, in some conditions, the arcing
period, which is the time between droplet formation and the short-circuit. This might be
explained by the fact the arc now has to melt a higher mass to form the droplet, which
takes more time considering the standard GMAW condition.

Figure 3.1: Oscillograms for short-circuit parameter. a)Standard GMAW; b)CW-GMAW-
20%; c)CW-GMAW-40%; d)CW-GMAW-60%; e)CW-GMAW-80%; f) CW-GMAW-100%.
Percentages represent a mass fraction of the quantity fed by the main wire.

Figure 3.2 shows the oscillograms for the globular condition2. In contrast to the short-
circuit case, the cold wire is better melted here. This might be explained by the higher
energy available in the system arc-weld pool. One can see some incipient short-circuit in
the 120% and 140% conditions which indicates the occurrence of spatter.

2The parameters expected to achieve globular metal transfer were chosen, unfortunately, within the
transition region to spray (the transition current is approximately 290 A [66]) which accounts for droplets
being slightly higher than electrode diameter. This means that the metal transfer will be intermittently
globular, since it is close to the transition current to spray. Moreover, as the average current will increase
with the addition of cold wire feed, it is expected that the droplet diameters will further decrease for
CW-GMA welding. In fact, it could be said that the globular parameter acts as a low power spray transfer
regime.
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Figure 3.2: Oscillograms for globular parameter. a)Standard GMAW; b)CW-GMAW-
20%; c)CW-GMAW-40%; d)CW-GMAW-60%; e)CW-GMAW-80%; f) CW-GMAW-100%;
g)CW-GMAW-120%; h)CW-GMAW-140%. Percentages represent a mass fraction of the
quantity fed by the main wire.

Figure 3.3 presents the electrical data for the spray condition. In this condition even higher
energy is available in the system arc-melt pool, allowing higher amounts of cold wire to be
fed compared to the short-circuit (low energy) condition. For these particular parameters
it was possible only to reach 140 %; since further increasing the cold wire feed rate led to
pronounced spatter.
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Figure 3.3: Oscillograms for the spray parameters. a)Standard GMAW; b)CW-GMAW-
20%; c)CW-GMAW-40%; d)CW-GMAW-60%; e)CW-GMAW-80%; f) CW-GMAW-100%;
g)CW-GMAW-120%; h)CW-GMAW-140%. Percentages represent a mass fraction of the
quantity fed by the main wire.

During the welds, the arc may change position relative to the cold wire, independently of
the welding transfer condition, as the cold wire is fed on. It was possible to distinguish
three main arc positions:

a. Electrode to pool melting : In this condition the arc retains its straight position and
the cold wire is melted inside the arc. Generally, this condition is observed for a cold
wire feeding rate less than 60 %;

b. Arc transition: This condition shows a transition in the arc position. The arc starts
to climb the cold wire but remains pinned to the work-piece. This condition generally
happens for cold wire feeding rates between 60 % and 80 %;

c. Wire to wire melting : In this condition the arc is completely pinned to the cold wire,
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meaning that the weld pool was displaced to the cold wire. Generally, this condition
happens for cold wire feeding ≥ 100 %.

Figure 3.4 shows the arc position in relation to the cold wire as function of different cold
wire feeding rates.

Figure 3.4: Arc positions in relation to the cold wire as observed for different cold wire
feed rates. a)Arc melting; b)Arc transition; and c)Arc weld pool.

This change in the arc trajectory could be explained by two effects: the electron natural
path; and the arc blow. The electrons’ natural path effect implies that current will always
flow in the path of lower resistance (shortest path). However, Reis et al. [67] showed that
this effect for arc with equal contact-tip-to-workpiece distance is pronounced only at lower
currents (lower arc stiffness).

In the case of CW-GMAW its was shown that the increase in cold wire feed rate leads to a
slight increase in current, and according to [67] this leads to a weakening of the electrons’
natural path (direction of lower current resistance) effect and an increasing in the jet
plasma effect, proportional to an increase in current, which increases the arc stiffness to
displacement. However, in spite of the phenomenon described by [67], the change in the
arc trajectory is probably due to the arc finding the lowest current resistance path with
the cathode spots likely moving to the cold wire.

Figure 3.5 shows the the arc deflection as function of the cold wire feeding for the short-
circuit condition. Figure 3.6 shows the progressive deflection of the arc to the cold wire as
the cold wire mass fraction is increased for the globular parameters. Figure 3.4.1 illustrates
the progressive pinning of the arc to the cold wire as its mass fraction increases for the
spray condition.
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Figure 3.5: The climbing the arc in the cold wire for the short-circuit condition. a)20 %
of cold wire, b)60 % of cold wire and c) 100 % of cold wire.

Figure 3.6: The deflection the arc in the cold wire for the globular condition. a)20 % of
cold wire, b)60 % of cold wire and c) 140 % of cold wire.

Figure 3.7: The deflection the arc in the cold wire for the spray condition. a)20 % of cold
wire, b)60 % of cold wire and c) 140 % of cold wire.
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As briefly described above, the increase of cold wire fraction has the same effect as increas-
ing the wire feed speed (WFS), which causes an increase in current to balance the burn off
rate in order to achieve stable mass transfer through the arc. For instance, the standard
GMAW conditions had an average current of 299 A while the CW-GMAW at 140% feed
rate involved approximately 321 A, an increase of 22 A in average (increase of 7.35 % on
average).

The place where the cold wire is melted in the arc implies a difference in the cold wire
absorbed power, which is the heat generated by the electric arc that is absorbed by the
cold wire and re-drawn into the system arc-weld pool.

Figure 3.8a presents the instantaneous arc power versus the cold wire percentage for the
three different sets of welding parameters taking into account the position of the arc in
relation to the cold wire. One can observe, clearly, the transition in melting mode for
different cold wire feed rates. Figure 3.8a a vertical line shows how much cold wire can be
fed in order to keep a stable position of the arc to the cold wire. For instance, as the arc
power increases, the electric arc and the weld pool move towards the cold wire.

Figure 3.8b shows the arc power versus the cold wire absorbed energy. The position of
the arc related to the cold wire dictates how much power will be absorbed. The cold wire
melting in the weld pool absorbs more power than any other cold wire position.

Figure 3.8: The influence of cold wire percentage feeding and absorbed energy in arc
instantaneous power: a) arc power versus cold wire feed rate; b) arc power versus cold wire
absorbed power.
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3.4.2 Dilution And Melting Efficiency

The changes in metal transfer caused by cold wire feed, while increasing the deposition
rates, caused a change in dilution and in melting efficiency since both are related to each
other [36]. Figure 3.9 presents the dilution values for the three welding modes: short-
circuit; globular; and spray. Each point presents the average in the middle, the standard
deviation in the error bars, measured for each cold wire feed condition. The general trend
is that the dilution decreases as the cold wire feeding rate increases, which is explained by
the increase of mass deposited, which causes an increase in filler metal area at the expenses
of base metal area of the bead.

Figure 3.9: Dilution rates for the three welding conditions. a) short-circuit, b) globular, c)
spray.

Figure 3.10 presents the melting efficiency for the three welding modes for all the cold wire
feeding rates. The dashed line represents the theoretical melting efficiency of arc welding
processes as defined by Fuerschbach [8]. These values of melting efficiency can be used to
indicate for which cold wire feed, a higher fraction of heat will be specifically used to melt
the substrate and filler metal. An increase in melting efficiency will mean, ultimately, a
better use of the energy transferred to the workpiece, including the heat losses.
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Figure 3.10: Melting efficiency for the three welding conditions. a)Short-circuit, b) Glob-
ular, c)Spray.

For globular and spray there is a clear trend, except for the short-circuit conditions, the
increase in cold wire feeding rates determines an increase in the melting efficiency. This is
due to increase in the filler metal area occasioned by the cold wire feeding which increases
the numerator of Equation 2.15, and consequently, increasing melting efficiency. The effect
of spatter might hinder the increase in melting efficiency for short-circuit conditions. For
some situations the melting efficiency of the CW-GMAW welds exceed the theoretical limit
proposed by Fuerschbach [8]. Also, this means that in the CW-GMAW process, a greater
part of the energy delivered by the arc to the work-piece is actually used to melt the filler
and base metals.

The observation that for globular transfer modes the maximum values measured of melting
efficiency, for some cold wire feed rates, are superior to the theoretical value of melting
efficiency might be explained by an energy balance. In the globular mode the arc power
is intermediary, so the losses by radiation and convection in the spray mode are slight.
Thus, the cold wire can absorb more energy to be re-introduced into the arc-pool system,
consequently increasing melting efficiency.

As for the short-circuit case, the system itself has lower energy compared to other trans-
fer modes, and it looses thermal energy transformed in spatter momentum during short-
circuits. Accordingly, less energy is available to be absorbed by the cold wire. The opposite
is true in the spray case, in which the system possess higher energy which is dissipated
by radiation and convection, since the arc length is longer than the former conditions,
impeding it from reaching of the theoretical melting efficiency limit.

Figure 3.9 and Figure 3.10 will help users to determine the amount of dilution for a partic-
ular quantity of cold wire feed and the approximate melting efficiency for that particular
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condition which will likely indicate the conditions are more efficient in terms of the energy
used directly to make the weld pool.

3.5 Summary

Bead on plate welds were performed to investigate the metal transfer dynamics and its
influence on dilution and melting efficiency for the three natural transfer modes: short-
circuit; globular: and spray. Based on these experiments, one can draw the following
conclusions:

1. The introduction of cold wire disturbs low energy arcs to a greater extent compared
to intermediate and high energy ones;

2. The introduction of the cold wire changed the arc position in arc position relative
to its longitudinal axis, which were called in this work: arc melting, transition and
weld pool. This last position occurs for high cold wire feed rates, and in it the arc is
completely pinned to the cold wire;

3. The variation in arc position leads to different cold wire rates of arc energy absorption;

4. The displacement of the arc relative to its longitudinal axis reduced the dilution of
bead welds, as the cold wire feeding increases, and;

5. This reduction in dilution dictates an increase in the melting efficiency to approxi-
mately 55%, for globular transfer regime with 140% cold wire feed rate, which rep-
resents an increase in the energy used to melt base and filler metals, respectively, in
relation to a constant net arc power.
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Chapter 4

The CW-GMAW: Narrow Gap
Welding Application 1

4.1 Overview

Narrow gap welding (NGW) is a popular technique used to decrease the volume of molten
metal and heat required to fill a joint. Consequently, deleterious effects such as distortion
and residual stresses may be reduced. One of the fields where NGW is most employed is
pipeline welding, where misalignment, productivity and mechanical properties are critical
to a successful final assemblage of pipes. This work reports the feasibility of joining pipe
sections with 4 mm-wide narrow gaps machined from API X80 linepipe using cold wire
gas metal arc welding. Joints were manufactured using the standard GMAW and the
CW-GMAW processes, where high speed imaging, voltage, and current monitoring were
used to study the arc dynamic features. Standard metallographic procedures were used to
study sidewall penetration, and the evolution of the heat affected zone during welding. It
was found that cold wire injection stabilizes the arc wandering, thereby decreasing sidewall
penetration while almost doubling deposition. However, this also decreases penetration,
and incomplete penetration was found in the cold wire specimens as a drawback. However,
adjusting the groove geometry or change in the welding parameters would resolve this
problem.

1This chapter is based on the following paper: Ribeiro, Rafael A.; Assunção,Paulo D.C.; Dos Santos,
Emanuel B.F.; Ademir Filho, A. C.; Braga, Eduardo M.; and Gerlich, Adrian P. Application of cold wire
gas metal arc welding for narrow gap welding (NGW) of high strength low alloy steel. Materials 12, no. 3
(2019): 335-346. https://www.mdpi.com/1996-1944/12/3/335
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4.2 Background

Narrow gap welding (NGW) is a technique used to weld thick joints with aim of reducing
the molten metal deposited volume, ultimately decreasing distortion and residual stresses
caused by thermal stresses developed during welding. One of the drawbacks associated
with this technique is sidewall erosion caused by the arc wandering during welding. These
eroded cavities can increase the probability to form a lack of fusion defect, if they are not
refilled during the welding operation.

Various NGW variants were developed to overcome drawbacks such as: rotating arc, swing
arc, and wave-shaped wire systems. Another reason to use these modified systems in
narrow gap welding is to improve the wettability of the sidewall by the welding pool and to
better distribute the heat across the weld to mitigate distortions. A common setback for
these systems is their expense and the need for highly trained personnel in their operation,
which considerably increases the costs of manufacturing.

Not only are arc-modified processes employed in NGW, but also increased deposition pro-
cess are successfully used such as tandem gas metal arc welding (GMAW) [68] and twin
GMAW [69]. However, these process rely on increased deposition, which increases, the
amount of heat transferred to the substrate, leading to increased chance of distortion or
residual stresses.

One alternative to these sophisticated welding processes is the cold wire gas metal arc
welding (CW-GMAW), which consists of the standard GMAW with an extra cold wire
(non-energized) fed into the arc-welding pool system. This process increases the deposition
of the welds while mantaining the nominal heat input for the same welding parameters in
standard GMAW. Ribeiro et al. [54] has shown that the feeding of cold wire causes a slight
increase in current without a corresponding increase in penetration.

Costa Assunção et al. [57] recently studied the feasibility of this process to weld a 5
mm wide groove in ASTM A131 grade A steel, and revealed that, due to the pinning
of the arc to the cold wire, the sidewall erosion was considerably reduced in comparison
to welds manufactured with standard GMAW. Subsequent research by Costa et al. [55]
studied the effect of the CW-GMAW on process-induced residual stresses, concluding that
welds manufactured by CW-GMAW have lower levels of residual stresses. This decrease
in residual stresses might explain the improvement in fatigue life reported by Marques et
al. [56].

The present study further develops in the work by Costa Assunção et al. [57], and reports
preliminary results regarding the application of CW-GMAW to weld high strength pipeline
steels in narrow gap configuration. The feasibility of NGW employing CW-GMAW is
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assessed by comparing the severity of sidewall erosion in the welds and the presence of
defects in the root pass. The results point to the general feasibility of NGW using CW-
GMAW pipeline applications, and illuminate possible future research directions in order
to avoid certain defects found during welding.

4.3 Experimental Methodology

Narrow joints were fabricated using both GMAW and cold wire gas metal arc welding
(CW-GMAW). Figure 4.1 shows a schematic of the narrow groove geometry used in this
work and the detail of cold wire positioning regarding the wire electrode and cold wire
feeding angle. The grooves were welded using a Lincoln R500 welding power source linked
to a Fanuc ArcMate 120i robotic arm. The size of the joints was 140 x 115 x 15 mm. In
order to determine the reproducibility, three replicates were manufactured for each welding
condition.

Figure 4.1: Schematics of the groove geometries used in this work: a) schematic narrow
groove. b) detail of CW positioning and feeding angle.

In order to manufacture the welds a 1.2 mm diameter ER100S-G was used as an electrode,
while the cold wire had a diameter of 1.0 mm. API X80 [57] was selected as the base metal.
The nominal compositions of the electrodes and of the base metal are given in Table 4.1.
Moreover, no weaving or preheating was used during welding.
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Table 4.1: Nominal chemical composition of the welding wires and the base metal.
C Mn P S Ti Mo Ni Cr Fe

ER100S-G 0.08 1.80 0.55 0.01 0.10 0.25-0.55 2.10 1.80 Bal.
API X80 0.22 1.85 0.025 0.015 0.06 - - - Bal.

During welding the current and voltage signals were acquired at the sampling frequency of
20 kHz for two seconds with synchronized high speed imaging at 5000 fps with a shutter
speed of 25 ms, an aperture of f/22, and a narrow band pass filter of 900 ± 10nm. The
welding parameters used are reported in Table 4.2. For all welds, the shielding gas mixture
used was Ar-15% CO2 at a flow rate of 17 l/min, and the contact-tip-to-workpiece distance
(CTWD) was maintained at 17 mm. The welding parameters were set to apply the same
heat input using both processes.

Table 4.2: Welding parameters.

Welding
process

WFS
(m/min)

Voltage (V)
Travel
speed

(m/min)

Cold wire
feed ratio (%)

Deposition
per
pass

(kg/h)
GMAW 7.62 25 0.41 - 4.11

CW-GMAW 7.62 25 0.41 80 7.39

Once the experiments were completed, the specimens were subjected to standard metal-
lographic procedure and etched in a 5% Nital solution to reveal the macrostructure. The
hardness map was performed with 200 g of load and 10 s of dwell time using a Clemex
microhardness testing system. The distance between indentations was 0.3 mm and the
distance between lines was 0.3 mm.

4.4 Results

4.4.1 Electrical Data

Table 4.3 presents the actual electrical data for current, voltage and power probed for the
welding conditions employed in this work. The heat input per pass was similar for both
GMAW and CW-GMAW.
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Table 4.3: Average electrical parameters sampled during welding and nominal resulting
heat input as response of the welding power source.

Welding
process

Pass

Average
inst.

voltage
(V)

Average
inst.

Current
(A)

Average
inst.

power
(W)

Nominal
heat input
(kJ/mm)

GMAW
root 25.1 299.7 7520.1 1.1
fill 25.1 270.6 6801.3 1.0
cap 25.1 253.3 6427.1 0.9

CW-GMAW
root 25.1 292.2 7344.2 1.1

fill/cap 25.2 277.9 6991.2 1.0

Oscillograms

Figure 4.2 shows the oscillograms for the standard GMAW condition. For the root pass
one can notice a periodic repetition with period of approximately 3 Hz (Figure 4.3a).
By correlating the electrical signals to the high speed images, it was observed that this
repetition is a consequence of arc attachment to the groove sidewalls. Consequently, the
power source applies an instantaneous increase in the arc current as shown in the detail,
Figure 4.3b. It is possible that this is caused by the auto-regulation system of the power
source which interprets the attachment of the arc to sidewalls as an increase in wire feed
speed, and consequently, an increase in the current to keep the melting rate constant while
the arc length is reduced due to the arc attachment to the groove walls [70].
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Figure 4.2: Typical oscillograms for the GMAW condition: a) root pass; b)detail of the
root inside the period of repetition; c) fill pass; and d) cap pass.

On the other hand, this repetitive behaviour did not occur in the fill and cap passes
(Figures 4.2c and 4.2d), likely to a reduced degree of arc constriction, and the shortest
path to the electron conduction is the bottom of the groove and not the sidewalls. On the
other hand, the severity of short-circuits in the cap pass are higher when compared to the
filler pass. This suggests that the distance between the droplet (as shown in the videos)
and the substrate is lower, favouring short-circuits.

Figure 4.3 shows the oscillograms for the CW-GMAW specimens. The periodic pattern
observed in the oscillograms of GMAW for root pass was not observed for the entire sam-
pling period in CW-GMAW of 2000 ms. This suggests the sidewall erosion was mitigated
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during CW-GMAW, since sidewall penetration causes the periodicity in the observed sig-
nal. Moreover, the short-circuit severity in the fill/cap pass is less prominent than that
observed in the GMAW specimen.

Figure 4.3: Typical oscillograms for the CW-GMAW condition: a) root pass. b) fill/Cap
pass.

Cyclogrammes

Cyclogrammes are plots showing voltage versus current, and are used to study the events
occurring in the electric arc . They are useful since they show the number of short-circuits
and indicate the general arc stability of the process [71]. A more thorough discussion
on cyclogrammes and its respective zones, is provided by Jorge et al. [72]. Figure 4.4
shows typical cyclogrammes for GMAW specimens, which shows that, during the root
pass (Figure 4.4a), the number of short-circuits (region inside the dashed rectangle) is
larger than the arc burning area (darker region, upper left-side of the dashed square).
Ultimately, this cyclogramme points out to an unstable condition where the arc burning
region is smaller compared to the perturbed region.
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Figure 4.4: Cyclogrammes for the GMAW specimens: a) root pass; b) fill pass; and c) cap
pass

As reflected by oscillograms, the fill pass was more stable, with some short-circuits and high
voltage points, indicating large variations in arc length, shown in Figure 4.4b. In the cap
pass (Figure 4.4c) one can notice a larger short-circuit region with slight variation in arc
length. The results also suggest that there was a high variation in current, probably due
to an increased quantity of metal to melt, interpreted by the power source as an increase
in wire feed speed (higher melting speed).

Figure 4.5 shows the cyclogrammes for the CW-GMAW condition. From comparing the
cyclogrammes for root pass between standard GMAW and CW-GMAW, the arc burning
operation range for CW-GMAW is shorter, indicating that this was more stable than the
root compared to GMAW. One observes the complete absence of short-circuits, shown in
Figure 4.5a. This stabilization is attributed to the cold wire feed.
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Figure 4.5: Cyclogrammes for the CW-GMAW specimens: a) root pass; and b) fill/cap
pass.

Costa Assunção et al. [57] reported that inserting a cold wire causes the arc to become
pinned to it, keeping the arc length almost constant while improving the melt-off rate, since
the cold wire causes a slight increase in current, as reported by Ribeiro et al.[54]. Mean-
while, comparing the fill/cap condition (Figure 4.5b) between CW-GMAW and GMAW,
one finds the existence of short-circuits and variation in arc length, suggested by high
values of voltage for the same range of current.

4.4.2 High Speed Imaging

Figure 4.6 shows the high speed frames for the standard GMAW and CW-GMAW inside
the grooves. As suggested by the electrical signals, it was possible to verify that the arc
for the GMAW often attaches to the sidewalls, resulting in erosion. The arc attachment
to sidealls can be ascribed to the arc seeking shortest electron path according to Zhang et
al. [70]. The same author claims that arc attachment is avoided when welding in constant
current mode, since the voltage continually varied in order to maintain a constant melting
speed. Meanwhile, in CW-GMAW the arc attachment is to the cold wire, which prevents
sidewall erosion. In Figure 4.6a one can discern that the arc is pinned to the rear (cold
wire) and not to the sidewalls.
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Figure 4.6: High speed frames, arc dynamic behaviour inside the groove: a) standard
GMAW; and b) CW-GMAW.

4.4.3 Sidewall Erosion

The erosion in sidewall is triggered by the arc self regulation dynamics, which tries to
establish the shortest path to electron flow, thereby increasing the melting rate. However,
as the arc moves through the groove the attachment point is continually changing, melting
multiple points across the groove walls. This multiple erosion points may have detrimental
effects on the mechanical properties of the joint.

Figure 4.7: Top view of the sidewall penetration caused by the root pass. The specimens
were cut along the longitudinal line (dashed red line): a) standard GMAW; and b) CW-
GMAW.

Figure 4.7 shows the sidewall penetration caused by the root pass during welding. The
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standard GMAW erodes the sidewalls consistently as shown by oscillograms in Figure 4.2a.
Every time the arc attaches to the sidewalls, intense and fast short-circuiting causes the
current to increase abruptly in order to fuse the extra metal and restore the compatible
voltage (arc length, in constant voltage) to the current pre-set before welding). Conversely,
as in the CW-GMAW, when the arc is attached to the cold wire there is effectively no
sidewall penetration, as can be seen in Figure 4.6a.

4.4.4 Influence Of CW-GMAW On The HAZ During The Root
Pass

Figure 4.8 shows the evolution of the heat affected zone (HAZ) in the root pass for the
standard GMAW welds for three bead locations: start, middle, and end. Arc wandering
results in asymmetric welds. This is likely due to the inconsistency in penetration, which
causes incomplete fusion. Moreover, the size of the root face also contributed to this issue.
In addition, Figure 4.8 shows that as the weld progresses, the plate becomes hotter and
consequently penetration is slightly increased towards the end of the weld.

Figure 4.8: Root pass macrographs for the standard GMAW process: a) start of the joint;
b) middle of the joint; and c) end of the joint.
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Figure 4.9: Root pass macrographs for the CW-GMAW process: a) start of the joint; b)
middle of the joint; and c) end of the joint.

Figure 4.9 shows the root pass in three locations across the bead for CW-GMAW. No
discontinuities (based on cross-sections inspection) are likely to occur in the root pass, and
generally, the sidewall penetration in the root is much more symmetrical due to the arc
pinning to the cold wire. Increasing the deposition has decreased the penetration of the
weld, causing incomplete penetration.

4.4.5 Macrographs

Figure 4.10 shows the middle of bead cross-sections for both the standard GMAW and CW-
GMAW. The middle cross-section of the standard GMAW has an acceptable morphology
without discontinuities, while achieving suitable penetration in the root face. Conversely,
incomplete penetration persists in CW-GMAW. The CW-GMAW welds also have inclu-
sions, most likely, oxides, due to the increased level of titanium in the weld metal introduced
by the cold wire feed, as the same type of wire is used as electrode and cold wire.

The presence of inclusions highlights the need of more careful grinding after the root to
clean the silicates formed during welding pool solidification. Another features that differs
between the cross-sections is the number of passes needed to fill them with weld material.
Standard GMAW requires three passes while CW-GMAW only requires two. Ultimately,
the overall heat input in CW-GMAW is lower due to the fewer passes needed to fill the
gap.
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Figure 4.10: Middle of the bead cross-section showing the final weld morphology: a)
conventional GMAW; and b) CW-GMAW. The arrows indicate discontinuities such as
inclusions and incomplete fusion.

There are two ways to mitigate incomplete fusion, increase the current by means of wire
feed speed to increase penetration, or a decrease the root face height can facilitate higher
penetration penetration. A change in the joint geometry can be made to include a reverse
root pass, which is called ”mechanized GMAW” [38].

4.4.6 Micrographs

In this section the HAZ width of the standard GMAW and CW-GMAW specimens will be
comparared. Costa Assunção [57] reported, in previous work, that the intercritical heat
affected zone (ICHAZ), which is formed as the material cools from 800 and 500 degrees
Celsius, is narrower in CW-GMAW welds compared to GMAW.
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Weld interface - Root pass

Figure 4.11a shows the HAZ from the weld interface to base metal in the conventional
GMAW specimen, Figure 4.11b shows the HAZ from the interface but for the CW-GMAW.
In both specimens the images were taken at the root pass, in a one pass weld, refer back,
to Figures 4.8b and 4.9b, respectively.

Figure 4.11: HAZ width in the GMAW specimen showing the WM, CGHAZ, FGHAZ,
and, ICHAZ: a)standard GMAW; and b)CW-GMAW

The ICHAZ is slightly narrower in CW-GMAW than in the standard GMAW. This is
consistent with previous research, and suggests that CW-GMAW specimens have a faster
cooling time between 800 and 500 ◦C compared to the conventional GMAW specimens.
This seems to indicate that less heat is actually applied across the weld joint during CW-
GMAW.

4.4.7 Vickers Hardness

The strength of the joints are characterized by Vickers hardness mapsof the cross-sections.
Figure 4.12 shows the hardness map of the completed joint for standard GMAW and CW-
GMAW specimens.
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Figure 4.12: Hardness map of the cross-sections: a) standard GMAW; and b) CW-GMAW,
with weld interface marked by dashed lines.

The Vickers hardness of the CW-GMAW weld is higher, which indicates that the cooling
rate of the weld metal in CW-GMAW was faster than the standard GMAW. This results
seems consistent with the prior research [73]. In Chapter 4 it was reported that for some
conditions the melting efficiency of CW-GMAW is higher than in conventional GMAW.
The melting efficiency is defined as the amount of heat actually transferred to the melting
pool divided by the total welding power, and a difference of this value might explain slower
cooling rates.

Figure 4.13 shows the hardness map of the root pass in cross-section extracted from the
middle of the joint. The values are similar in standard GMAW and CW-GMAW. However,
comparing Figures 4.12 and 4.13, shows that the bottom of the CW-GMA welds is harder
than the botton of conventional GMAW. Since, the hardness patterns of the roots were
similar, this results likely indicates that the cooling rate near the root is faster in CW-
GMAW. However, the exact reason for this is unclear, but may be due to a faster heat
transfer due to a larger contact area with the base metal and also a higher temperature
between the weld and base metals in CW-GMA welds.
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Figure 4.13: Hardness map of the root pass, middle cross-section: a) standard GMAW;
and b) CW-GMAW, with weld interface marked by dashed lines.

4.5 Discussion

The electrical oscillograms in Figure 4.2 show that the standard GMAW experiences some
sort of oscillating pattern, which may correspond to the arc attaching to and detaching from
the sidewalls sidewalls, which may be a function of the power source internal regulation in
constant voltage mode [70]. The arc attaches to sidewall so that the current flows in the
shortest path in order to minimize the potential.

This phenomenon in constant voltage (CV) mode leads ultimately to the melting of the
contact tip and interruption of the welding processes. However, it has been noted that in
constant current (CC) mode this process does not occur since the reduction in arc length,
induced by the arc attachment to the sidewall, causes a small reduction in arc length
compared to the reduction in current, so that the power source reaches a new equilibrium
point.

In contrast, in CW-GMA welding the current path is shortest to the cold wire, which causes
the arc to attach to it instead of the sidewalls. Consequently avoiding sidewall erosion.
Moreover, the arc is much more stable in CW-GMA welding (Figure 4.3) than in standard
GMAW (Figure 4.2) as confirmed by the cyclogrammes for the the two cases. The root pass
performed using CW-GMAW (Figure 4.5a) is more stable than in the conventional GMAW
(Figure 4.4a) which has a tail corresponding to short-circuits caused by the sidewall erosion
(dashed square).

Regarding the cap pass, in conventional GMAW the arc tends to climb towards the con-
tact as indicated by the higher values of voltage (increase in arc length) and current in
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Figure 4.4c. However, in CW-GMAW this phenomenon was less prevalent.

High speed images were used to investigate the arc dynamical behaviour. The images show
that the arc attaches to the sidewalls in standard GMAW because of the internal regulation
of the source in CV, as discussed earlier (Figure 4.6). In CW-GMAW, as expected from
the electrical signals, no sidewall erosion was detected, as can be seen in Figures 4.6 and
4.7.

Figure 4.8 shows the macrographs of the joint manufactured using conventional GMAW.
One can observe that there are some lack-of-fusion defects. These are caused by the arc
climbing and over-melting in one direction, leaving gap and a lack-of-fusion. In contrast,
in CW-GMAW one can notice that as the arc is pinned to the cold wire, leading to a more
stable melting pattern and avoiding incomplete fusion across the joint (Figure 4.9).

The macrographs Figure 4.10, taken from the middle of joints, highlight the difference in
productivity between the two methods. The standard GMAW joint is completely filled
with three passes while the the CW-GMAW is filled in only two passes. However, one
observes that in relation to the cold wire joint there is a lack of penetration due to the arc
pinning to the cold wire which limits the penetration and dilution of the weld.

Figures 4.11 compares the HAZ for standard GMAW and CW-GMAW. The difference in
their size can be attributed to differences in thermal signature. The difference in ICHAZ
may indicate a higher thermal gradient in CW-GMAW than in conventional GMAW. This
thermal gradient might result from a improved melting efficiency in CW-GMAW for some
conditions.

Figures 4.12 and 4.13 show the hardness maps over the complete macro and the root pass
for both conventional GMAW and CW-GMAW, respectively. The Vickers hardness values
in CW-GMAW, Figure 4.12, point to a lower cooling time (higher cooling rate) which might
be linked to the higher thermal gradient caused by the possibly higher melting efficiency
in CW-GMAW. This may explain the higher hardness in CW-GMAW compared to the
standard GMAW. Regarding the root pass, the difference in hardness is likely due to the
larger gradient formed by the larger joined area in the CW-GMAW root. This leads to
higher cooling rates in the reheated root of the weld metal, with higher hardness.

4.6 Summary

Narrow groove welds in API X80 were fabricated using the standard GMAW and the CW-
GMAW in order to assess the process feasibility using CW-GMAW for a joint with a 4 mm
gap. Taking into account the results discussed the following conclusions can be drawn:
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1. The welds produced using the GMAW process featured serious sidewall penetration
that might compromise their mechanical integrity;

2. The welds fabricated using CW-GMAW did not present sidewall erosion during the
root pass; conversely the increase in deposition compromised the penetration in the
root region;

3. The amount of inclusions found in the the cold wire welds might be linked to the
grade of the welding wires used.
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Chapter 5

The CW-GMAW: An Overview On
Pulsed Current 1

5.1 Overview

The demand to join newer and higher strength materials has motivated the development of
controlled arc current waveforms in order to enhance weld metal deposition while control-
ling heat input. Controlled waveforms used in pulsed gas metal arc welding (P-GMAW)
usually involve a square wave pulse which can result in reduced nominal heat input, dis-
tortion, and residual stresses. A method to mitigate these problems is by cold wire pulsed
gas metal arc welding (CW-P-GMAW) to enhance P-GMAW by feeding a cold wire (non-
energized) into the weld pool. In this chapter, the feasibility of the process is reported
and the influence of cold wire feeding on pulse parameters for low and high background
to peak current ratios, Ib

Ip
, were investigated through high-speed cinematography with syn-

chronized current and voltage sampling, as well as evaluation of cross-sections via metal-
lography. These measurements show that the cold wire reduces the heat transferred across
the heat-affected zone (HAZ) for low current ratios.

1This chapter is based on the following paper: Ribeiro, R.A.; Assunção, P. D. C.; Dos Santos, E. B. F.
; Braga, E. M.; and Gerlich, A. P. An overview on the cold wire pulsed gas metal arc welding. Welding in
the World (2019): 1-18. https://link.springer.com/article/10.1007/s40194-019-00826-w
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5.2 Background

Yudodibroto et al. [74] reported that convection within the welding pool is triggered by
impinging droplets in P-GMAW and that is likely a result of differences in electrical field
intensities at the peak vs. background values of current. However, the mechanism for
changing the droplet behaviour was not hypothesized. Dos Santos et al. [75] that the two
different current profiles entail differences in droplet detachment and droplet tapering due
to differences in iron metal vapour quantity. Moreover, the droplet momentum was faster
for profiles with lower background currents. Further research by Dos Santos et al. [76]
has shown that spray streaming transfer can be achieved during high frequency current
pulsation, leading to reduced heat input while maintaining deposition rates.

The quality of the weld is a function of the waveform shape, as reported by Pal and Pal
[77], since pulsation increases penetration due to arc oscillation and refines the grains inside
the weld metal. In addition, Gosh [78] showed that the weld temperature distribution can
be controlled through pulsation, and used this strategy to decrease the level of residual
stresses for narrow gap welding. The same author discussed the effect of pulsation on
the deposition of austenitic stainless steel on a C-Mn steel substrate. It was found that
increasing the pulse frequency leads to a refined overlay microstructure, thus improving
the mechanical properties. Tong et al. [79] discussed the effect of AC and DC current on
P-GMAW of aluminium; they found that AC mode induces less penetration than the DC
mode. The same authors noticed that increasing the electrode negative ratio the distortion
of the aluminium plates decreased.

The use of auxiliary cold wire feeding is not restricted to standard GMA welding. This
technique has also been employed in submerged arc welding (SAW) and gas tungsten arc
welding (GTAW). For instance, Mohammadijoo et al. [50] reported using a cold wire feed
improved the toughness of the heat affected zone (HAZ) through refinement of the prior
austenite grain size. Pai et al. [80] compared cold wire to hot-wire GTAW and found that
both can be suitably applicable to weld pipes in the nuclear sector. Hassler [44] showed
that in tandem GMAW, 2 the interaction is beneficial to arc stability. Recently, Xiang et
al. [48] showed that the interaction between a cold wire and twin GMAW can improve
weld stability through stabilization of the cathode spots.

Among the new processes to improve in welding productivity is cold wire pulsed gas metal
arc welding (CW-P-GMAW), consisting of the standard GMAW coupled with a cold wire

2In Tandem GMAW two wire feed units and two welding power sources are used in conjunction so
that the wires are continuously fed using a special welding torch to form a single weld pool. The main
advantage of this process is its deposition which can be in the order of 24 kg/h.
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(non-energized) feed in order to increase deposition without increasing nominal heat input.
The CW-GMAW process was reported by Ribeiro et al. [54] as causing a slight increase
in current without an increase in penetration. This process has provides lower levels
of distortion [81] , consequently achieving lower residual stresses [55]. Recently, Costa
Assunção [57] assessed the feasibility of this process to weld butt joints with a 5mm-wide
narrow gap.

This chapter reports the feasibility of CW-P-GMAW and the influence of the cold wire
on arc dynamics when an square wave pulse with an exponential decay is applied. The
influence of the cold wire feed on bead appearance and cross-section geometry are assessed.
To the best of the author’s knowledge, this is the first time that this variation of P-GMAW
has been attempted.

This technique is well-suited to narrow gap welding (NGW) of pipelines. In its present
form, NGW of pipelines involves two major challenges: the sidewall erosion, which can
impair the mechanical properties of the joint; and b) excessive heating, which leads to
excessive residual stresses. CW-P-GMAW can overcome both issues due to the nature of
pulsation, which reduces both the heat input and the tendency of the arc to pin to the
cold wire, therefore suppresses sidewall erosion.

5.3 Experimental Methodology

5.3.1 Materials

Bead-on-plate welds were deposited on AISI 1020 [82] plain carbon steel flat bars measuring
2 in (51 mm) x 7 in (178 mm) x 3/8 in (9.53 mm). The wire used was AWS A5.18 ER
70S-6 [65]. The electrode wire had a 1.2 mm nominal diameter; while the cold wire had
a 0.9 mm nominal diameter. Table 5.1 presents the nominal chemical composition for the
substrate and the welding wire. The shielding gas used was a mixture of Ar-15%CO2 at a
flow of 19 l/min.

Table 5.1: Nominal chemical (% wt.) compositions of the welding wires and the substrate.
Material C Si Mn P S Cr Fe
AISI 1020 0.17-0.23 - 0.30-0.60 <0.040 <0.0050 - Bal.
ER70S-6 <0.15 0.80-1.25 1.40-1.85 <0.025 <0.035 <0.15 Bal.
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5.3.2 Welding Procedure

A general set-up is shown in Figure 5.1: Figure 5.1a indicates the cold wire injector and
the high speed camera used to study the arc dynamics, while Figure 5.1b shows the detail
of cold wire feeder. High speed imaging was done at 5000 frames per second with a shutter
speed of 25 microseconds, and a narrow pass band filter of 900 ± 10 nm was used to limit
the light reaching the camera sensor. Current and voltage were sampled at 10 kHz using
a data acquisition system (DAQ), where the electric data were acquired for two seconds.

Figure 5.1: Experimental set-up cold wire: a) Cold wire feeder and high speed camera; b)
Detail of cold wire feeding.

A Lincoln R500 welding power source was employed to perform the welds in cold wire
pulsed gas metal arc welding (P-GMAW) using synergic control. Low background to peak
(Ib/Ip), and high background to peak current ratios were evaluated. Figure 5.2 shows these
two pulsed current profiles.

In order to create the two levels of current ratio employed in this work, the power source
parameters were set using wire feed speed (in/min), travel speed (in/min), and trim regu-
lation. One can obtain different current ratios by varying these three variables. The trim
setting controls the arc length through indirect voltage control in order to have a more
stable welding process. Low values of trim correspond to low arc lengths, while high values
of trim promote a long arc.
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Figure 5.2: Current pulse profiles used in the welds. a) Lower current ratio, b) Higher
current ratio.

The welding parameters for these two sets of welds are shown in Table 5.2. The cold wire
(CW) mass rate was determined from the wire feed speed and is expressed as a percentage
fraction of the mass feed rate through the electrode wire. Each condition was carried out
twice to assess repeatability.

True power (TP ) was calculated based on the instantaneous values of current and voltage
according to [83] using:

TP =
1

n

n∑
i=1

(Ui × Ii) (5.1)

where Ui (V) and Ii(A) represent the instantaneous values of voltage and current, respec-
tively. This parameter was then used to calculate true heat input (THI) for a given travel
speed (TS). This is not equivalent to the process specific heat input, which must also
account for the process thermal energy efficiency, according to [84] and [85]:

THI =
TP

TS
(5.2)
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Table 5.2: Welding parameters set on the power source

Condition
Welding
process

WFS
(in/min)
[m/min]

Trim

Travel
speed

(in/min)
[cm/min]

Cold wire
mass rate

(%)

1 P-GMAW
250
[6.3]

1.5

16
[41]

0
2 CW-P-GMAW 20
3 CW-P-GMAW 60
4 CW-P-GMAW 100
5 P-GMAW

300
[7.6]

1.0

0
6 CW-P-GMAW 20
7 CW-P-GMAW 60
8 CW-P-GMAW 100

The resulting value of true heat input is reported in kJ/mm, taking the travel speed in
(mm/s). Mean current (Iavg) was calculated according to [78]:

Iavg =

[
(Ibtb + Iptp)

(tb + tp)

]
(5.3)

where Ib the background current in (A), tb is the background time in milliseconds, and Ip
is the peak current in milliseconds. One can note that this is just a weighted average while
the effective current (Ieff ) was also calculated [78]:

Ieff =
√

[kpIp2 + (1− kp) Ib2] (5.4)

where kp is the duty cycle of current waveform, which represents how much time the current
is kept in the peak over the waveform period. This can be calculated according to [78]:

kp =
tp

(tp + tb)
(5.5)

Lastly, the droplet diameter was estimated based a mass balance according to [86]:

d = 3

√(
de2 ·WFS

40 · fd

)
(5.6)
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where de
2 is the diameter of the wire electrode, WFS is the wire feed speed, and fd is the

droplet detachment frequency. Since the pulse control aims to achieve a one-droplet-per-
pulse (ODPP) transfer mode, the droplet frequency equals the pulse frequency.

After welding, each of the specimens was cut into three cross-sections and subjected to
standard metallographic procedures, including grinding and polishing with a final media
of 1 micrometer alumina solution, and etched with a 2% Nital solution in order to reveal
macro and microstructure. Bead penetration, width, height, dilution, and heat affected
zone (HAZ) area were measured using imaging analysis software. Vickers hardness maps
of the weld metal and HAZ were performed using 500 gf and 10 s as dwell time.

5.4 Results

5.4.1 Electrical Data

The electrical data, average and RMS voltage, average and RMS current, and average and
RMS power sampled during welding are presented in Table 5.3. The values of true power
and true heat input are indicated in Table 5.4. Average power and true power coincide
since they were calculated using the instantaneous values of current and voltage.

Table 5.3: Average and RMS values of voltage, current, and power sampled during welding.

Condition
Average
voltage

(V)

RMS
voltage

(V)

Average
current

(A)

RMS
current

(A)

Average
power
(kW)

RMS
power
(kW)

1 31.5 31.7 205.0 275.8 7.6 9.7
2 31.5 31.8 206.0 275.9 7.6 9.9
3 31.5 31.8 208.5 276.4 7.7 9.9
4 31.4 31.7 212.2 282.0 7.8 10.0
5 21.4 22.1 164.3 252.7 4.8 6.8
6 21.4 22.1 171.5 256.7 4.9 7.0
7 21.4 22.2 178.9 264.0 5.1 7.1
8 21.4 22.1 188.5 270.4 5.2 7.1

The values of peak current and background current are shown in Figure 5.3. These are
used to calculate the current ratio, presented in Table 5.4. There is little variation of ratio
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values with the introduction of cold wire, as could be expected, among conditions with the
same current waveform.

Table 5.4: True power (kW) and true heat input (kJ/mm) for all the welding conditions

Condition Process
True

Power
(kW)

True
heat
input

(kJ/mm)

Peak-to-background
current

ratio

Cold
wire
feed
(%)

1 P-GMAW 7.6 1.1 0.1 0
2 CW-P-GMAW 7.6 1.1 0.1 20
3 CW-P-GMAW 7.7 1.2 0.1 60
4 CW-P-GMAW 7.8 1.2 0.1 100
5 P-GMAW 4.8 0.7 0.08 0
6 CW-P-GMAW 4.9 0.7 0.09 20
7 CW-P-GMAW 5.1 0.8 0.08 60
8 CW-P-GMAW 5.2 0.8 0.08 100

Figure 5.3: Values of current levels in pulsed current: a) peak current; and b) background
current. The conditions can be seen at Table 5.2.

The average current peak and background times are presented in Figure 5.4, while the fre-
quency and duty cycle are presented in Figure 5.5. As in the case of P-GMAW, the average
and effective currents, plotted in Figure 5.8. In order to investigate the arc stabilitythe
oscillograms for all the conditions were plotted in Figure 5.4 and Figure 5.5. It can be seen

71



see that the cold wire does not seem to affect the current waveform for a high ratio, while
it does for low ratios.

Figure 5.4: Oscillograms for conditions of high current ratio: a) P-GMAW; b) CW-P-
GMAW-20%; c) CW-P-GMAW-60%; and d) CW-P-GMAW-100%.

The effect of the cold wire in the low current ratio conditions can be seen in Figure 5.5; the
standard condition, the arc length is drastically reduced in comparison to the high current
ratio condition due to the low trim setting of the power supply. This short arc length (low
value of trim) allows the droplet to touch the weld pool, while it is still attached to the
electrode. This causes a short-circuit, and the detachment of the droplet occurs in the
transition from peak to background.

Introduction of the cold wire (20%) reduces the arc stability, since the droplet could short-
circuit by contacting the cold wire. This situation is demonstrated by the extra peaks
between the standard current peak, due to the power source reaction as the arc re-strikes
(Figure 5.5b). However, a 60% cold wire mass ratio still exhibits short-circuits but without
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the sudden reaction of the power source (increase in current) although, apparently, there
is no change in the point of droplet detachment.

The introduction of 100% of cold wire seems possible without impairing the local stability
of signal (Figure 5.5d). This behaviour is possibly explained by the fact that the droplet
detaches before touching the molten pool.

Figure 5.5: Oscillograms for conditions of low current ratio: a) P-GMAW; b) CW-P-
GMAW-20%; c) CW-P-GMAW-60%; and d) CW-P-GMAW-100%.

Ribeiro et al. [54] reported that the introduction of cold wire causes the current to increase
in order to melt the additional material the surplus of material to melt. For the conditions
reported in Figure 5.6, the use of a high current ratio induces a change in the current peak
time. However, for a low current ratio the peak time is increased in order to melt the extra
cold wire material. The background time does not change significantly for both current
ratios.
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Figure 5.6: Average current peak and background times: a) peak time; and b) Background
time. The conditions can be seen at Table 5.2.

Figure 5.7: a) The influence of the welding conditions on: a) duty cycle; and b) current
frequency. The conditions can be seen at Table 5.2.

As expected this difference in peak times for different current ratios entails a difference in
duty cycle. One observes in Figure 5.7a that for low current ratio the duty cycle increases
whereas for high current the duty cycle remains constant. One might surmise that the
introduction of cold wire would affect the detachment frequency, which is set to achieve
one-droplet- per-pulse (ODPP), on the contrary Figure 5.7b shows that the frequency is
almost unchanged by the addition of cold wire.
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Figure 5.8: Values of a) Average (mean) current and b) Effective current for the welding
conditions. The conditions can be seen at Table 5.2.

The effect of introducing the cold wire on duty cycle leads to changes in average current and
effective current as shown in Figure 5.8. Since the average current is a weighted average,
any change in peak or background times will cause this value to change. As effective current
is a function of duty cycle, one observes that it increases for low current ratio, but not to
high current ratio. The implications on how the power source internal regulation responds
to the addition of cold wire for different duty cycles will be discussed in the Section 5.5.

5.4.2 Metal Transfer Mechanism

The metal transfer under standard conditions for the high current ratio’s case are shown
in Figure 5.9. The pressure of the arc and droplet momentum cause the formation of a
depression (indicated by the arrow) in Figure 5.9c. Moreover, the droplet detached axially
is deflected sideways as it falls (Figure 5.9d), which is apparently due to arc pressure.
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Figure 5.9: Metal transfer over one period for the standard P-GMAW with 250 ipm-1.5-
16ipm.

Figure 5.10 shows the metal transfer when a feed rate of 20% cold wire is applied in the
high current condition. Figure 5.10b shows that the cold wire is melted by the heat of the
arc (indicated by the arrow), and there is no metal transfer from the cold wire until the
droplet is sufficiently large to touch the melting pool. In this condition the cold wire metal
transfer is dominated by surface tension.
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Figure 5.10: Metal transfer over one period for CW-P-GMAW-250ipm-1.5-16ipm-20%.

Figure 5.11 shows the case of 60% cold wire feed rate in which metal transfers directly into
the welding pool, which drastically differs from the mechanism with a 20% feed rate. The
depression formed by the arc pressure is reduced (Figure 5.11b). Droplet detachment is
axial and the droplet tends to impinge the cold wire area (Figure 5.11d). This suppresses
the transfer of droplet momentum to the molten pool, reducing the penetration of the weld
bead.
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Figure 5.11: Metal transfer over one period for CW-P-GMAW-250ipm-1.5-16ipm-60%.

The metal transfer when a 100% cold wire feed is applied is shown in Figure 5.12. The cold
wire is fed directly into the weld pool in this situation, and this leads to a slight deflection
of the arc. Droplets now impinge onto the cold wire, which acts as shield for the welding
pool (Figure 5.12d). This suppresses momentum transfer to the pool. In this condition
the weld pool diameter reduces by approximately 1 mm. Ridges can be observed on the
surface of the weld pool, which indicate the contact pressure exerted by the wire on the
pool as noted in (igure 5.12c.
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Figure 5.12: Metal transfer over one period for CW-P-GMAW-250ipm-1.5-16ipm-100%.

Figure 5.13 shows the metal transfer for standard pulsed GMAW with a low current ratio.
The arc length is shorter compared to Figure 5.9. Consequently, the distance travelled by
the droplet also decreases in this condition. In Figure 5.13d, one observes that the droplet
short-circuits before detachment causing the detachment to be unstable, leading to spatter.
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Figure 5.13: Metal transfer over one period for P-GMAW-300ipm-1.0-16ipm.

Figure 5.14 shows metal transfer for a low current ratio with a 20% cold wire is feed rate,
similar to the high current condition, the cold wire metal transfer is driven by surface
tension, when the droplet formed from the cold wire touches the welding pool. In this
condition, again, the short-circuit of the droplet occurs due to the small arc length, which
impairs arc stability.
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Figure 5.14: Metal transfer over one period for P-GMAW-300ipm-1.0-16ipm-20%.

Figure 5.15 shows the metal transfer for 60% in cold wire feed rate. The cold wire is
fed directly into the welding pool and, despite the short arc length, the arc is deflected
towards the cold wire. Consequently, the droplet is detaches towards the cold wire, leading
to short-circuit during the detachment.
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Figure 5.15: Metal transfer over one period for P-GMAW-300ipm-1.0-16ipm-60%.

Figure 5.16 shows the mechanism of droplet detachment when using 100% cold wire feed
rate. Again the arc is deflected towards the cold wire, but detaches before touching the
weld pool thereby, avoiding the short-circuit. Consequently, the metal transfer occurs in a
stable way, but spatter still occurs as discussed in Section 6.3.3.
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Figure 5.16: Metal transfer over one period for P-GMAW-300ipm-1.0-16ipm-100%.

The metal transfer mechanism also influences the size of the detached droplet. As explained
earlier droplet diameter was estimated from the volumetric mass volume, considering the
ODPP condition. Figure 5.17 shows that there is no change in the droplet size independent
of current ratio and cold wire feed rate, in spite of the increased observed effective current
for low current ratio conditions. This seems to support the hypothesis that the increase in
current does not lead to a significant increase in pinching force.
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Figure 5.17: Estimate droplet diameter for high and low current ratios with different cold
wire feed rates. The conditions can be seen at Table 5.2.

5.4.3 Bead Aspect, Cross-Section And geometry

This section will deal with the quality and geometry of the obtained weld beads, and their
suitability for industrial applications. Figure 5.18 shows that all the beads have uniform
geometries, without superficial flaws such as porosity or humping.

Figure 5.18: - Bead aspects of the high current ratio
(
Ib
Ip

)
conditions: a) P-GMAW-250ipm-

1.5-16ipm; b) CW-P-GMAW- 250-1.5-16ipm-20%; c) CW-P-GMAW- 250-1.5-16ipm-60%;
and d) CW-P-GMAW-250 ipm-1.5-16ipm-100%.
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The high current ratio beads do not exhibit spatter, since this condition provides sufficient
power to melt the additional wire. The spatterless condition is also facilitated by the
absence of short-circuits, and this is enhanced by an increase in arc length to allow the
detachment of droplets without contact with the melt pool.

In contrast, the welds in Figure 5.19 show spatter. In this case it comes from the short-
circuiting as the droplet hangs from the electrode due to the short arc length. The amount
of spatter increases with cold wire feed rate until it reaches its maximum at a 100% feed
rate. Nevertheless, the beads do not present superficial porosities, or humping despite the
amount of metal deposited.

Figure 5.19: Bead aspects of the low current ratio
(
Ib
Ip

)
conditions: a) P-GMAW-

250ipm-1.5-16ipm; b) CW-P-GMAW-250-1.5-16ipm-20%; c) CW-P-GMAW-250ipm-1.5-
16ipm-60%; and d) CW-P-GMAW-250 ipm-1.5-16ipm-100%.

Figure 5.20 shows the cross-sections of the beads shown in Figure 5.18. There is no porosity,
inclusions or undercuts. The penetration profile is drastically reduced with a cold wire feed
rate of 100%.

Figure 5.20: Cross-sections for high current ratio: a) P-GMAW-250ipm-1.5-16ipm; b) CW-
P-GMAW-250-1.5-16ipm-20%; c) CW-P-GMAW-250 ipm-1.5-16ipm-60%; and d) CW-P-
GMAW-250 ipm-1.5-16ipm-100%.
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Figure 5.21 shows the cross-sections of the beads in Figure 5.19. The effect of the finger-
profile is attenuated since the droplet momentum is reduced due to the small arc length as
there is no change in the droplet size, as discussed earlier. However, Figure 5.21c contains a
small discontinuity indicated by an arrow. This is likely a stray inclusion originating from
the wire which contains a high content of Si (1.15% wt) to deoxidize the molten pool. This
inclusion in unlikely to originate from the substrate surface, since the surfaces were cleaned
with a wire brush and abrasive disc before welding. Apart from that observation there is
no porosity or undercut observed in welds in Figure 5.21. Another factor contributing
to the difference in bead profile is the lower amount of available power when low current
ratios are applied, corresponding to a decreased influence of arc pressure on the centre of
the welding pool.

Figure 5.21: Cross-sections for conditions 1 to 4 which are high current ratio: a) P-
GMAW-250ipm-1.5-16ipm; b) CW-P-GMAW-250-1.5-16ipm-20%; c) CW-P-GMAW-250
ipm-1.5-16ipm-60%; and d) CW-P-GMAW-250ipm-1.5-16ipm-100%.

Figure 5.22 presents the average penetration width, and bead height, for high and low
current ratios. Bead width decreases (Figure 5.22a) for high current ratios, meanwhile,
for low current ratio the width remains practically constant. This variation in bead width
likely is related to the amount of latent thermal energy available in the pool.
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Figure 5.22: Geometric features of the weld beads with different conditions of cold wire
feed rate, which can be seen at Table 5.2: a) Bead width; b) Depth of penetration; and c)
Bead height. Results are the average of three cross-sections.

Figure 5.22b shows that penetration varies inversely with cold wire feed rate for both cur-
rent ratio conditions. For high current ratio it is still possible to feed more wire in order to
further decrease penetration, meanwhile, at low current ratios penetration depth plateaus.
Coupled with the decreasing in penetration, the bead height increases (Figure 5.22c) for
both current ratios as a result of the additional cold wire. The data seems to indicate that
high current ratios accommodate more cold wire feed, which is not the case for low current
ratios.

Figure 5.23: Geometric features of the weld beads with different conditions of cold wire
feed rate, which can be seen at Table 5.2: a) Dilution; b) Total cross-section area; and c)
HAZ area. Results are the average of three cross-sections.

Figure 5.23 summarizes the measured data from the cross-sections that are related to the
heat content of the molten pool or the heat that diffused across the base metal. Figure 5.23a
shows the variation of dilution with cold wire feed rate, again indicating that a limit
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seems to have been attained for low current ratio, which is not the case for high current
ratio. Figure 5.23c outlines the heat affected zone (HAZ) area of the beads. It can be
observed that with the introduction of cold wire for both current ratios, this zone decreases,
indicating that the amount of heat diffused through the HAZ decreases with higher cold
wire fractions. On the other hand, this seems to point to the fact that the bead top is
most sensitive to the thermal distribution caused by the cold wire feed. More heat is being
lost through the top of the bead than through the bottom of the bead to the base metal,
as indicated by the increase in bead height.

5.4.4 Hardness and Microstructures

Figure 5.24 presents hardness maps corresponding to high current ratio conditions. The
hardness of the HAZ progressively decreases with an increase in cold wire feed rate. Fig-
ure 5.24a shows that the hardness of the HAZ is higher than the base and weld metal in
the region shown in yellow. Meanwhile, in Figure 5.24d shows less hardness indicating
that the hardening of the HAZ was suppressed. This seems to be linked to a lower cooling
rate caused by increase of cold wire feed rate. A refinement of the prior austenite grain
structure in the HAZ will also suppress hardening by avoiding formation of martensite in
favour of softer ferrite and bainite.
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Figure 5.24: Figure 24 - Vickers hardness maps: a) P-GMAW-250ipm-1.5-16ipm; b) CW-
P-GMAW-250-1.5-16ipm-20%; c) CW-P-GMAW-250 ipm-1.5-16ipm-60%; and d) CW-P-
GMAW-250 ipm-1.5-16ipm-100%.

Figure 5.25 shows the hardness maps for the low current conditions. These generally
exhibit the same trend, indicating a hardness reduction in the HAZ with an increasing
in cold wire feed rate. However, the hardness obtained in this low current ratio is higher
than that obtained in the high current ratio condition. For the highest cold wire feed rate
(Figure 5.25d) the average hardness in the HAZ is 302 HV, and Figure 5.25c indicates an
average hardness of 279 HV.
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Figure 5.25: Vickers hardness maps. a) P-GMAW-300ipm-1.0-16ipm; b) CW-P-GMAW-
300ipm-1.0-16ipm-20%; c) CW-P-GMAW-300ipm-1.0-16ipm-60%; and d) CW-P-GMAW-
300ipm-1.0-16ipm-100%.

Figure 5.26 presents the hardness values along the closest line to the fusion zone as noted by
the red dashed line in Figure 5.25. The low current ratio induces higher hardness compared
to low current ratio regime. Figure 5.26a clearly shows that the increase of cold wire feed
rate supresses hardening of the HAZ. However, Figure 5.26b shows that the softening of
the HAZ is restricted to 60% and 100% cold wire feed rates. With a 20% feed rate there
is hardening of the HAZ, which is comparable to standard P-GMAW with low a current
ratio.
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Figure 5.26: Vickers hardness of the closest line, starting at the left corner of the hardness
maps, to the fusion zone: a) 250 ipm-1.5-16 ipm; and b) 300 ipm-1.0-16 ipm.

Figure 5.27 shows the microstructures in the center of the weld bead for the high current
ratio condition.

The microstructures consist of grain boundary (PF (G)), intragranular ferrite (PF (I)),
acicular ferrite (AF), and secondary ferrite with aligned second phase (FS (A))[87]. The
width of PF(G) decreases and the AF fraction increases with an increase in cold wire feed
rate.

Figure 5.27: Microstructures in the center of the weld metal: a) P-GMAW-250ipm-1.5-
16ipm; b) CW-P-GMAW-250-1.5-16ipm-20%; c) CW-P-GMAW-250ipm-1.5-16ipm-60%;
and d) CW-P-GMAW- 250 ipm-1.5-16ipm-100%.

Figure 5.28 presents the fusion line morphology of the high current ratio condition. As
the cold wire fraction increases the grains in the HAZ are refined. Figure 5.29 shows the
microstructure of the center of the weld bead. This microstructure consists of the same
microstructure discussed earlier, although the increase in acicular ferrite with increased
cold wire feed rate is more pronounced as shown in Figure 5.29d.
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Figure 5.28: Microstructures at the fusion zone: a) P-GMAW-250ipm-1.5-16ipm; b) CW-
P-GMAW-250-1.5-16ipm-20%; c) CW-P-GMAW-250ipm-1.5-16ipm-60%; and d) CW-P-
GMAW-250 ipm-1.5-16ipm-100%.

Figure 5.29: Microstructures in the center of the weld metal: a) P-GMAW-300ipm-1.0-
16ipm; b) CW-P-GMAW-300ipm-1.0-16ipm-20%; c) CW-P-GMAW-300ipm-1.0-16ipm-
60%; and d) CW-P-GMAW-300ipm-1.0-16ipm-100%.

Figure 5.30 shows the microstructures on the fusion zone for the low current ratio condition,
again showing the same trend with increasing the cold wire feed rate. However, in contrast
to the high current ratio shown in Figure 5.28, increasing in cold wire feed does not
consistently soften the HAZ, but depends on other parameters, as can be seen by the
difference in indent sizes. The hardness maps suggest that a 60% cold wire feed rate, shown
in Figure 5.25d), leads to hardening of the HAZ compared to Figure 5.25c. In terms of
microstructures the HAZ seems to consist of bainitic structures since their hardness reaches
values of 340 HV for Figure 5.25a and Figure 5.25b, which reflect the microstructures in
Figure 5.30a and Figure 5.30b respectively.
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Figure 5.30: Microstructures at the fusion zone: a) P-GMAW-300ipm-1.0-16ipm; b) CW-
P-GMAW-300ipm-1.0-16ipm-20%; c) CW-P-GMAW-300ipm-1.0-16ipm-60%; and d) CW-
P-GMAW-300ipm-1.0-16ipm-100%.

5.5 Discussion

The mechanism through which the welding power source responds to the increase in melt-
ing rate caused by cold wire feed is very important to weld quality and efficiency. This
mechanism will be henceforth be called wire melting accommodation. The high current
ratio condition implies that high heat input is imposed. For example, for this condition
the peak and background currents are approximately 460 A and 56 A, resulting in a heat
input of approximately 7.60 kW. In contrast, the peak and background current for low
current ratios were approximately 510 and 43 A, respectively, resulting in a heat input of
approximately 5 kW. The mechanism of wire melting in each condition is different.

Since there is sufficient heat to melt the wire at high current ratios, one expects the values of
peak and base current cannot be changed once pre-set, considering the internal regulation
does not cause the peak time to increase. In contrast, for the low current ratio the heat
input seems insufficient to accommodate the melting the extra wire, and so the internal
regulation mechanism causes the peak time to increase, increasing the melting capacity of
the arc. This accommodation of higher cold wire fractions causes the average current to
increase, increasing the heat input to the substrate, at low current ratios.

Based on the work of Essers and Walter, the total cross-section area of the beads is an
indication of the total heat content of the weld pool [88]. As expected, the high current
ratio conditions present indicate a higher heat content. In contrast to what was expected
from the low current ratio condition, the welded area initially increases and then decreases
possibly indicating a reduction of the heat content of the weld pool when 100% of cold
wire is fed with a low current ratio (low heat input).

For lower energy weld pool cold wire functions as a heat sink causing the reduction of the
bead width. At higher energies the cold wire is not able to absorb higher energy fractions
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of the welding pool. A physical understanding of this can be obtained through an energy
balance:

Q̇ = ṁ (cp∆T + L) (5.7)

where Q̇ is the absorbed power in (kW), ṁ is the cold wire feed rate in (kg/s), cp is the
specific heat (kJ/kgK), ∆T is the difference of temperature between the cold wire and the
melt pool, and L is is latent heat of the weld pool (kJ/kgK). Thus, an increase in the
in power entails a higher ∆T since the temperature of the melt pool is likely to increase.
On the other hand, for low energy parameters (low heat input) the cold wire absorbs less
energy, and so melting only has a small effect on bead width.

This wire melting accommodation mechanism also controls the effective current for low
current ratio. The arc efficiency of P-GMAW can be written as [78]:

ηaw =
Qaw

[UavgIeff − ψIeff ]
(5.8)

where Qaw is the heat transmitted to the welding pool by the electric arc, ψ is the melting
potential of the anode material,Uavg is the voltage, and Ieff is the effective current. Scaling
Qaw by the HAZ area reveals that, as the effective current increases, the efficiency of the
arc decreases for low current ratios with cold wire feed ratio increase. This condition would
be suitable to weld heat sensitive materials.

The microhardness and microstructures results imply changes in cooling rate caused by the
cold wire feed rate. The trend of increasing AF phase fraction with the cold wire feed rate
indicates a lower cooling rate that the cooling rate for a high fraction of cold wire, while
high current ratios, are associated with higher heat input. However the trend differs for
low current ratios which result in low heat input, so the cooling rate tends to be faster. In
the last situation, the increase of cold wire causes a high cooling rate, leading to a higher
hardness observed in the HAZ, along with a narrower HAZ region. Certainly these results
in hardness and microstructures imply important differences in heat input, which will be
the subject of further study by water calorimetry.

The results gathered in this study, for high current ratio, certainly can be compared to
those reported by Mohammadijoo et al. [49] who showed that

for cold wire tandem GMAW the use of cold wire reduced the HAZ area, the HAZ
microhardness, and the prior austenite grain size. However, a comparison to other process
might be difficult since the CW-P-GMAW is still under study and information regarding
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its the gross heat input, is still lacking as well as its suitability for welding using different
joint geometries and positions.

5.6 Summary

Bead-on-plated welds were deposited onto mild steel in order to study the feasibility of
cold wire pulse gas metal arc welding (CW-P-GMAW) and the influence of feeding cold
wire with low and high current ratios. The following conclusions can be drawn:

1. The use of cold wire feed is feasible for both low and high current ratio conditions
and uniform weld beads were obtained;

2. For low current ratios the duty cycle is altered so that peak time is increased in order
to melt more material. This increase in duty cycle leads to higher mean and effective
currents;

3. This change in mean current entails differences in transmitted heat across the welding
pool for high and low current ratios. This leads to a smaller HAZ area and dilution
when using pulsed current compared to conventional GMAW;

4. The increase in cold wire feeding seems to favour the nucleation of acicular ferrite.
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Chapter 6

Globular to Spray Transition in Cold
Wire Gas Metal Arc Welding 1

6.1 Overview

The electrical current required for a transition from globular-to-spray droplet transfer
during gas metal arc welding (GMAW) is determined by the specified wire feed speed,
in the case of constant voltage power supplies. Generally, in narrow gap welding (NGW),
spray transfer is avoided, because this transfer mode can severely erode the groove sidewalls.
This work compares the globular-to-spray transition mechanism in cold wire gas metal arc
welding (CW-GMAW) versus standard GMAW. Synchronized high speed imaging with
current and voltage sampling were used to characterize the arc dynamics for different cold
wire mass feed rates. Subsequently, the droplet frequency and diameter were estimated, and
the parameters for a globular-to-spray transition were assessed. The results suggest that the
transition to spray occurs in CW-GMAW at a lower current than in the standard GMAW
process. The reason for this difference appears linked to an enhanced magnetic pinch force,
which is mainly responsible for metal transfer in higher welding current conditions.

1This chapter is based on the following paper: Ribeiro, R. A., Assunção, P. D. C.; Dos Santos, E. B. F.;
Braga, E.M.’; and A. P. Gerlich. Submitted for publication in The welding Journal Research Supplement
(2020).
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6.2 Background

Understanding the phenomena controlling metal transfer in gas metal arc welding (GMAW)
is fundamental to identifying the correct specifications and processes parameters used in a
welding procedure. The use of incorrect parameters may impair the quality and reliability
of welds in service.

While studying metal transfer, a key parameter is the critical arc current at which globular
transfer transitions to spray transfer. This is presently poorly understood due to the
complexity of the underlying physics. For instance, Lowke [89] proposed an equation to
calculate the transition current, but this model is only applicable to welding using 100%
argon shielding gas, while a wide range of welding applications uses mixed Ar-CO2 gases
or pure 2 shielding gas.

Moreover, the model only takes into account the steel wire diameter, the surface tension
of the molten metal, and the magnetic permeability of free space. Lowke [90]subsequently
extended the equation to aluminum and copper electrodes. Methong et al. [91] reported
that during the transition in a binary shielding gas (argon and carbon dioxide) the metal
vapour concentrates towards the edges of the arc, with increasing welding current.

Ribeiro et al. [92] reported that in cold wire gas metal arc welding (CW-GMAW) the
increased cold wire feed rate leads to a significant increase in current compared to the
standard GMAW when in spray transfer mode. Moreover, Ribeiro et al. [93] reported that
CW-GMAW operating in spray transfer can be used to weld narrow gap welds (NGW)
with no sidewall erosion, since the sidewalls are not eroded during welding as the arc is
pinned preferentially to the cold wire.

The CW-GMAW process involves an increase in current when the cold wire feed rate
increases,however, unlike GMAW when this occurs the area of the heat affected zone (HAZ)
decreases. It is worthwhile to study the influence of this phenomenon on the globular to
spray transition in order to clarify how metal transfer mechanisms differ from conventional
GMAW before it can be used in practical applications. This work seeks to identify the
conditions under which CW-GMAW transitions to spray transfer in comparison to GMAW
using similar welding parameters.

6.3 Experimental Methodology

Bead-on-plate welds were deposited on AISI 1020 plain carbon steel with thickness of 6.35
mm (1/4 in), using a Lincoln Electric Power Wave R500 power source operating in constant
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voltage (CV). ER70S-6 was used as electrode wire and cold wire, with nominal diameters
of 1.2 mm (0.045 in.) and 0.9 mm (0.035 in.) respectively. Table 6.1 presents the nominal
chemical composition of the welding wire and the base metal. The shielding gas mixture
used for all welds was Ar-15%CO2 was used at the flow of 40 ft3/h (19 l/h).

Table 6.1: Nominal composition of the welding wire and base metal.

Material
Nominal chemical composition (% wt.)
C Si Mn P S Cr Fe

AISI 1020 0.18 - 0.30 -
Max.
0.005

- Bal.

ER70S-6 0.15 1.15 1.85 0.025 0.035 0.05 Bal.

The equipment and torch layout for welding is presented in Figure 6.1, where the cold wire
feed position can be seen relative to the electrode wire and the device used to feed the
auxiliary wire. During welding, the current and voltage were recorded at a frequency of 10
kHz for two seconds in order to assess the electric properties of the arc in situ. Moreover,
synchronized high speed imaging was used to monitor the dynamic behaviour of the arc at
5000 fps for two seconds with a shutter speed of 25 microseconds, while a 900 nm ± 10 nm
filter was used to visualize the arc. To determine of the welding parameters used in this
study, preliminary welds were performed to identify parameters that caused the natural
metal transfer to be fully-globular and fully-spray. Thereby, the transition current range
from globular to spray was identified for standard gas metal arc welding (GMAW).

Figure 6.1: General set-up for welding experiments.

Subsequently, a cold wire feed was introduced to determine if the globular-to-spray transi-
tion occurred at a different current in CW-GMAW. Table 6.2 presents the welding param-
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eters used to determine the range of globular-to-spray transition which occur in standard
GMAW, along with their response in current and voltage. It was found that the range for
the transition current for GMAW is 265 A to 293 A which are shown in Table 6.2 under
the mixed transfer mode (Globular + Spray).

Table 6.2: Welding parameters used to determine the globular to spray transition along
with the average transition voltage and current.

Welding
process

WFS
(in/min)
[m/min]

Voltage
(V)

Travel
speed

(in/min)
[cm/min]

CTWD
(mm)

Transfer
mode

observed

Avg.
voltage

(V)

Avg.
current

(A)

GMAW
250
[6.3]

25

25
[63.5]

17

Globular 24.5 239.6

GMAW
270
[6.7]

26 Globular 25.8 242.1

GMAW
290
[7.4]

27 Globular 26.8 243.8

GMAW
310
[7.9]

28
Globular

+
Spray

27.8 264.9

GMAW
330
[8.4]

29
Globular

+
Spray

29.2 292.8

GMAW
350
[8.9]

30 Spray 29.8

After determining the globular-to-spray transition parameters, the same parameters were
used to carry out CW-GMAW, at cold wire feed rates of 20%, 80%, and 140%. These feed
rates refer to mass feed rate in units of (kg/s) as a fraction of the welding electrode wire
mass rate. For all the cold wire assisted welds the CTWD was kept the same (17 mm).

The images obtained using a 900 nm band-pass filter were processed in order to measure
the droplet detachment frequency (Hz) manually. However, prior to the manual measure-
ment of droplets, the fast Fourier transform (FFT) of the voltage signal was performed to
estimate the droplet frequency. Due to of 2% - 12% margin of error between the manually
counted and FFT estimated droplet frequency, the reported droplet frequency in this work
refers to the manually counted value. Moreover, the FFT determined value of frequency
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cannot be statistically treated to provide the mean and variation range, since it is only one
value of frequency. The droplet diameter was estimated from the detachment frequency.
The droplet frequency was counted in five intervals of 0.36 seconds each, summing in total
1.8 seconds of the total 2 seconds sampled during welds. The values presented are thus
the average of 5 measurements which consider approximately the whole sampled time, and
the error bars represent a 95% confidence interval.

Based on droplet diameter measurements, the transition from globular to spray could be
identified based on whether the droplet is smaller than 1.2 mm (the nominal electrode wire
diameter). Table 6.3 presents the welding parameters for cold wire welds and the current
and voltage response measured during welding. The droplet diameter was calculated from
the measured values of drop detachment frequency [86]:

dd =

(
WFS · de2

40 · fd

) 1
3

(6.1)

where dd is the droplet diameter, WFS is the wire feed speed in units of, de is the diameter
of the wire electrode, and fd is droplet frequency.

Table 6.3: Welding parameters used for CW-GMA welds to investigate the globular to
spray transition, along with the response in voltage and current.

Welding
Process

WFS
(in/min)
[m/min]

CW
pct.
(%)

Voltage
(V)

Travel
speed

(in/min)
[cm/min]

CTWD
(mm)

Average
voltage

(V)

Average
current

(A)

CW-GMAW

310
[7.8]

20
28

25
[63.5]

17

28.1 270.3
80 28.1 274.4
140 28.2 275.4

330
[8.4]

20
29

29.1 279.5
80 29.1 283.0
140 29.1 299.1

The instantaneous arc resistance (Ri) is estimated using the values of the instantaneous
voltage (Ui) and instantaneous current (Ii) according to:

Ri =
Ui
Ii

(6.2)
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The values of Ri are averaged over the sampled period of two seconds and will be presented
in Section 6.4.4.

6.4 Results

6.4.1 Metal Transfer Dynamics

Figure 6.2 shows the oscillograms for the standard GMAW conditions used to identify the
transition zone between globular and spray modes. High speed images are shown only at
the transition, which occurred between 310 in/min and 350 in/min of wire feed speed, and
the fully-spray condition, at 350 in/min of wire feed speed.

Figure 6.2: Oscillograms for standard GMAW conditions. Plot for an entire sampling
period 2 seconds at 10 kHz: a)GMAW-250 in/min; b)GMAW-270 in/min; c) GMAW-290
in/min; d) GMAW-310 in/min; e) GMAW-33o in/min; f) GMAW-350 in/min.

Figure 6.3 shows representative high speed images of the two conditions in which globular-
to-spray transition occurs, namely Figure 6.3(a) and Figure 6.3(b); and the fully-spray
condition in Figure 6.3(c). As noted, the criterion adopted to distinguish between those was
based on whether the droplet diameter is longer than the electrode diameter, corresponding
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to globular transfer. A droplet diameter lower than the electrode diameter, indicates a
spray transfer mode. However, during transition the droplet size fluctuate lower or higher
than the electrode diameter.

The conditions shown in Figure 6.2b and Figure 6.2c correspond to the transition from
globular transfer mode to short-circuit, which Scotti et al. [94] described as interchangeable
metal transfer (ITM). This can be ascribed to: a) a variation in specific resistivity of the
arc column, and b) a higher post short-circuit current. These two features in ITM come
from higher increase in wire feed speed compared to a small increase in voltage, as one can
be noted from the welding parameters in this study. As soon as the energy in the arc is
sufficient to sustain a spray transfer, the interchangeable transfer ceases.

Figure 6.3: High speed images of transition from globular to spray (a) and (b), and the
fully spray condition (c).

The spray transfer current in standard GMAW is on average 294.7 A, as reported in
Table 6.2. Figure 6.4 shows the high speed images of the weld in the transition region with
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cold wire feed. The droplet size is close to the wire diameter when 20% cold wire feed
rate is used (Figure 6.4a). When 80% cold wire feed rate is used (Figure 6.4b) there is an
instantaneous decrease in droplet diameter, showing that the transition from globular to
spray begins at this cold wire feed rate. Further increasing the cold wire feed rate leads to
a full axial spray transfer mode with droplets smaller than the wire diameter. In fact, the
current applied for the spray regime condition is, on average 275.4 A, which is smaller than
the current for fully spray transfer for standard GMAW using the same wire feed speed
and voltage.

Figure 6.4: High speed images of CW-GMAW-310ipm-28V-25ipm-17mm. a) 20%, b) 80%,
and c) 140%.

It is also interesting to note that when the cold wire is introduced at a feed rate of 20%,
there is an instability of voltage and current signals, which is reflected in current oscillation
in Figure 6.5a. When the cold wire feed is increased to 80%, causes a stabilization of the
current and voltage signals as shown in Figure 6.5b.
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However, cold wire feed rate at 140% an instability in the voltage and current signals is
caused by the injection of more cold wire than can be accommodated by the arc. This
causes part of the cold wire to emerge out of the pool and disturb the arc, cf. Figure 6.4c
and Figure 6.5c. In Figure 6.5c, this disturbance is a short-circuit caused by the cold wire
tip, since when this happens the voltage decreases to levels below 10 Volts.

Figure 6.5: Oscillograms for CW-GMAW with WFS equal to 310 in/min with progressive
values of cold wire feed rate: a) 20%; b) 80%; and c) 140%.

Figure 6.6 shows the high speed images for the CW-GMAW welds using of rate of 330
in/min. Figure 6.6a shows that when 20% cold wire feed is introduced the droplet diameter
is about the size of the wire diameter, causes behaviour similar to that shown in Figure 6.5.
When 80% cold wire feed rate is introduced in the arc, the droplet diameter starts to
decrease to levels lower than the electrode diameter. Again, for this particular feed rate,
there is an stabilization of the arc dynamics which reflects the decrease in variance of the
measured signals of voltage and current. The arc is partially pinned to the cold wire, as
expected when using 80% cold wire feed rate [92].
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Figure 6.6: High speed images of CW-GMAW-330ipm-28V-25ipm-17mm: a) 20%; b) 80%;
and c) 140%.

Further increase in the cold wire as observed in Figure 6.5c, leads to instabilities due to
insufficient energy level in the arc to sustain the extra wire feed. At the cold wire fraction
of (140%), part of the cold wire again emerges out of the pool. This cold wire emerging
out of the pool can short-circuit the arc (refer to Figure 6.7c), causing the instantaneous
values of voltage to drop to levels below 10 Volts. It can be seen that the arc is completely
attached to the cold wire.
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Figure 6.7: Oscillograms for CW-GMAW with WFS equal to 330 in/min with progressive
values of cold wire feed rate: a) 20%; b) 80%; and c) 140%.

Figure 6.8 shows the oscillograms for 350 in/min, which is a fully axial spray transfer mode.
A cold wire feed rate of 80% can be accommodated by the energy supplied by the arc so
no instability can be detected. In fact, it appears that the arc stabilizes since the spread
of voltage and current are reduced.

Figure 6.8: Oscillograms for CW-GMAW with WFS equal to 350 in/min with progressive
values of cold wire feed rate. a) 20%; b) 80%; and c) 140%.

It is also observed that increasing the cold wire feed rate to 140% does not cause instabilities
(Figure 6.8c). The transition current for spray in standard GMAW using 350 in/min is
294.7 A, cf. Table 6.2.

6.4.2 Cyclogrammes

Cyclogrammes show the voltage plotted against the current in order to elucidate the oper-
ational modes/points. during welding operation. They can be used to determinate process
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stability as well transfer mechanism as based on the shape of the cloud of points [72]. The
experimental conditions employing 270 in/min and 290 in/min, Figure 6.9b and Figure 6.9c,
respectively, present interchangeable metal transfer between spray and short-circuit which
is consistent with the process results. Once this range from 270-290 in/min is exceeded
the metal transfer across the arc moves develops into spray, improving stabilization as
indicated by the reduction of the area in the cyclogrammes for standard GMAW.

Figure 6.9: Cyclogrammes for GMAW conditions. Color bar indicates density of data
points.

Figure 6.10 shows that a cold wire feed rate of 80% stabilizes the metal transfer as indicated
by the reduction of the cyclogramme area in comparison to standard GMAW (Figure 6.10a).
However, further increasing of the cold wire fraction leads to short-circuits, as seen in
Figure 6.10c where some points fall below 10 Volts.

During unstable conditions the cluster of the points increases, as a response of the power
source feedback to stabilize the welding operation, however certain points fall close to
10 Volts, experiencing short-circuit, as seen in Figure 6.10c. This attempt to stabilize
voltage/current response is caused by feedback in the welding source to maintain operation
at a constant voltage (CV). This mechanism serves to keep the arc close to the set-point
voltage and current through inductance control which accounts for the current variation in
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time after a short-circuit in order to re-ignite the arc. In fact, this cluster of points could
become a supplementary indication of stability of a welding process parameter in addition
to the sole area of the cyclogramme which represents the total area formed by points in a
cyclogramme irrespective of the cluster occurrence [71].

Figure 6.10: Cyclogrammes for CW-GMAW conditions using WFS = 310in/min. Color
bar indicates density of data points.

Figure 6.11 shows cyclogrammes for the 330 in/min condition. A 20% cold wire feed rate
stabilizes of the welding based on the reduced area of the cyclogramme, Figure 6.11a,
compared to Figure 6.9e. Inversely the cold wire feed rate of 80% (Figure 6.11b)causes a
small increase that can considered within the stability limits. However, at a 140% cold
wire feed rate the welding, the stability is compromised by the short-circuit events caused
the cold wire contact with droplets still hanging on the electrode wire.

Figure 6.11: Cyclogrammes for CW-GMAW conditions using WFS of 330 in/min. Color
bar indicates density of data points.

At a cold wire feed rate of 140% the cluster of points increases as a result of the power
source feedback system which attempts to stabilize the arc after short-circuits. Figure 6.12
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shows the cyclogrammes for the 350 in/min condition, which corresponds to fully developed
spray mode. When 20% cold wire feed rate is used there is a reduction of the cyclogramme
area, as can be seen comparing Figure 6.12a to Figure 6.9e. The reduction of area is most
pronounced when higher cold wire fractions are used, for instance, 80% and 140%.

Figure 6.12: Cyclogrammes for CW-GMAW conditions using WFS of 330 in/min. Color
bar indicates density of data points.

In contrast to the previous situations, the increase of the density of data points in Fig-
ure 6.12 is not related to instabilities in the electric arc or short-circuits caused by the cold
wire emerging out of the weld pool. Rather, this is due to a higher stabilization of the
welding process with the progressive stabilization of the arc due to arc pinning to the cold
wire when the cold wire feed rates increase provided there is enough energy in the melt
pool to melt this extra wire.

6.4.3 Droplet Frequency And Diameter

The frequency of the droplets and their estimated diameter are presented in Figure 6.13.
Figure 6.13a and Figure 6.13b show the droplet frequency for 310 in/min condition. Intro-
ducing the cold wire increases the droplet frequency. Though specifically for Figure 6.13a,
the droplet frequency appears unaltered in comparison to the standard GMAW, given
the limits of variation represented by the confidence level at 95%. The current for fully-
developed spray at 350 in/min is 295 A.
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Figure 6.13: Average droplet frequency and estimated average droplet diameter. Error
bars represent 95% confidence intervals. The 0% condition indicates the standard GMAW.

The increase in detachment frequency, corresponds to a decrease in droplet diameter which
is caused by the increase in the tapering Lorentz force, which varies directly with the
current[20]. Figure 6.13b shows that the trend in droplet detachment frequency (Fig-
ure 6.13a) is maintained with the droplet starting to undergo the spray condition at an
80% cold wire feed rate. This phenomenon is due to the increase in current to melt the
extra wire introduced in the arc. At a cold wire feed rate of 80% the transition to spray
occurs in much lower current than fully spray condition as reported in Section 6.4.1.

Figure 6.13c and Figure 6.13d show the droplet frequency and the droplet diameter re-
spectively for 330 in/min. Similarly to the case described in the previous paragraph the
transition for spray starts again at 80% cold wire feed rate, in which the error bars indi-
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cate that the droplet frequency is higher than the droplet frequency of reference. Using
a WFS value of 330 in/min, the transition to spray is more gradual than when using a
WFS of 310 in/min. Similarly,the transition to spray starts at a cold wire feed rate of 80%
when compared to the reference level, cf. Figure 6.13c and Figure 6.13d. The reason for
the difference in the slope behaviour of these two cases remains unclear, and is worthy of
future study.

6.4.4 Average Resistance Of The Arc Plasma

Figure 6.14 presents the arc resistance for the welds using 310 in/min, 330 in/min, and 350
in/min wire feed speed. The arc resistance was estimated using Equation 6.2 as described in
the methodology. Valensi et al.[95] reported that,in the transition from globular to spray
the conductivity of the plasma column increases due the metal vapour generation rate
increase. The conductivity varies inversely with the resistance of the arc column. Then,
an increase in conductivity will represent a decrease in the plasma column resistance.

The resistance of the plasma column in a fully developed spray condition (350 in/min) is
equal to 0.1028Ω (Figure 6.14c). Comparing the resistance for the conditions of 310 in/min
and 330 in/min to this standard value one can expect the resistance limit to allow a fully
spray transfer for the conditions mapped out in this work. According to Figure 6.14a the
resistance for 80% is 0.1025 Ω which is lower than the reported value for spray using 350
in/min. Also, according to Figure 6.14b the resistance for an 80% feed rate is 0.1030 Ω,
which is close to the value reported in Figure 6.14a. This indicates the results of arc
resistance are consistent with the droplet frequency measurements. For the CW-GMAW
conditions in which the WFS is 310 in/min and 330 in/min, the transition to spray suddenly
occurs at an 80% cold wire feed rate, with arc current values of 274.42 A and 283.01
respectively, as indicated in Table 6.3. These currents are inferior to the average current
of 294.65 A, reported in Table 6.2, for a fully spray regime transfer in standard GMAW.
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Figure 6.14: Arc resistance values based on instantaneous values of current and voltage,
for three distinct conditions: a) 310 in/min; b) 330 in/min; and c) 350 in/min. Error bars
show at 95% level confidence interval.

The size of the variation around the average arc resistance at 140% in Figure 6.14a and
Figure 6.14b is due to the short-circuit (disturbances) caused by the excessive amount of
cold wire in the arc. The arc resistance plots indicate that increasing the cold wire fraction
leads to the pining of the electric arc to the cold wire for high cold wire fractions (≥ 100%),
provided that there is enough energy to accommodate this high cold wire fraction. When
there is enough energy to melt the cold wire (using 350 in/min as electrode wire rate)
the resistance variation is lower than in the standard GMAW for 80% and 140% cold wire
feed rates. as can be see in (Figure 6.14c). The decrease of the resistance indicates an
improvement in arc conductivity, which accounts for stability and an increase in current,
leading to higher values of detachment force from the self-induced magnetic field.

6.5 Discussion

6.5.1 Metal Transfer And Globular-to-spray Transfer Mechanism
In CW-GMAW

There are two theories that could explain the phenomena of metal transfer in welding: the
static balance force theory (SBFT) by Waszink and Graat [96], and the pinch instability
theory (PIT) proposed by Allum [97, 98]. The SBFT acutely predicts the droplet diameter
in globular transfer mode, while the PIT performs better in spray transfer. However,
neither can predict the globular-to-spray transfer current. Recently Zhao and Chung [99]
reported that the phase field method can approximate the globular-to-spray transition
current, along with the droplet sizes in the transition regime.
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During metal transfer droplets are subjected to three forces: a) electromagnetic force (Fem);
gravitational force (Fg); and surface tension force (Fs). In this analysis the viscous drag
force of the plasma and the arc pressure are disregarded since they account for only 10%
of (Fs) according to Waszink and Graat [96]. In globular transfer droplet detachment is
governed by (Fg) since the droplet diameter is large, while in spray, detachment is governed
by the electromagnetic force (Fem).

The mechanism of hastening the onset of the globular-to-spray transfer in CW-GMAW is
related to the current increase caused by higher total wire feed – (both electrode and cold
wire feed rate) – applied in CW-GMAW. This mechanism is similar to the one proposed

by Kim and Eagar [20]. The total power delivered to the anode
(
Q̇total

)
can be written

as:

Q̇total =

(
3

2
kT/e+ Va + φ

)
I +

(
ρ̄L

A
I2

)
(6.3)

where k is is the Boltzmann constant, T is the electron temperature, e is the electron
charge, Va is the anode voltage drop, φ is the work function of the electrode material, ρ̄
is the average resistivity of the electrode material, L is the electrode extension, A is the
cross-sectional area of the electrode, I is the welding current. The first parenthesis is the
power imparted by the electron condensation while the second parenthesis is the power
due to Joule effect. The total wire feed in CW-GMAW causes the Joule power to increase,
acting similar to an increase in electrode extension. Thus the electrode melting occurs at
reduced arc currents in CW-GMAW compared to standard GMAW, leading to electrode
tapering at lower currents compared to standard GMAW. From the SBFT theory the only
holding force in the electrode droplet is the surface tension (Fs):

Fs = πdeγ (6.4)

where de is the electrode diameter, and γ is the surface tension coefficient of the molten
electrode. Thus as tapering of the electrode proceeds, de decreases and, consequently Fs
decreases as well which cause smaller droplets to be formed, accounting for the sooner
globular-to-spray transition in CW-GMAW.

6.5.2 Arc stability And Arc Resistance

The methodology proposed to assess arc stability using the cyclogrammes in Section 6.4.2
uses: a) the area of the cyclogramme; and b) the cluster of points in the cyclogramme.
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These two features are complementary, in the sense that when the welding operation is sta-
ble the area of the cyclogramme decreases along with the cluster of points, cf. Figure 6.9a,
Figure 6.9e, and Figure 6.9f for standard GMAW. When the cold wire feed rate reaches
80% the stability in CW-GMAW is comparable to the standard GMAW, cf. Figure 6.11b
and Figure 6.12b. The increase in density of points, observed for instance in Figure 6.10c
and Figure 6.11c, are caused by the feedback mechanism in the attempt welding power
source to maintain the instantaneous voltage/current near the values of current and voltage
set before the welding operation.

The transition to spray transfer is accompanied by a reduction in resistance (increase
of conductivity) of the arc column as shown in Figure 6.14. This mechanism is likely
due to higher ionization caused by the increase in metal vapour (from electrode and cold
wire derived). Lancaster [10] reported that in iron or steel arcs the ionization is due to
small amounts of metal vapour originating from the electrode. The introduction of cold
wire causes a reduction in CTWD resistance, which is the sum of electrode extension
resistance and arc resistance [100]. This decrease in arc resistance likely facilitates the
flow of charge inside the arc. This facilitation in current flow likely increases the current
density, which might explain why the electromagnetic force becomes increasingly dominant
with additional cold wire feeding [101].

6.6 Summary

Standard and cold wire GMAW welds at constant voltage were performed to identify the
current at which the transfer mode transitions from globular to spray. The transition to
spray was studied using high speed imaging and high frequency sampling electrical signals.
The following conclusions can be reached:

1. The transition from globular to spray in cold wire GMAW occurs at lower currents
when compared to standard GMAW for the same process parameters;

2. The transition from globular-to-spray occurs due to increase in current with the
increase of cold wire feed rates which leads to an increase in tapering of the electrode
by electron condensation which reduces the surface tension force (only droplet holding
force);

3. The resistance of arc plasma column seems to decrease with the increase of cold wire
feed rates, which accounts for an increase in current. This is probably due to higher
metal vapour fraction generated by the cold wire.
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Chapter 7

Uncertainty analysis of a water–flow
calorimeter while welding in
short-circuit and spray transfer
regimes 1

7.1 Overview

The thermal efficiency of arc welding influences the cooling rate, peak temperature, and
microstructures of a weld, which affects the material properties of the welded joint. This
work quantifies the uncertainty of thermal efficiency measurements on gas metal arc welds
using low (2.5 kW) and high (9.5 kW) arc powers. In order to understand the effect of
calorimeter parameters on the measured efficiency, a two factor, two level full factorial
design was carried out for each arc power condition. In this study, the factors are flow
rate (2 l/min and 5 l/min) and plate thickness (0.25 in [6.35 mm] and 0.375 in [9.53 mm]).
The results show that the uncertainty in the thermal efficiency measurements increases
when both higher flow rates and plate thickness are used. Moreover, the use of a thick
plate causes the heat transfer regime to change, increasing the cooling rate and decreasing
the observed thermal efficiency. Uncertainty is also influenced by the metal transfer mode
during welding.

1This chapter is based on the following paper: Ribeiro, R. A.; Assunção, P. D. C; Dos Santos, E. B. F.;
Daun, K.J.; and Gerlich, A. P. Welding in the World (2020). url: https://link.springer.com/article/
10.1007/s40194-020-00931-1
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7.2 Background

Recently Scotti highlighted the importance of improving the accuracy 2 of thermal efficiency
estimates in gas metal arc welding (GMAW) [104]. Attempts to improve the robustness
of GMAW thermal efficiency estimates have focused on both calorimeter design and ex-
perimental techniques. For instance, Liskevych and Scotti proposed the gross heat input
(GHI) concept, in which the amount of heat generated by a welding process, measured
using a liquid nitrogen calorimeter[29], asymptotically reaches a limit when the weld bead
length becomes infinitesimal. They also analyzed the intrinsic errors in this calorimetry
approach [6], including the time elapsed between welding and immersing the weld in liquid
nitrogen. Pepe et al. [105] used this method to report the thermal efficiency of waveform
control as being 85%.

Haelsig, Kusch, and Mayr proposed a new water calorimeter model, and used it to show
that weld thermal efficiency can be increased by increasing the carbon dioxide content
in the shielding gas[106], increasing the voltage[30]. Prior research by the same authors
reported that process derivatives of GMAW such as tandem GMAW have distinct thermal
efficiencies, which depends on wire feed speed (WFS)[107]. For instance, the thermal
efficiency of standard GMAW is higher than its pulsed GMAW for a fixed wire feed speed
of 3.5 m/min and subsequent research indicated that efficiency is also affected by the
geometry of the weld joint [108].

Other studies account for the effect of calorimeter variables on thermal efficiency. For
instance, Hurtig et al. [109] reported that in a water-cooled stationary anode calorimeter,
variations in voltage and water flow propagate into a standard deviation of ± 9% in the
reported efficiency.

These results show that the inferred welding process thermal efficiency is affected not only
by process parameters, but also by the calorimeter design, and its operating parameters.
However, a study of the calorimeter measurements based on an uncertainty analysis stan-
dard such as PTC 19.1-2018[103] is not currently available.

The goal of the present study is to assess the uncertainty in the calorimeter measurements,
and the inferred/apparent thermal efficiency of standard constant voltage GMAW over a
range of nominal arc powers, while varying the plate thickness and water flow rate on the
calorimeter. The results show that increasing the plate thickness and water flow reduces

2The international vocabulary of metrology (VIM)[102] defines accuracy as the closeness between a
measurand (the quantity to be measured) and its true value. On the other hand, uncertainty is a non-
negative parameter which characterizes the dispersion attributed to a measurand [102]. In summary, the
error limits within which the true value of the measurand lies [103].
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the measured thermal efficiency, and the uncertainty is higher for low arc power compared
to high arc power using a water-flow calorimeter.

7.3 Experimental Methodology

7.3.1 Calorimeter System

The calorimeter system consists of the calorimeter block, the torch electrical signal mea-
surement system, thermocouples to measure the water temperature, and a rotameter to
measure the water flow rate. Figure 7.1 shows the calorimeter block, consisting of a
200 mm × 127 mm × 40 mm (8 in× 5 in× 1.5 in) AISI 1020 steel block with a water
cooling channel. The channel geometry is designed to enhance water mixing in the inlet,
middle, and outlet regions of the calorimeter in order to maximize heat transfer. The spec-
imens were sealed against water leaks using a rubber gasket mounted on the edges of the
calorimeter block in contact with the workpiece. Moreover the specimens were held using
a fixture shown in Figure 7.1b. The calorimeter was mounted on a Teflon plate to insulate
it from the fixture used to hold the plate during welding. The water hoses connected to
the calorimeter were made of rubber to minimize heat losses, and had a thickness of 3.2
mm.

Figure 7.1: Calorimeter schematic and general experimental set-up.

The torch electrical measurements were performed using a LEM LT505-S current sensor,
and a LEM LV100-100 voltage sensor, both acquired using an NI DAQ 6061 device. The
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current and voltage signals were acquired for a total of 2 seconds at a frequency of 10 kHz.
Voltage was measured between the welding torch and the workpiece on the calorimeter,
and current was measured using a Hall-effect sensor put around the ground cable. Water
temperature was measured using eight 0.8 mm-diameter K-type thermocouples at a sample
frequency of 5 Hz. Four thermocouples were put in the water inlet and four in the water
outlet pipes to measure the water temperature. The water flow rate was measured using
a turbine meter (Omega FTB 604B).

7.3.2 Welding Parameters

The calorimeter was evaluated using two welding parameters: a low arc power parameter
operating in short-circuit transfer mode, and a high arc power to induce spray transfer
mode. The welding surfaces consisted of AISI 1020 steel plates with different thicknesses:
a thin plate of 6.35 mm (0.25 in), and a thicker plate of 9.53 mm (3/8 in). A carbon steel
wire electrode (ER70S-6) with a diameter of 1.2 mm (0.045 in) was used for all welds, with
Ar-15%CO2 shielding gas at a flow of 15 l/min (32 cfh).

The welding power source was a Lincoln R500 with a Fanuc ArcMate 120i robotic manip-
ulator. An ABIROB A 500 ECO (air cooled) welding torch was used for the welds and
was kept at 90◦ to the workpiece. Table 7.1 provides the welding parameters used during
calibration of the calorimeter as well the references for the previously reported thermal
efficiency values from other studies. Preliminary experiments were performed to verify the
arc stability obtained using the weld parameters for both short-circuit and spray transfer
regimes, at travel speeds in the lower ranges of those typical of heavier section welding.

The travel speed chosen for the short-circuit mode was found to provide a stable arc
while avoiding excessive formation of spatter. The arc power settings are typical values
which would be commonly used in short-circuit and spray transfer modes. Moreover, the
values presented in Table 7.1 are close to the lower end of the range of 75%-93% of thermal
efficiency values for GMAW welding with CO2 shielding gas reported by Grong [110] which
indicates that the values of efficiency in Table 7.1 are close to the expected values of thermal
efficiency for the experimental conditions studied in this work.

It is important to note that if a different calorimeter was used in the experiments, the
values of thermal efficiency measured would be different from those reported in this work.
Even for the same type of calorimeter, the results reported here are not exactly equal those
reported in the literature. In fact, the values taken from the literature remain close the
limit of variation of the thermal efficiency reported here.
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It must be noted that the thermal efficiency values measured using a particular calorimeter
do not represent the true efficiency of a welding process, but only the efficiency measured
using this particular instrument. In order to determine a value of thermal efficiency that
would be independent of the instrument and welding parameters used, another methodol-
ogy must be used. For instance, the approach reported by Liskevych and Scotti [29].

Table 7.1: Welding parameters for calorimetry uncertainty experiments.

Cond.
WFS

(in/min)
[m/min]

Voltage
(V)

Travel
speed

(in/min)
[cm/min]

CTWD
(mm)

Power
(kW)

Transfer
mode

regime

Thermal
efficiency
reported

in the
literature

(%)
Low
arc

power

118
[3]

19
12
[30]

17 2.5
Short-
circuit

72
[111]

High
arc

power

394
[10]

30
27

[70]
17 2.5 Spray

70
[106]

7.3.3 Thermal Efficiency Calculations

In order to calculate the welding thermal efficiency, the experiment is assumed to have
reached steady state, according to the methodology proposed by Sikstrom[112]. Thermal
efficiency is given by define welding thermal efficiency as[113]:

η =
cp ¯̇m

∫ tweld

0

(
∆̄T
)
dt

P tweld
(7.1)

where cp = 4.184kJ/(kg·K) is the specific heat of water at 290 K [114], ¯̇m is the average flow
rate, the instantaneous flow rate is ¯̇m = ∀ (t)·ρ, where ∀̇ is the instantaneous volumetric flow
indicated by the rotameter and ρ is the density of water at 290 K (998kg/m3) [114], ∆T =
Tout−Tin is the difference between the water outlet (Tout) and the inlet temperatures (Tin),
(tweld) is the welding time. For the uncertainty analysis U (average voltage) and I (average
current)were calculated independently in order to derive the sensitivities. However, for the
thermal efficiency calculations using Equation 7.1, the average power (P) was calculated
as [115]:
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P = 〈Ui · Ii〉 (7.2)

This analysis does not directly indicate how the heat losses (spatter, heat radiated away
from the electric arc, weld pool evaporation, and heat lost from the weld bead) may impact
the thermal efficiency, but is accommodated for the uncertainty analysis. However, based
on the literature it is expected that the heat losses account for 11.5% to 20% of the thermal
efficiency values. Liskevich et al. [6] reported that heat losses can significantly affect the
thermal efficiency through variation in plate thickness and weld bead length. For instance,
for short-circuit conditions (GMAW, 150 A, 20 V, 34 cm/min, Ar-25%CO2, at the flow of
14 l/min using a 1.2 mm AWS ER70S-6 wire) the losses can be up to 11.5% [6].

Moreover, Radaj [116] indicated losses of around 20% for GMAW operating in an open
arc (non-submerged) condition with a metal electrode, at currents and voltages lower or
equal to 250 A and 25 V respectively. Of these losses, 5% is due to spatter. Additionally,
increasing the bead height will increase losses through radiation and convection at the bead
top. In the case of GMAW, losses through convection, weld pool evaporation, and spatter
are considered to be lower than the losses through radiation[117].

7.3.4 Uncertainty Analysis

In the context of uncertainty analysis, Equation 7.1 is called the ’reduction equation’ since
it reduces the observed data into a derived parameter, in this case, the welding thermal
efficiency. Hence it can be re-written as:

η =
cp ¯̇m∆̄T

UI
(7.3)

where
(
∆̄T
)

is by definition the average temperature difference over the interval [0, tweld].
The sensitivities are calculated as:

∂η

∂ṁ
=
cp∆̄T

UI
(7.4)

∂η

∂cp
=

¯̇m∆̄T

UI
(7.5)

∂η

∂∆̄T
=

¯̇mcp
UI

(7.6)
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∂η

∂U
= −

¯̇mcp∆̄T

U2I
(7.7)

and

∂η

∂I
= −

¯̇mcp∆̄T

UI2
(7.8)

Equation 7.4 to Equation 7.8 can be used to derive the combined uncertainty (uη):

uη
2 =

J∑
i=1

θi,B
2si,B

2 +
J∑
i=1

θi,S
2si,S

2 (7.9)

where θi,B and θi,S are the systematic and random sensitivities of uncertainties of the J
variables respectively, while si,B and si,S are the elemental systematic and random uncer-
tainties for each J variable, respectively. These elemental uncertainties are variations in
the measurements of water temperature, mass flow, voltage, and current. Finally, with
the combined uncertainty, the expanded uncertainty (Uη) can be obtained, which can be
calculated to a 95% confidence level:

Uη = 2 · uη (7.10)

7.3.5 General Experiment Description

In order to reduce the random errors each experimental run was replicated five times for a
total of 40 experiments: 20 experiments at the low arc power condition and 20 experiments
at the high arc power condition. The test matrix is summarized in Table 7.2.
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Table 7.2: General experimental matrix for low arc high arc power conditions.

Experimental
run
#

Nominal
flow
rate

(l/min)
[kg/s]

Plate
thickness

(in)
[mm]

Number
of

replicates

1 2 [0.03] 0.25 [6.35] 5
2 5 [0.08] 0.25 5
3 2 0.375 [9.53] 5
4 5 0.375 5

During the welding process, the electrical signals, the temperatures in the inlet and outlet
of the calorimeter, and the mass flow were recorded simultaneously. The four thermocou-
ple readings at the inlet and outlet were averaged, so that the average inlet and outlet
temperatures were used in the calculations. All the welds had a length of 120 mm. Finally,
the thermal efficiency was calculated using Equation 7.1.

Figure 7.2: Schematic of the variation of power with time, used to calculate the residual
power criterion for thermal efficiency calculation.

The power rate criterion was used to calculate thermal efficiency. This criterion assumes
a minimum power rate to start and stop the integration process when calculating thermal
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efficiency, as shown in Figure 7.2. When the instantaneous power rate is higher than 2
W/s, the integration starts and proceeds until the instantaneous power rate is less than
-2 W/s. This criterion is used to determine the start and finish for the integrals during
thermal efficiency calculation. A justification for this treatment will be given in Section 7.5.

7.4 Results

7.4.1 Oscillograms – Characterizing The Transfer Modes

Figure 7.3 shows the oscillograms for the low arc and high arc power conditions. For the low
arc power condition the transfer mode is short-circuit. Based on the oscillograms shown in
Figure 3a the short-circuit voltage is approximately 5 V. A fast Fourier transform (FFT)
analysis indicates that the droplet detachment frequency is around of 25 Hz (Figure 7.4a).
In the case of the high power arc condition, the FFT analysis of the spray transfer mode
signal indicates that the droplet detachment frequency is around of 386 Hz, as seen in
Figure 7.4b.

Figure 7.3: Oscillograms for: a) low arc power ; and b) high arc power.

TThe short-circuit signals give an instantaneous average power, calculated using Equa-
tion 7.2, 2.66 kW, which is slightly higher than the expected power of 2.5 kW taken from
the literature. In comparison, the instantaneous average power for the spray transfer mode
at high power mode is 9.88 kW.
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Figure 7.4: FFT for: a) low arc power ; and and b) high arc power.

7.4.2 Average Instantaneous Arc Energy

The average arc energy corresponds to the energy required to deposit a particular length
of weld bead on the welding surface. The power source generates approximately the same
amount of power for each run in short-circuit mode which is low arc energy, as shown in
Figure 7.5a. However, in spray mode using high arc energy, the energy generated exhibits
more variation when compared to the short-circuit regime, as seen in Figure 7.5b.

Figure 7.5: Instantaneous average arc energy, the energy that was delivered by the arc
electric for weld bead of 120 mm. Each is an average of five tests, error bars represent
confidence intervals at 95%.
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Table 7.3 shows the values of average instantaneous voltage, current, power, and nom-
inal heat input for the low and high arc power conditions. It can be seen that the values
of average heat input remain within the variation of ± 1%. The values of average power
in spray regime vary within a range of ± 3%, indicating that the calorimeter parameters
do not significantly influence the stability of the electric arc during welding.

Table 7.3: Instantaneous average values of voltage, current, power, and nominal arc energy,
and the experimental conditions are summarized in Table 7.2.

Low arc power - short-circuit

Run #
Average
voltage

(V)

Average
current

(A)

Average
power
(kJ/s)

Average
heat input
(kJ/mm)

1 19.22 129.36 2.36 0.47
2 19.26 128.33 2.31 0.46
3 19.25 128.86 2.35 0.47
4 19.25 129.81 2.35 0.47

High arc power - spray

Run #
Average
voltage

(V)

Average
current

(A)

Average
power
(kJ/s)

Average
heat input
(kJ/mm)

1 30.35 328.62 9.97 0.85
2 30.28 322.05 9.75 0.84
3 30.23 325.67 9.84 0.84
4 30.30 326.98 9.91 0.85

7.4.3 Bead Aspects

Figure 7.6 and Figure 7.7 show the bead aspects for the low arc power and high arc
power operating conditions, respectively. Figure 7.6 shows no significant increase in spatter
produced during welding in short-circuit mode, nor are there differences on the welding
pool shape aspect. This indicates that the stability during welding was not considerably
affected by the calorimeter parameters for the low arc power conditions.
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Figure 7.6: Representative weld bead surfaces for low arc power: a) test 1; b) test 2; c)
test 3; and d) test 4. Test conditions are summarized in Table 7.2.

Figure 7.7: Representative weld bead surfaces for high arc power: a) test 1; b) test 2; c)
test 3; and d) test 4. Test conditions are summarized in Table 7.2.

Figure 7.7 shows that there is no spatter adjacent to the weld beads welding in spray
transfer regime. This indicates that the different calorimeter parameters do not affect
the welding stability. Moreover, the shape of the weld pool is also not affected by the
calorimeter.
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7.4.4 Thermal Efficiency: Maximum And Minimum Values

Figure 7.8a shows the cyclogramme for low arc power, which reveals two distinct regions.
The green rectangle delimits the transfer region in which the arc is extinguished and
bridging transfers occurs; in this scenario the only heat transferred to the weld is via
the droplet. The red rectangle delimits the open arc region in which there is no droplet
transfer, and the heat comes from the arc itself. Averaging the instantaneous arc power
from these two regions causes the average power to decrease compared to the cyclogramme
in Figure 7.8b. This systematic power variation during short-circuit transfer increases the
variance in data.

Figure 7.8: Typical cyclogrammes for: a) low arc power; and and b) high power.

Figure 7.9 shows the thermal efficiency calculated using the power rate criterion with error
bars indicating minimum and maximum values. Figure 7.9a shows that the scatter in
short-circuit regime is higher than in spray transfer, and that increasing the flow and plate
thickness the scatter is much larger for the short-circuit mode (comparing Runs # 1 and
# 2 to # 3 and # 4) . The large variance in the data collected in short-circuit regime
welding is likely due to the natural oscillation of the arc between two regions as shown in
Figure 7.8a.
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Figure 7.9: Average thermal efficiency: a) low arc power; and b) high arc power. Error
bars represent minimum and maximum.

Figure 7.9a reveals that plate thickness has a greater effect on efficiency than flow rate,
when using low arc powers (Considering that the variation in Run #2 is higher than Run
#1). Comparing run #2 (5 l/min and 6.35 mm plate) and run #4 (5 l/min and 9.53
mm plate) the increased variance appears to be related to an increase in plate thickness,
and this leads to heat loss to the environment through the sides of the workpiece. This
may affect the cooling rate at the back of the plate and increase its variability. On the
other hand, for thin plates, more heat is transferred directly to the calorimeter, accounting
for the decreased variance compared to the thick plate conditions during low power arc
welding.

Figure 7.9b shows that comparing runs #1 (2 l/min and 6.35 mm plate) and #2 (5 l/min
and 6.35 mm plate) there is an slight increase in variance in run #2, which is likely caused
by an increase in flow rate. The increase in variance due to flow rate still occurs when
using high arc power, as shown in Figure 7.9b (When Comparing Run #1 to Run #2), but
it is less pronounced than when high arc power is used, as shown in Figure 7.9a. The use
of high arc power combined with high plate thickness promotes heat loss through the side
of the workpiece, so that a higher fraction of heat still is transferred to the calorimeter, in
comparison to the low arc power conditions, which accounts for the low variance observed
in the results. Moreover, the effect of plate thickness on high arc power welding conditions,
specifically for run #2 and run #4, seems to be negligible since the variance in the results
is approximately constant, cf. Figure 7.9b.
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7.4.5 Thermal Efficiency: Uncertainty Analysis

Figure 7.10 presents the expanded uncertainty to a 95% confidence level for the data
calculated using the 2 W/s power rate criterion. Figure 7.10a shows that the uncertainty
increases substantially when the flow and plate thickness increase (Comparing Runs #1
and #3 to Runs #3 and #4). It may be possible to avoid these measurement conditions,
or improve the uncertainty of the measurements by using better sensors.

Comparing run#3 (2 l/min and 9.53 mm plate) and #4 (5 l/min and 9.53 mm plate), in
Figure 7.10a, which have the same plate thickness but different flow rates, it can be observed
that the effect of increasing the flow is small in the context of the two uncertainties. In
Figure 7.10b, one notes that the uncertainties are lower compared to those showed in
Figure 7.10a, demonstrating that the system is more robust to measurements involving
high arc power (in spray transfer mode).

Figure 7.10: Average expanded absolute uncertainty: a) low arc power; and b) high arc
power. Error bars represent 95% confidence intervals.

The estimate of thermal efficiency for spray transfer, based on run #1 (2 l/min and 6.35
mm plate), had an average uncertainty of 2% (cf. Figure 7.10b) while, for short-circuit
transfer, in run #1, the uncertainty is 6%, as shown in Figure 7.10a. It seems from that the
decreased uncertainty in high arc power weld conditions is due to the absence of oscillation
between power regimes as discussed in Figure 7.8, and to the higher fraction of power
transferred to the calorimeters despite the increased heat losses due to thick plates. It
seems that the most accurate data is obtained using low flow rate and a thinner plate,
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again, probably due to the fact that, a thinner plate accommodates a higher amount of
heat transferred to the calorimeter.

7.5 Discussion

7.5.1 Electrical Data And Thermal Efficiency

Given the similarities between the experimental set-ups reported in the literature and the
one reported in this work, it is logical to suppose that the values of thermal efficiency and
its uncertainties should also be similar to those reported here. In this light, for the short-
circuit data, it was observed that the highest efficiency value reported was 85% (run #4,
2nd replicate), while the lowest was 59% (run #3, 4th replicate) as shown in Figure 7.9a.
The highest value occurred for stable short-circuit transfer, while the lowest value occurred
during unstable transfer. The unstable nature of short-circuit transfer is associated with
metal spatter, which accounts for the drop in efficiency. According to Haelsig and Mayr
[30] the energy lost by the arc (short-circuit), including spatter, is around 6%, which is
consistent with the value of 5% value reported by Radaj [116]. In the case of spray transfer,
the efficiency varied between 60% (run #2, 4th replicate) and 83% (run #3, 3rd replicate)
shown Figure 7.9b.

Figure 7.11: Effect of the flow on the measured temperature in absence of welding: a) inlet
temperature; and b) outlet temperature. Each point is the average of three measurements.
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As expected, the increase in flow rate will decrease the outlet temperatures (cf. Fig-
ure 7.11), however it is expected that this alone will not affect the thermal efficiency since
the total enthalpy variation will be constant. In Figure 7.11b two regions can be distin-
guished: a) regime I for flow rates lower than 4 l/min, and b) regime II for flow rates
higher or equal to 4 l/min. In region II, a substantial departure from the average inlet
temperature (purple dashed line) can be noted with increased flow rate, indicating that
in this region the effect of increased mass flow affects the measured outlet temperature,
however, as discussed, this shall not affect the measured efficiencies.

7.5.2 Uncertainty In Measurements And Power Rate Criterion

Although the different combinations of plate thickness and water flow rate lead to differ-
ent thermal efficiency average values, these values are statistically indistinguishable. For
instance, in Figure 7.10a the reported efficiency for run #1 is 77% with an uncertainty of
6%, while, for Figure 7.10b the efficiency for run #1 is 71% with an uncertainty of 16%. In
addition, the power rate criterion can be further refined if equipment with higher precision
is employed.

Figure 7.12: Cumulative percentual frequency of uncertainty for the different factors: a)
low arc power; and b) high arc power.

Figure 7.12 shows the cumulative percentual uncertainty contribution of current, voltage,
water temperature change, and mass flow on the uncertainty calculated based on Equa-
tion 7.9. The results shows that higher uncertainty is caused by the measurement of current.
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The voltage, temperature measurements, and mass flow measurements do not contribute
significantly to the overall compounded uncertainty. To improve the values of uncertainty
the current Hall-effect sensor should be improved, as some of the high frequency small
oscillations produced by the welding power supply may not be quantified while operating
in constant voltage.

Figure 7.13 shows the representative variation related to different power rate criteria used
to calculate thermal efficiency for both low and the high arc powers. This value defines the
temporal interval over which the thermal efficiency is calculated. This method provides
an efficient truncation to avoid potential errors caused by instabilities in the start and end
tails of the integrated curve.

Figure 7.13: Representative variation of thermal efficiency as a function of residual power
for low arc and high arc power conditions.

Moreover, the highest measured value of efficiency differs for low and high arc power
conditions. The reason is likely the different heat transfer rates inherent to the calorimeter.
In the spray regime (using high arc power) the highest efficiency calculated is approximately
70% while for the short-circuit regime (using low arc power) the efficiency is approximately
77%, cf. Figure 7.13. It is hypothesized that in the low arc power condition, more energy
is absorbed by the calorimeter due to the reduced energy losses through radiation, which
is consistent with Pepe et al. [105] which reported that radiation losses are approximately
10% in GMAW. A detailed account of the individual heat losses for the welds is beyond

132



the scope of the present work, and it would require the use of different calorimeter types.

7.6 Summary

Gas metal arc welds, in short-circuit and spray regimes, were performed on AISI 1020 steel
plates with different thicknesses, in order to study the effect of the calorimeter set-up on
the measured value of thermal efficiency so that the effect of the process parameters on the
overall uncertainty in efficiency values were known. From the results the following scientific
findings can be drawn:

1. The calorimeter set-up affects the apparent value of thermal efficiency measured by
the calorimeter. The use of low flow rates and thin plates promotes lower values of
uncertainty in the measurement;

2. The low arc power condition has higher uncertainty than higher power condition.
This is due to the power variation during short-circuit transfer, which is avoided
when using high arc power to induce spray transfer;

3. A calorimeter sensitivity value of 2 W/s has provided a repeatable way to calculate
thermal efficiency while avoiding the instabilities in the start and end tail of the
integrated curve to calculate it.
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Chapter 8

CW-GMAW: Welding Thermal
Efficiency 1

8.1 Overview

Cold wire gas metal arc welding (CW-GMAW) has been increasingly used in heavy-gauge
manufacturing where high deposition rates are required. In such applications, the thermal
efficiency of the CW-GMAW is crucial, yet it is not reported in the literature. Water
calorimetry experiments were conducted to assess the thermal efficiency of CW-GMAW
for two cold wire feed fractions and three common transfer modes: short-circuit, globular,
and spray, and compared to standard GMAW. After producing the welds, three cross-
sections were cut and analyzed in terms of penetration and dilution. Vickers hardness
maps were used to account for the cooling rate across the weld cross-sections in high arc
power samples. Results have shown that feeding a cold wire into the arc can re-introduce
part of the lost heat, back to the weld pool in the short-circuit regime; or act to increase
the heat content in the weld pool when in spray transfer regime.

8.2 Background

The thermal efficiency or the true heat input during welding has recently been the sub-
ject of detailed studies aiming for a more thorough understanding of this parameter, and

1This chapter is based on the following paper: Ribeiro, R. A.; Assunção, P. D. C; Braga, E. M.; Daun,
K. J.;, and Gerlich, A. P. Submitted for publication in Welding in the World (2020).
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to develop better procedures to accurately measure it [104, 29]. Thermal efficiency di-
rectly controls the cooling rate, which determines the microstructure and corresponding
mechanical properties[116].

Thermal efficiency was traditionally thought to depend only on the type of welding process.
However, reported thermal efficiencies for the same process will often conflict, depending on
the values of travel speed, and power source energy employed [118]. A critical analysis of the
influence of the calorimeter performance was published in which the effects of water flow,
material type, and current were analyzed for a water-cooled stationary anode calorimeter
[32] used for gas tungsten arc welding (GTAW). It was concluded that in spite of a ±
9% variation, the calorimeter was still capable of an accurate estimation of the energy
transferred to the workpiece.

Haelsig et al. identified the key process features that influence thermal efficiency and
proposed a model for gas metal arc welding (GMAW) operating in short-circuit, spray,
and pulsed transfer modes, while employing a modified water-flow calorimeter [119]. They
concluded that the arc length influences the amount of energy transferred to the workpiece,
which is logical based on the increased radiative and convective losses increasing in arc
length.

In the case of cold wire gas metal arc welding (CW-GMAW), energy transfer during welding
must be quantified before it can be employed in industrial settings such as structural, naval,
or pipeline welding [57, 93]. Accordingly, this study aims to measure the thermal efficiency
of CW-GMAW for short-circuit, globular, and spray metal transfer modes which are most
commonly used, while using cold wire feed rates of 60% and 100% for short-circuit, while
60% and 120% were applied for both globular and spray regimes.

In the present work, the influence of the calorimeter operating conditions on the measured
value of thermal efficiency is evaluated here in detail. Two flow rates (2 l/min and 5 l/min),
and two plate thicknesses (0.25 in [6.35 mm] and 0.375 in [9.53 mm]). The results show
that efficiency depends on the calorimeter set-up and on the cold wire feed rate. Limits for
cold wire feed rate were identified to which the efficiency increases or decreases in reference
to standard GMAW using the same parameters.

8.3 Experimental Methodology

A water calorimeter was designed using numerical modeling to maximize heat transfer, and
was fabricated from steel in order to evaluate welding efficiency. Figure 8.1 shows a drawing
of the calorimeter fixture and a photograph of the set-up during the test. The welds were
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performed in the three natural transfer modes: short-circuit, globular, and spray, in order
to asses the CW-GMAW process over all the range of possible welding droplet transfer
modes.

Figure 8.1: Calorimeter set-up: a) drawing of the calorimeter; and b) photo of the calorime-
ter on its fixture.

Bead-on-plate welds with a length of 120 mm were performed on AISI 1020 plain carbon
steel. The plate dimensions were 200 mm [8 in] x 127 mm [5 in] x 40 mm [1.6 in]. ER70S-6
was used for the main electrode and cold wire, the wire diameters were 1.2 mm and 0.9 mm
for the electrode and cold wire, respectively. The welding parameters used in this study
are summarized in Table 8.1. The shielding gas for all tests was Ar-15% CO2 at the flow
rate of 40 ft3/h or 19 l/min. Three replicates were performed for each condition. During
all welds the cold wire leaded the arc and the welding torch was kept perpendicular to the
substrate.
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Table 8.1: Welding parameters.
Short-circuit transfer regime

Process

WFS

(in/min)
[m/min]

Voltage
(V)

Travel
speed

(in/min)
[cm/min]

CTWD
(mm)

C.W.
feed
rate
(%)

GMAW
250

[63.5]
20

25
[63.5]

17 -

CW-GMAW 250 20 25 17 60
CW-GMAW 250 20 25 17 100

Globular transfer regime

GMAW
280

[7.11]
28 25 17 -

CW-GMAW 280 28 25 17 60
CW-GMAW 280 28 25 17 120

Spray transfer regime

GMAW
350

[8.89]
30 25 17 -

CW-GMAW 350 30 25 17 60
CW-GMAW 350 30 25 17 120

The calorimeter was operated using two water flow rates of 2 l/min and 5 l/min. Two plate
thicknesses were used during the test, 9.5 mm [0.375 in] and 6.3 mm [0.25 in]. The test
matrix is summarized in Table 8.2, which was repeated for each transfer mode to assess the
influence of the calorimeter set-up on the efficiency value. The three values of efficiency
were used to calculate the uncertainty at 95% confidence interval.
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Table 8.2: Experimental matrix

Test
number

Plate
thickness

(in)
[mm]

Water
flow

(l/min)

Number of
replicates

1
0.25

[6.35]
2 3

2 0.25 5 3

3
0.375
[9.53]

2 3

4 0.375 5 3

The calorimetry experiments are performed in steady state, as proposed by Sikstron[112].
The thermal efficiency was calculated using:

η =
cp ¯̇m

∫ tweld
0

∆̄Tdt

P tweld
(8.1)

where cp is the specific heat of water at 290 K (4.184 kJ/ (kg ·K)) according [114], ¯̇m
is the average mass flow rate, the instantaneous mass flow rate ṁ = ∀(t) · ρ, where ∀(t)
instantaneous volumetric flow rate, measured by the rotameter, and ρ is the density of
the water at 290 K (998 kg/m3); ∆̄T is the average difference between outlet and inlet
temperatures of water in the calorimeter, and tweld is the welding time. For the purpose of
uncertainty analysis, the average voltage U and the average current I were used to derive
the sensitivities. For thermal efficiency calculations using 8.1, the average power P was:

P = 〈Ui · Ii〉 (8.2)

The heat losses (spatter, heat radiated out of the electric arc, and heat lost from the weld
bead) effects on thermal efficiency are not directly accounted in this work as discussed
prior in Chapter 7.

Uncertainty analysis was performed on the calorimetry results, based on the methodology
prescribed in the standard, PTC ASME 19.1 2018 – Test Uncertainty [103]; further details
can be found Chapter 7. After the calorimetry tests, three cross-sections were cut to rep-
resent each test condition. These cross-sections were subjected to standard metallographic
procedures to analyze their macrostructures. Hardness maps of welds produced in the
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spray transfer regime cross-sections were measured using a load of 500 gf and the dwell
time of 10 s. The cross-sections were etched using a 5% Nital solution in order to inves-
tigate the microstructure effect on the Vickers hardness observed. These microstructures
were classified using the International Institute of Welding (IIW) guidelines for ferritic steel
weld metals [87].

8.4 Results

8.4.1 Oscillograms

The oscillograms in Figure 8.2 show that introducing the cold wire does not affect the
stability of the welding arc, considering that the cold wire welds exhibit similar voltage
and current waveforms compared to GMAW over a sample period of 200 microseconds.
However, when welding on a calorimeter, the depth of the welding pool is reduced by the
accelerated cooling imposed by the water flow on the back of the welding plate, which will
affect the weld bead as will be discussed in Section 8.4.3.

Figure 8.2: Representative oscillograms for the short-circuit transfer mode: a) standard
GMAW; b) CW-GMAW-60%; and c) CW-GMAW-100%.

For instance, the voltage coefficient of variation (COV) is defined as the standard deviation
of the voltage sample divided by its instantaneous average. This statistic is commonly
used to assess arc stability in constant voltage (CV) mode. The COV for the GMAW
condition is 0.24 while the COV for CW-60% and CW-100% operating in short-circuit is
0.22. Although the electrical dynamics of the arc does not appear to be affected directly
by the calorimeter based on the COV values, nonetheless, an increase in the cold wire feed
fraction might increase the short-circuit events, thus increasing the spatter level.
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Figure 8.3: Representative oscillograms for the globular transfer mode: a) standard
GMAW; b) CW-GMAW-60%; and c) CW-GMAW-120%.

Figure 8.3 shows the representative oscillograms of the welds produced with a globular
transfer mode. In this case the cooling effect of the calorimeter significantly affect the arc
dynamics. For instance, in Figure 8.3a although the WFS was 280 in/min [7.1 m/min]
and the voltage was 28 V, short-circuit events are still discernible (where voltage < 10 V),
which would not be expected for these values of WFS and voltage without the calorimeter.
These effects still persist in the CW-60% and CW-100% welds, but, the number of such
events decrease substantially. In all three welding conditions which operated in globular
transfer regime the average voltage is around 28 V due to stabilization factor of the welding
power source.

Figure 8.4: Representative oscillograms for the spray transfer mode: a) standard GMAW;
b) CW-GMAW-60%; and c) CW-GMAW-120%.

Figure 8.4 shows the oscillograms for the spray condition, which indicate that the dynamic
features of the arc are minimally affected by the cooling provided by the calorimeter since
no short-circuit event can be discerned. A minor increase in fluctuation of the voltage and
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current can be noted when 120% cold wire (COV = 0.0194) is used compared to the more
stable 60% cold wire feed rate(COV = 0.0081) and conventional GMAW (COV = 0.0125).
The average voltage for all welds was maintained at approximately 30 V which indicates
that the arc column was stable during the welds.

8.4.2 Cyclogrammes

Figure 8.5 shows the cyclogrammes for all the welds operating in short-circuit transfer
mode. The reduction scatter events in Figure 8.5b and Figure 8.5c compared to Figure 8.5a
suggests higher stability in CW-60% and CW-100%, only considering the arc dynamics.
Furthermore, the data presented in Figure 8.5b and Figure 8.5c show a reduction in the area
of the cyclogrammes (inside the dashed ellipse) compared to Figure 8.5a; this is associated
with increase of cold wire feed rate, as reported in Chapter 3 of this thesis.

Figure 8.5: Cyclogrammes for the short-circuit transfer mode indicating enhanced stability
with increase in cold wire feed rate: a) standard GMAW; b) CW-GMAW-60%; and c) CW-
GMAW-100%.

Figure 8.6 shows the cyclogrammes for the globular regime. The data indicate that, al-
though the severity of short-circuit events (where voltage < 10 V) decreases for CW-60%
(Figure 8.6b), it increases again for CW-120% (Figure 8.6c) indicating that the CW feed
rate became excessive for the energy balance inside the weld pool. The number of short-
circuits in Figure 8.6a, is higher than for CW-60% as shown in Figure 8.6b, in Figure 8.6c,
the number of short-circuits increase again. This indicates that the internal regulation sys-
tem of the welding power source accommodated better the fraction of 60% cold wire feed
in spite of the effect of the calorimeter on the weld pool heat balance. This is corroborated
by the reduced area of points in Figure 8.6b, in comparison to Figure 8.6a and Figure 8.6c.
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Figure 8.6: Cyclogrammes for the globular transfer mode: a) standard GMAW; b) CW-
GMAW-60%; and c) CW-GMAW-100%.

Figure 8.7 shows the cyclogrammes for the spray transfer regime, indicating that the CW-
60% welding parameter is more stable than standard GMAW and CW-120%. In prior work
involving welding onto an isolate plate [15] the CW-120% was more stable than CW-60%.
However, when welding with the calorimeter the trend is reversed. Welding with CW-60%
using the calorimeter, this imposes a higher cooling rate at the back of the plate which
decreases the energy available in the weld pool to accommodate the additional cold wire.
Thus, when the feed rate is increased to 120%, there is lower energy to melt the additional
wire, thus affecting the stability of the welding pool.

Figure 8.7: Cyclogrammes for the spray transfer mode: a) standard GMAW; b) CW-
GMAW-60%; and c) CW-GMAW-120%.

For all welding conditions it can be seen that the response in voltage was kept close to 30
V which corresponds to the voltage set point. Figure 8.7c shows the the density of data
points in the center of the cloud is higher, indicating the internal regulation system in the
welding power supply able to maintain the instantaneous voltage response closer to this
set point.

142



8.4.3 Bead Profile And Cross Sections

Bead Aspect

Figure 8.8 shows the representative bead profiles for the welds performed in the short-
circuit regime. With the increase in cold wire feed rates, increased spatter leads to the
deterioration of arc stability during welding.

Figure 8.8: Bead aspects for the short-circuit transfer mode.

It is important to note that the deterioration of arc stability with increasing cold wire feed
rate only seems to occur for welds on the calorimeter. When the welds cool in air the
beads appear more uniform and continuous using CW-60% or CW-100%. The increase
in spatter level increases the amount of energy waste during welding. Haelsig and Mayr
recently [30] determined the energy balance in GMAW operating with short-arc through
calorimetric techniques, it was determined that the energy lost through arc and substrate
including spatter was around 6%. The additional cooling rate when 5 l/min of water is
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used can be verified through the reduction of the width in Figure 8.8a in comparison to
Figure 8.8d.

Figure 8.9: Bead aspects for the globular transfer mode.

Figure 8.9 shows the bead aspects for the globular regime. In contrast to the short-circuit
mode in Figure 8.8 the amount of spatter is reduced for CW-60% and CW-120% conditions,
indicating that the welding pool has more energy compared to the short-circuit mode.
However, for CW-120%, the cold wire may be partially melted as shown in Figure 8.9i,
depending on the instantaneous cooling rate provided by the calorimeter. The combination
of a thick plate, high water flow rate, and a high cold wire feed rate may cause the cold
wire to be only partially melted by the welding pool. This combination seems to favour the
heat loss of the weld pool, which limits the accommodation of high cold wire feed rates.

Figure 8.10 presents the bead profiles for welds produced using spray transfer, where it
can be observed that there is negligible spatter for standard GMAW and CW-GMAW-60%
conditions, indicating that spatter occurs only when there is insufficient energy in the weld
pool to accommodate the cold wire.
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Figure 8.10: Bead aspects for the spray transfer mode.

Again when the combination of high flow rate, thick plate, and high cold wire feed rate
is used, the cold wire may be only partially melted by the weld pool. This set of factors
promotes heat transfer from the weld pool, to the calorimeter, impairing the ability of the
weld pool to melt the cold wire and causing spatter through intermittent contact between
the cold wire, the weld pool, and the semi-detached droplet. This leads to multiple short-
circuits, a phenomenon described by Assunção [120] for negative polarity CW-GMAW, but
this study shows that it also applies to positive polarity CW-GMAW.

Cross-sections

Figure 8.11 shows the representative cross-sections of welds fabricated in short-circuit
mode. The cold wire feed causes weld discontinuities such as undercut (Figure 8.11h),
inclusions (Figure 8.11j), porosity (Figure 8.11g), and lack of fusion (Figure 8.11l). All
these defects come from the non-accommodation of the cold wire by the weld pool due to
insufficient thermal energy.
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Figure 8.11: Macrographs for short-circuit transfer: Test 1 (2 l/min and 6.35 mm plate);
Test 2 (5 l/min and 6.35 mm plate); Test 3 (2 l/min and 9.53 mm plate); and Test 4 (5
l/min and 9. 53 mm plate).

Introducing cold wire, as expected, reduces the penetration and dilution of the welds for
all conditions, while for CW-100% the dilution is drastically reduced along with the heat
affected zone (HAZ) area. Figure 8.12 shows the cross-section for the globular transfer
regime; in contrast to Figure 8.11 (short-circuit mode), there are no internal defects found
through the cross-sections examined, in spite of the partial melting of the cold wire. As
expected, dilution and penetration in the welds were reduced with increasing cold wire feed
rate.
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Figure 8.12: Macrographs for globular transfer: Test 1 (2 l/min and 6.35 mm plate); Test
2 (5 l/min and 6.35 mm plate); Test 3 (2 l/min and 9.53 mm plate); and Test 4 (5 l/min
and 9. 53 mm plate).

Figure 8.13 shows the weld cross-sections obtained in spray transfer mode. No welding
defects were found in the examined cross-sections for each condition. In Figure 8.13a
and Figure 8.13b the HAZ extends through thickness of the plate. This condition can be
characterized as a 2D according to Rykalin [121], while the other cross-section shows a
condition called a massive body 2, which is a 3D condition. Additionally, the cooling rate
for a semi-infinite body (3D regime) is lower than that for the 2D regime.

2This condition means that the temperature field does not reach to the full plate thickness.
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Figure 8.13: Macrographs for spray transfer: Test 1 (2 l/min and 6.35 mm plate); Test 2
(5 l/min and 6.35 mm plate); Test 3 (2 l/min and 9.53 mm plate); and Test 4 (5 l/min
and 9. 53 mm plate).

The cooling rate does not depend on the plate thickness under 3D heat transfer conditions
while for 2D conditions the cooling rate varies inversely with the square of thickness. Also
the increase in height of the bead is more pronounced in spray compared to the globular
regime, and this may also affect the cooling dynamics of the bead. Moreover, the increase
in filler metal area in the bead has an impact on melting efficiency [36].

8.4.4 Thermal Efficiency And Uncertainty Values

Maximum/Minimum Values Of Thermal Efficiency

Figure 8.14 shows the thermal efficiency values for the short-circuit transfer regime where
the error bars represent maximum and minimum values. The error bars for the short-circuit
condition can reach values close to a 90% (Figure 8.14a), likely due to the welding pool

148



cooling by the calorimeter. This will affect the morphology of the weld, and consequently,
the measurements were not consistent, leading to increased scatter. Depending on plate
thickness and flow rate, the CW-60% (Figure 8.14c) condition presents the highest average
thermal efficiency.

Comparing Figure 8.14a (CW-60%) and Figure 8.14c (CW-60%), the first CW-60% con-
dition has a lower average efficiency compared to the standard GMAW, while the second
CW-60% condition presents higher efficiency than the standard GMAW. This is likely
caused by the increase in the flow rate, which increases the cooling of the plate, favouring
heat transfer to the calorimeter.

Figure 8.14b shows that the CW-60% condition has slightly higher efficiency than the
standard GMAW. For all experiments in short-circuit the CW-100% condition exhibits
lower efficiency than standard GMAW, and given the increase in bead height the heat is
probably transferred preferably through bead top.
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Figure 8.14: Average thermal efficiency for short-circuit conditions. Error bars represent
maximum and minimum intervals: a) test 1; b) test 2; c) test 3; and d) test 4.

Figure 8.15 presents the thermal efficiency results for the globular regime, where the er-
ror bars also represent maximum and minimum intervals. Here it can be observed that
CW-60% presents approximately equal thermal efficiency, on average, to the standard
GMAW for all calorimetry conditions except in Figure 8.15a. The CW-120% condition in
Figure 8.15c presents a lower efficiency, compared to standard GMAW and CW-60%.

This is likely because in CW-60% the cold wire recuperates part of the energy lost in
the weld pool. The associated cooling conditions that favour the transfer of energy to
the calorimeter increase the value measured by the instrument, as can be observed in
Figure 8.15a to Figure 8.15c.However, as noted in Figure 8.15d CW-60% presents slightly
lower efficiency than CW-120%. In this situation it is likely that more of the energy
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re-introduced by the cold wire is transferred to the calorimeter by the increased cooling
effect promoted by the water flow (5 l/min) at the back of the plate. This explains the
slightly higher measured efficiency in CW-120%, in Figure 8.15d, compared to CW-60%
and standard GMAW.

Figure 8.15: Average thermal efficiency for globular conditions. Error bars represent max-
imum and minimum intervals: a) test 1; b) test 2; c) test 3; and d) test 4.

Figure 8.16 presents the thermal efficiency measurements for the spray transfer regime.
These results corroborate the trend that CW-60% presents higher thermal efficiency, on
average, than the standard GMAW or CW-120% parameters for the majority of calorimetry
conditions, shown in Figure 8.16a-c. In this set of experiments the spread of maximum
and minimum values are reduced compared to short-circuit and globular modes, which is
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likely due to the higher energy of the weld pool that can sustain itself despite the higher
cooling imposed by the calorimeter.

Figure 8.16: Average thermal efficiency for spray transfer conditions. Error bars represent
maximum and minimum intervals: a) test 1; b) test 2; c) test 3; and d) test 4.

In Figure 8.16d CW-120% presents higher efficiency when high cooling water flow rate and
thick plates are employed. It is likely the 5 l/min flow rate promotes increased heat transfer
into the calorimeter given a higher thermal energy of the welding in spray transfer regime.
In this situation the cold wire essentially re-introduces part of the heat that otherwise
would be lost to the weld pool.
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Uncertainty Of The Thermal Efficiency Measurements

Figure 8.17 presents the uncertainty associated with each measurement including the sys-
tematic and random uncertainties. The highest uncertainty values occur when a 5 l/min
flow rate is used (Figure 8.17b and Figure 8.17d). This is consistent with results in prior
work examining short-circuit transfer mode [122]. However, when CW-100% is used, the
uncertainty limits decrease (Figure 8.17d), it seems that with the association of CW feed
rate, thick plate, the certainty in measurements remains unaffected.

Figure 8.17: Average thermal efficiency for short-circuit transfer mode. Error bars repre-
sent uncertainty at 95% confidence intervals: a) test 1; b) test 2; c) test 3; and d) test
4.

Figure 8.18 shows the uncertainty for globular regime. The same trend is apparent as ob-
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served in Figure 8.17, though the uncertainty is higher for high flow rate. The uncertainties
in globular mode are smaller than those in short-circuit mode. This is also consistent with
the results shown in Chapter 7 in which the oscillation between high current and low
current in short-circuit increase the variance in the measurements.

Figure 8.18: Average thermal efficiency for globular transfer mode. Error bars represent
uncertainty at 95% confidence intervals: a) test 1; b) test 2; c) test 3; and d) test 4.
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Figure 8.19: Average thermal efficiency for spray transfer mode. Error bars represent
uncertainty at 95% confidence intervals: a) test 1; b) test 2; c) test 3; and d) test 4.

Figure 8.19 presents the uncertainties for spray transfer mode. There is little difference
between the uncertainty values for globular and spray modes, shown in Figure 8.18 and
Figure 8.19 respectively. The lowest value of uncertainty is observed when using 2 l/min
cooling water and the 6.35 mm thick plate (Figure 8.19), which is the case for all transfer
modes. The highest observed uncertainty is observed for highest cooling flow, 5 l/min
which is also consistent for all other transfer modes.
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8.4.5 Penetration And Dilution

Figure 8.20 presents the penetration for all transfer modes and calorimeter arrangements
of flow and plate thicknesses. It can be seen that the penetration drops when the cold wire
feed fraction increases, for all transfer modes. This is because increasing the cold wire feed
rate increases bead height, consequently reducing penetration. Comparing Figure 8.20a,
Figure 8.20d, and Figure 8.20g shows that for the short-circuit mode, CW-GMAW exhibits
higher variance in the date compared to the globular regime (Figure 8.20b, Figure 8.20e,
and Figure 8.20h). As the bead deposition was not consistent, (cf. Figure 8.8, for CW-60%
and CW-100%) this leads to higher variation in the penetration throughout the bead.

Weld penetration seems to be affected more by the cold wire feed fraction than the calorime-
ter flow rate and plate thickness. For example comparing Figure 8.20e which globular
regime CW-60%, the penetration does not change with different calorimeter settings; while
the average penetration is much lower in Figure 8.20h for the globular regime using CW-
120%. It can be seen that effect of doubling the cold wire feed rate more directly affects
the penetration.
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Figure 8.20: Penetration values for all transfer modes. The values of water flow rate (l/min)
and plate thickness (mm) refer to different calorimeter set-ups. Error bars represent 95%
confidence intervals.
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Figure 8.21: Dilution values for all transfer modes. The values of water flow rate (l/min)
and plate thickness (mm) refer to different calorimeter set-ups. Error bars represent 95%
confidence intervals.

Figure 8.21 shows the dilution for all transfer modes and cold wire feed fractions. In general,
the dilution follows the same trend of penetration, since lower penetration determines
lower dilution, for standard GMAW and CW-GMAW. As in the case of weld penetration,
dilution seems more influenced by the cold wire fraction than by the calorimeter set-up.
The uncertainty intervals for CW-60% are smaller (Figure 8.21f) compared to standard
GMAW, (Figure 8.21c) both operating in spray mode.
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8.4.6 Vickers Hardness Of The Welds Produced Using Spray
Transfer

Figure 8.22 shows hardness maps of the spray welds, which were measured in order to pro-
vide a qualitative estimate of the cooling rate on the bead top surface and bottom (at the
fusion line). The hardness maps were obtained on welds produced in spray mode consider-
ing the technological/practical interest associated with this transfer mode. Figure 8.22a to
Figure 8.22d shows that the calorimeter set-up clearly influences the hardness across the
beads. In test 1 (Figure 8.22a) with a flow rate of 2 l/min and a plate thickness of 6.35
mm the hardness across the bead is approximately 280 HV; in test 4 (5 l/min and 9.35
mm plate) the hardness across the bead is around 400 HV. This higher hardness indicates
faster cooling rate in Test 4 compared to Test 1.

Figure 8.22: Hardness maps spray transfer cross-sections: test 1 (2 l/min and 6.35 mm
plate); test 2 (5 l/min and 6.35 mm plate); test 3 (2 l/min and 9.53 mm plate); and test
4 (5 l/min and 9. 53 mm plate).

It can be seen in Figure 8.22i that faster cooling likely occurs in the fusion zone based
on the higher hardness compared to Figure 8.22k. On the contrary, in Figure 8.22k the
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hardness is higher on bead top, suggesting that the cooling reaches higher values on the
top. In Figure 8.22l, however, the hardness across the bead is about the same. The only
difference between Figure 8.22k and Figure 8.22l is the flow that was increased to 5 l/min.
It seems that the cold wire feed rates greater than 60% promote a higher cooling rate
through the top if there is insufficient cooling to transfer the arc heat to the bottom of the
welds.

8.4.7 Microstructures

Figure 8.23 shows the microstructures found at the top of the weld bead and at the fusion
line for test 3 (6.35 mm plate thickness and 5 l/min flow rate) with reference to the
Vickers hardness maps shown in Figure 8.22c, Figure 8.22g, and Figure 8.22k. These
microstructures will help clarify the relatively high values of hardness found near the fusion
line and bead top.

It can be seen in Figures 8.23a-b that in the top of the thickness of the primary ferrite
(PF(G)) at the grain boundaries is reduced, which explains the higher hardness value,
along with the presence of secondary ferrite with aligned phase (FS(A)). In the fusion line,
it can be seen the presence of martensite (M) which accounts for the higher hardness in
the HAZ. Moreover, near the fusion line, in the weld metal, the presence of acicular ferrite
(AF) promotes higher hardness values.

Figure 8.23c shows that CW-60% at the top of the weld bead there is, qualitatively, higher
fraction of AF compared to Figure 8.23a. The microstructures of the HAZ are also marten-
sitic; and very thin PF(G)in the weld metal near the fusion line, cf. Figure 8.23d. Com-
paring Figure 8.23e to Figure 8.23a, it is possible that there is an increase in PF(G) which
accounts for the decrease in hardness. Moreover, comparing Figure 8.23f to Figure 8.23b, it
can be perceived that in the last, the HAZ is basically formed by PF(G) and intra-granular
polygonal ferrite PF(I).
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Figure 8.23: Microstructures at the top the bead and at the fusion line for the cross-
sections shown in Figure 8.22 (Test 3): a) and b) GMAW; c) and d) CW-60%; and e) and
f) CW-120%.
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8.5 Discussion

The increase in short-circuit frequency through the cold wire can be demonstrated if one
performs fast Fourier transform (FFT) of the oscillograms of short-circuit welds for different
CW feed fractions, shown in Figure 8.2. The detachment frequency for standard GMAW
is 31 Hz, while the frequency for the same condition welded outside a calorimeter is 28
Hz. The active cooling by the calorimeter reduces the energy available in the welding,
consequently decreasing the open arc time. The cold wire feed exacerbates this effect as
indicated by the increased short-circuit frequency of 36 Hz.

Figure 8.3a shows that during standard GMAW the voltage dropped to level corresponding
to a short-circuit. It seems that the depletion of heat compromises the electron emission
promoting short-circuits, i.e., the arc transitions temporarily to a lower energy transfer
mode. Figure 8.4 shows that in spray mode the cooling effect of the calorimeter is balanced
by the higher level of energy in spray transfer mode. There is no perceivable effect on the
electrical signals, perhaps indicating that spray is better mass transfer regime to be studied
using a water-flow calorimeter.

The cyclogrammes of the welding conditions (Figure 8.5 - Figure 8.7) for different transfer
modes corroborate the notion that the calorimeter parameters and cold wire feed rate affect
the electrical dynamics of the welds, and consequently the average power transferred to the
substrate during the welding operation. Moreover, these factors affect the stability of the
welding process. For instance, Figure 8.7b shows better stability than Figure 8.7c, which
has the same conditions as Figure 8.7b but with an increase in cold wire feed rate.

The bead profiles show that short-circuit welds in standard GMAW are mildly affected by
the calorimeter cooling, cf. Figure 8.8a-d. However, the calorimeter deeply affects CW-60%
and CW-100%, shown in Figure 8.8e-l since under these conditions the welds are disrupted
by the cold wire that cannot be melted by the heat available in the welding pool.

In globular transfer, the disrupting effect of the cold wire is less pronounced, as shown
by Figure 8.12. Moreover, the incipient (short-circuit period less than 2 ms) short-circuits
in the oscillograms did not occur in standard GMAW and CW-60% (Figure 8.3a and
Figure 8.3b) but only in CW-120%, (Figure 8.3a), in all the sampled periods. For spray
transfer, Figure 8.10 shows that the perturbing effect of the cold wire is negligible, though
one can discern that some cold wire was not completed melted by the weld pool, for instance
in Figure 8.10l.

The cross-sections in the short-circuit transfer regime (Figure 8.11) show defects as a result
of the high cold wire feed rates for low energy. As the energy increases, in globular and
spray transfer regimes, the defects are no longer visible in the examined cross-sections
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(Figure 8.12 and Figure 8.13). The thermal efficiency values are presented first in the
maximum/ minimum intervals around the average, and secondly in terms of uncertainty
at 95% confidence intervals. The cooling rate imposed by the calorimeter affects the values
of thermal efficiency, and this is less notable when using spray transfer, given the spread
in the confidence intervals (Figure 8.16).

Based on the results of thermal efficiency the cold wire re-introduced part of the energy
that would be transferred to the environment back to weld pool, notably when the cold
wire feed ratio is 60%. This energy likely comes from the arc plasma and the weld pool.
Increasing the cold wire feed rate to 120% the height of the weld bead increases favouring
the preferential cooling through the top, likely by convection.

Higher values of efficiency can be expected for higher penetrations, provided that melting
rate of the electrode is constant. In fact, Murray and Scotti [123], showed this by using
a non-dimensional factor called the Ry number (Rykalin number), which was postulated
earlier by Fuerschbach [124]. They modelled the penetration in terms of mass and heat
contributions of the electrode for standard GMAW:

d = k · Aa ·Bb (8.3)

where d is the penetration, k is a positive constant, A is the non-dimensional mass transfer
which is a function of the electrode melting rate, the viscosity of the welding pool, and the
radius of the droplets; and B is the Ry number or non-dimensional heat transfer number,
which is:

B =
UIS

∆Hα2
(8.4)

where U is the voltage, I is the current, S is travel speed, ∆H is volumetric enthalpy of
base metal, and α is diffusivity of the base metal. Moreover, higher dilution entail higher
efficiencies according to Kou [7].

However, for CW-GMAW this relation is not direct. For example, the dilution of CW-60%
operating in globular mode does not change much for the different calorimeter conditions
(Figure 8.21e), and the same happens in terms of penetration for the same condition.
Nonetheless, the value of efficiency changes dramatically depending on the calorimeter
conditions, varying from 65% to 75%, as show in Figure 8.18. The same trend occurs in
spray transfer, for instance, observing the hardness maps one can see that the bead can
loose heat from the top and bottom, and that increasing the cold wire feed rate to 120% in
spray mode (Figure 8.22k) leads to the cooling preferentially through the top of the bead,
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thereby decreasing the efficiency (Figure 8.16c) in comparison to Figure 8.16b. Increasing
the cooling rate through the increase in flow rate leads to an increase in thermal efficiency,
as shown in Figure 8.16d.

The presence of martensite at the HAZ in GMAW while welding in a calorimeter is likely
determined by the cooling rates experienced at the back of the plate. Likewise, at the
top of the bead the cooling rate seems to be also high since the PF(G) is very thin, cf.
Figures 8.23a-b. With the progressive increase in cold wire feed rate the cooling rate likely
decreases, accounting for lower hardness in Figures 8.23k, while being higher at the top
than near the fusion line.

Examining the microstructures near the fusion line, in Figures 8.23f, it can be seen that
the microstructures are basically ferrite with no martensite present. This feature accounts
for the reduction in hardness observed in Figure 8.22k. Moreover, it seems that with the
increase in height promoted by the cold wire feed, the cooling at the top of the bead
becomes the higher than the cooling at the fusion line, provided that the cooling at the
back of the plate is reduced.

8.6 Summary

Bead-on-plate welds deposited in AISI 1020 plates were used to estimate the thermal
efficiency of CW-GMAW process for two different cold wire feed rates, and compared to
the efficiency of GMAW for the same cooling conditions (plate thickness and water flow
on the back of the plate). These results point to the following conclusions:

1. The efficiency in CW-GMAW depends on the transfer mode, cold wire feed rate, and
on the cooling conditions imposed by the measuring instrument (calorimeter) during
welding;

2. When the cold wire feed rates are greater than 60% the efficiency is lower than in
standard GMAW for short-circuit. For globular transfer mode, when the cold wire
feed rate are lower than 60% the efficiency will be higher than standard GMAW.
For spray transfer, when the cold wire feed rates are less than or equal to 60% the
efficiency will be higher than standard GMAW, except when both high flow rate and
high plate thickness are used; for cold wire feed rates greater than 60% the thermal
efficiency will be approximately equal to the standard GMAW;
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3. Qualitatively, as indicated by the through thickness hardness maps, for higher values
of cold wire feed rate (greater than or equal to 60%), and low flow rate (lower than
5 l/min) the cooling rate on the top of the bead is higher than at the fusion line;
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Chapter 9

Tensile Test Response of Standard
Gas Metal Arc Welding Versus Cold
Wire Welding Joints 1

9.1 Overview

Increased welding productivity in the pipeline industry is fundamentally important to in-
creasing the competitiveness of the Canadian energy industry. In order to cope with this
paradigm, high productivity welding processes such as submerged arc welding (SAW) and
flux-cored arc welding (FCAW) are commonly used in selected applications. However, the
high nominal heat input associated with these processes can be detrimental to mechanical
performance. This chapter compares the mechanical properties of joints fabricated using
the standard gas metal arc welding (GMAW) versus cold wire gas metal arc welding (CW-
GMAW). A set of V-groove, 45 degree joints were fabricated on ASTM A131 Gr. A steel
plates, while ER 100S-G and ER90S-D2 wires were used as the electrode and cold wire,
respectively. The standard GMAW joint was completely filled with 12 passes, while the
CW-GMAW was filled with 8. After welding, the joints were cut and the macro and mi-
crostructures were examined through standard metallographic procedures. A combination
of mechanical testing including hardness and transverse tensile test using digital image
correlation (DIC) were used to evaluate the joints. The mechanical properties also suggest
better performance using CW-GMAW versus the standard GMAW process.

1This chapter is based on the following paper: Ribeiro, R. A.; Assunção, P. D. C; Midawi, A. R. H;
Braga, E. M.; and Gerlich, A. P. Weld - CWBA Journal, p. 22-28, Summer (2020).
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9.2 Background

Welding science and technology is fundamental for large scale infrastructure manufacturing,
given that it is main joining technique in heavy gauge joining worldwide. Two of the most
important features of welding processes are productivity, the quantity of metal deposited
in kg/h, and versatility indicated by the possibility of welding in different positions.

Recently McPherson [125] noted some common welding issues in large structures and
summarized the basic welding processes used in such activities. Flux cored arc weld-
ing (FCAW), metal cored arc welding (MCAW), and shielded metal arc welding (SMAW)
seems to be used in heavy gauge welding. However, a limiting factor for the procedures
presented in his work is travel speed which is limited to 35 cm/min [14 in/min] which
hinders the overall time to complete a joint.

A different class of process called hybrid-laser-arc is used in heavy-gauge welding. Roland
et al. [126] reviewed the use of hybrid laser techniques in structural welding in Europe.
The advantages of this technology are an increase in travel speed during welding as well as
better control of the welding parameters, leading to lower level of distortion and residual
stresses. The main drawbacks of these technologies are the high apparent costs and the
specialized training to operate new equipments.

A possible alternative to existing high deposition welding processes, is cold wire assisted
welding, such cold wire gas metal arc welding (CW-GMAW) which features higher deposi-
tion and potentially low distortion compared to standard techniques such as gas metal arc
welding (GMAW). Recently, Costa et al. [55] compared the residual stresses in GMAW to
CW-GMAW, concluding that CW-GMAW produced welds having lower residual stresses.
Moreover, Marques et al [56] studied the fatigue behaviour of CW-GMAW and GMAW
joints, concluding that distortion and fatigue resistance were improved in CW-GMAW.

This chapter reports an introductory work on the application of CW-GMAW to weld
V-groove joints using a low alloy steel. This is an attempt to demonstrate the higher
productivity and the acceptability of the mechanical properties (hardness and uniaxial
tensile test) of the joints manufactured using CW-GMAW by the standards, and compare
them to standard GMAW weld joints. Ultimately this effort seeks to demonstrate that
these new welding processes could be for structural welding with higher productivity and
mechanical reliability.
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9.3 Experimental Methodology

9.3.1 Groove Geometry And Welding Parameters

Two welds were replicated for standard GMAW and CW-GMAW were manufactured in
ASTM A 131 Gr A [127] as base metal, the electrode wire was ER 100S-G, and for CW-
GMAW, the cold wire was ER 100S-G [128] as well. Table 9.1 gives the base metal and
welding wires compositions.

Table 9.1: Nominal chemical composition in (.wt %) for the base metal and welding wires.
Material C Mn Si P S Ni Cr Mo Cu Fe

ASTM A131 Gr. A 0.21 0.53 0.5 0.035 0.035 0.02 0.02 0.02 0.02 Bal.
ER 100S-G 0.08 1.7 0.6 - - 1.5 0.2 0.5 - Bal.

The geometry of the welding joint is shown in Figure 9.1. Although not used in pipelines,
it is important to note that use of metallic backing is common in other welding procedures,
in this work a metallic back plate was used to prevent the electric arc burning-through the
weld joint. The wire feed speed (WFS) in the electrode was 394 in/min [10 m/min], the
voltage was 34 V, the CTWD was 19 mm for all welds, and travel speed was 25 in/min
[63.5 cm/min]. These parameters were used for all welding passes and for both standard
GMAW and CW-GMAW.

Figure 9.1: Groove schematics used to manufacture the weld joints.

The diameter of the electrode wire was 1.2 mm, and of the cold wire was 0.9 mm. The cold
wire rate is given as a percentage of the mass rate of the electrode wire. In CW-GMAW
the mass deposition rate was 50%
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The cold wire feed speed was 498 in/min [12.65 m/min] . The shielding gas was Ar-25%
CO2 at a flow of 40 ft3/h [19 l/min]. The welding power source used was a Lincoln R500
operating in constant voltage with a Fanuc ArcMate 120i robotic arm. Figure 9.2 shows
the welding set-up for CW-GMAW. For the standard GMAW the same set-up was used
but without the cold wire injector.

Figure 9.2: Detail showing the welding set-up for the CW-GMAW.

9.3.2 Metallographic Characterization and Tensile Test

After completing the welds, one joint was cross-sectioned into three specimens for metal-
lographic examination and hardness maping. The specimens were subjected to standard
metallographic procedures to analyse the macrostructure. The hardness was performed
using a 500 gf indentation load and 10 s of dwell time. Tensile tests with digital image
correlation (DIC) were performed with a cross-head speed of 1 mm/min. The joints were
machined transversally to the joint longitudinal axis, according to ASTM E8-2010 [129].

The geometry of the tensile specimen is shown in Figure 9.3 the thickness of the tensile
coupons was 2 mm. In order to measure the actual stress on the tensile coupon, a uniform
gauge specimen was machined through the weld. The weld metal zone is situated at the
middle of the tensile specimen, and test is used here as a comparative basis for the strength
of the weld metal zone and the HAZ. Two tensile specimens were used, since this work is
just to show that welds are acceptable in regards to metal construction standards.
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Figure 9.3: Schematic tensile coupon in which the weld metal is situated at the middle of
the specimen.

9.4 Results

9.4.1 Oscillograms

Figure 9.4 shows the oscillograms for welds manufactured using GMAW and CW-GMAW.
It can be observed that all the welds were performed in spray transfer mode, and using
the same welding parameters for all the passes. The oscillograms for standard GMAW
(Figure 9.4a, Figure 9.4c, and Figure 9.4e) indicate that the electric arc behaves similarly
for root, fill, and cap passes showing the absence of short-circuits and consequently spatter.
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Figure 9.4: Oscillograms for standard GMAW and CW-GMAW showing representative
oscillograms: for root pass; fill pass; and cap passes.

However, the oscillograms for CW-GMAW (Figure 9.4b, Figure 9.4d, and Figure 9.4f)
show that the welding parameter has the same stability level as GMAW only for root and
fill passes. The cap pass in CW-GMAW presents instability, likely due to the high cold
wire fraction, which promotes increased droplet detachment as indicated by the spikes in
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voltage. This increase in droplet detachment frequency is likely caused by the 50% cold
wire feed rate, which was also observed in Chapter 3, and causes the current to increase
while welding in constant voltage due to the source internal current regulation through
wire feed speed.

9.4.2 High Speed Images

High speed images for standard GMAW are shown in Figure 9.5. The sidewalls are com-
pletely covered by the weld pool indicating good wettability, and the diameter of the
droplets is smaller than that of the electrode, confirming that the metal transfer was spray.
When the droplets impinge the weld pool, there is a disruption that might cause spatter
or short-circuit of the arc, while in the case a longer droplet attached the electrode wire
touches the weld pool.

Figure 9.5: Metal transfer for standard GMAW.

Figure 9.6: Metal transfer for standard CW-GMAW.

Figure 9.6 shows a image from high speed videography for CW-GMAW used in the V-
groove joints. The wetting of the sidewall by the weld pool is effective, and the cold wire
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feed are seen at the edge of the weld pool, in Figure 9.6b. This is consistent with prior
work [92] which found that, for cold wire feed rates of this order (50%), the arc does not
climb the cold wire. Again the droplet diameter confirms that a spray transfer regime was
achieved.

9.4.3 Macrographs And Hardness

Figure 9.7 shows the Vickers hardness maps performed on the welding cross-sections. It
can be observed that using a cold wire feed can increase the hardness of the weld metal,
suggesting that different cooling rates occur in the weld pool and weld joint when employing
cold wire assisted welding. One can observe in Figure 9.7a the average hardness on the
cap pass is 254 HV, and is approximately 200 HV in the boundaries between the passes.
However, in CW-GMAW (Figure 9.7b) the hardness in the cap pass reaches 360 HV with
the same hardness for the boundaries between the passes. Further ultrasonic tests indicated
that the GMAW joint presented lack of fusion, while the CW-GMAW joint was exempt of
defects.

Figure 9.7: Hardness maps of the welds: a) Standard GMAW; and b) CW-GMAW.

This improvement in weld metal hardness in CW-GMAW is likely due to the presence
of harder microstructures such as acicular ferrite, for example. This indicates that the
increase in cold feed can lead to the nucleation of harder microstructures, therefore causing
an improvement on the ultimate tensile response.
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9.4.4 Tensile Tests

Engineering Stress-Strain Curves

Figure 9.8 shows the uniaxial tensile tests for standard GMAW and CW-GMAW joints
displayed as engineering stress and strain. One can observe that GMAW-2 (Figure 9.8a)
failed before reaching the ultimate stress, which is likely due to presence of an internal
defect (such as porosity) in the weld metal that caused the sudden failure.

Figure 9.8: Engineering stress-strain curves for the welded joints: a) Standard GMAW;
and b) CW-GMAW.

However, the CW-GMAW specimen exhibited a ductile behaviour without premature fail-
ure of the tensile specimen, which qualifies it to meet the common standard requirements
for metal construction, such as ASTM A370 [130] for example.

DIC Strain Maps

Figure 9.9 shows the strain accumulation across a tensile sample demonstrating that the
failures happened at the base metal. This was due to the over-matching 2 of the welded

2When the yielding stress of the weld metal is higher than the yielding stress of the base metal, this is
called over-matching. On the the other hand, when both yielding stresses are equal, this is even-matching.
When the weld metal yielding stress is lower than the base metal yielding stress, this is under-matching.
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metal, which is requirement for heay-gauge welding, obtained through the selected welding
wires. This is a common practice in welding as recommended by Koçak [131]. This
overmatching prevents the yielding of the weld metal, in order to avoid strain concentrations
in the welds.

Figure 9.9: DIC iso-strain maps showing the local engineering strain distribution in the y-
direction across the tensile specimen: a) Standard GMAW (GMAW-1); and b) CW-GMAW
(CW-GMAW-1).

In Figure 9.9 the DIC maps show that both specimens failed outside the weld metal.
Since the DIC maps show GMAW-1 and CW-GMAW-1 specimens. However, it must be
emphasized that GMAW-2 failed within the weld metal zone, due to a defect present in
such zone; and that no defect was found in the weld metal of CW-GMAW specimens.
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9.5 Discussion

9.5.1 Welding Process and Characterization

The electrical signals indicate that the electric arc can better accommodate a higher fraction
of cold wire when during the fill and cap passes as shown Figures 9.4b and 9.4d, whereas
one can see that the cap pass of CW-GMAW is less stable than in standard GMAW, cf.
Figure 9.4e and Figure 9.4f. This seems to indicate the cold wire fraction must be reduced
for the cap pass, probably due to higher height of the welding pool in CW-GMAW versus
standard GMAW.

The macrographs did indicate lack of fusion in standard GMAW specimen, indicating
that the travel speed used in this work was excessive for the amount of metal deposited.
However, the CW-GMAW specimens did not present any defect, indicating that the relation
of travel speed and metal deposition rate was adequate, probably due to higher mass
deposited while using CW-GMAW process.

The hardness seems to indicate that the introduction of one cold wire in CW-GMAW
promotes the nucleation of higher hardness microstructures. This would be only possible
if the cooling rate of the weld pool were increased by the cold wire addition. It seems
that this hardness measurements support this for CW-GMAW joints but more studies are
needed to clarify the issue.

9.5.2 Comparison to Other Welding Process Used In Heavy Gauge
Welding

Submerged arc welding (SAW)is commonly used in heavy-gauge welding applications re-
quiring high deposition rates. This process is restricted to 1G welding position and also
imposes a high distortion due to the high energy transferred during welding. While, the
results presented here are for CW-GMAW, and, constitute a first attempt to apply cold
wire assisted processes to large infrastructure applications, CW-GMAW might represent
an alternative to the SAW process since it presents high versatility and possibly transfers
less energy during welding. Future work will assess its productivity in comparison to SAW
for a wide range of parameters.
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9.6 Summary

45 degrees V-groove welds were successfully manufactured using GMAW and CW-GMAW
processes to verify the effect of cold wire feed on the mechanical properties and over-
all productivity with potential application to infra-structural applications. The following
conclusions can be drawn from the results:

1. The productivity of CW-GMAW process is higher, enabling a 27% improvement
in welding time, since the grooves are filled in 8 passes in CW-GMAW versus the
required 11 by standard GMAW;

2. The thermal signature of CW-GMAW differs from standard GMAW, likely due to a
different heat diffusion mechanism, as can be deduced from the hardness maps;

3. The CW-GMAW can offer superior mechanical performance over the GMAW joint,
for the same welding parameters, due to an increase in hardness with the introduction
of cold wire.
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Chapter 10

Conclusions And Recommendations

10.1 Comprehensive Conclusion

The cold wire gas metal arc welding (CW-GMAW) was first developed for shipbuilding in
2010 [64]. While this technique has attracted increasing attention this is the first study
to attempt a comprehensive understanding of the process from metal transfer, to thermal
efficiency, culminating in mechanical properties of the welds. The data gathered during this
study highlights the distict nature of CW-GMAW compared to standard GMAW process,
with different interplay of process parameters and different energy transfer mechanisms.

10.1.1 Process Maps

The reported results on metal transfer showed an increase in the average instantaneous
current, which increases the Lorentz force during the metal transfer, when high fractions
of cold wire are used in spray. Consequently, in spray transfer the cold wire feed will refine
the droplets as result of the increase of current, but also increase the electrode melting rate
which is function of the current, for a given combination of voltage and current.

Moreover, the pinning of the arc promoted by the cold wire stabilizes the metal transfer
and has a desirable effect, particularly for pipeline welding. It was also found that the
increase in height promoted by the cold wire feeding causes heat losses through the bead
top at rates likely similar to the heat transfer through bead bottom to the work-piece.

The data gathered in this thesis may be presented in process maps which will help future
users in particular applications or future research. For instance, a common process map
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would have dilution and penetration as a function of the cold wire feed rate. Figure 10.1
shows such process maps, in which the penetration information is important for welding
a joint, and the dilution will be used for welding overlays. Moreover, such process maps
offer a qualitative information about the cross-section morphology of the welds.

Figure 10.1: Process maps for GMAW: a) Low arc power; b) Intermediate arc power; and
c) High arc power.

It is important to mention that such process maps were constructed for the welding pa-
rameters discussed in Chapter 3 which cannot be extrapolated for other parameters.

10.1.2 Cathode Spots Migration in CW-GMAW

Another subject that was discussed in this thesis but not properly explained is the dis-
placement of the arc to the cold wire with the increase in cold wire for all natural transfer

179



regimes. Figure 10.2 shows a high speed image of standard pulsed gas metal arc welding
(P-GMAW) with 100% Argon as shielding gas. This experiment was perform after the
experiments directly linked to the thesis as an effort to understand the mechanisms of the
arc pinning to the cold wire [132].

Figure 10.2: High speed image for standard P-GMAW welded with 100% Ar shielding gas
showing the cathode spots near the weld pool.

It can be noticed in Figure 10.2 that the cathode spots are near the weld pool. These spots
are emitting sites formed during welding which the electric arc running. The mechanisms
that explain the formation of the cathode spots were reviewed by Lowke [133] and are
beyond the scope of the present section.
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Figure 10.3: High speed image for standard CW-P-GMAW welded with 100% Ar shielding
gas showing the cathode spots near the weld pool.

Figure 10.3 shows the cathode spots on the cold wire. Differently, from Figure 10.2, the
welding appears to be more stable, since there is not wandering of the cathode spot on
the surface of the weld pool. Basically, the arc appears to attach to the cold wire because
the cathode spots are displaced to there. The mechanism which attempts to explain their
displacement to the cold wire is currently under discussion elsewhere [132] and out of the
scope of the present discussion.

10.1.3 Melting Efficiency

As result of this increase in height for high cold wire feed rates, the efficiency of the process
decreases for the same metal transfer regime, indicating that the melting efficiency of the
CW-GMAW is likely higher than standard GMAW. This can be shown using the definition
of melting efficiency:

ηm =
(AbaseV tweld)Hbase + (AfillerV tweld)Hfiller

ηaUItweld
(10.1)
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where ηm is the melting efficiency, Abase is the area of the weld metal due to the base metal,
Afiller is the area of weld metal due to the filler metal, tweld is the welding time, Hbase is the
volumetric melting enthalpy of the base metal, Hfiller is the volumetric melting enthalpy
of the filler metal, U is the instantaneous average voltage, I is the average instantaneous
current, and ηa is the process thermal efficiency.

Equation 10.1 indicates that, since the thermal efficiency of CW-GMAW is lower than
standard GMAW, for some cases, for example in short-circuit. Moreover, since no welds
were performed for thermal efficiency measurements in actual narrow gaps, it is expected
that the values measured will differ from the efficiency in narrow groove welds. However,
the welds in thick plates can be taken as an approximation to real narrow groove welds,
considering the geometry and aspect ratio of the gap versus plates.

The numerator of Equation 10.1 for CW-GMAW is higher than in standard GMAW, then
the result in melting efficiency will be also higher for CW-GMAW. Therefore more heat
is used to melt and the deposit the beads during welding, and less is transferred to the
work-piece, resulting in lower dilution and penetration. In addition, the productivity of
CW-GMAW is higher, offering superior deposition per pass and improved tensile response.

In summary, this study has shown that CW-GMAW is a viable alternative for standard
CW-GMAW for narrow gap welding(NGW) in the flat position or any other welding ap-
plication where low energy transfer to substrate, low dilution, low penetration, might be
essential requirements.

10.1.4 Cold Wire Composition

ER70S-6 was selected as cold wire for the welding process due to its widespread use and
availability. However, it must be emphasised that the melting efficiency depends on the
wire material, which will determine the volumetric melting enthalpy. Moreover, even the
thermal efficiency will change since the different materials possess different thermal con-
ductivities which will affect the heat losses on the substrate during welding.

In addition, a change on welding material will likely determine a change in the quantity
of cold wire that can be accommodated by the weld pool, due to a different heat capacity.
Thus, the user has to bear in mind that the results reported here for thermal and melting
efficiencies apply only steel welds, in flat position, for the boundary conditions.
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10.1.5 Optimization Of Experimental Conditions For Future Work

The uncertainty analysis can help with the planning of future experiments. For instance,
if the uncertainty in thermal efficiency (η):

(
Uη
η

)2

=

(
U ¯̇m

¯̇m

)2

+

(
U∆̄T

∆̄T

)2

+

(
UU
U

)2

+

(
UI
I

)2

(10.2)

where ¯̇m is the average water mass flow, ∆̄T is average difference temperature between
outlet and inlet, U and I are the average voltage and current respectively. From Equa-
tion 10.2 it can be seen that the overall thermal efficiency uncertainty does not depend
particularly on any variable. However, Figure 7.12 shows that the highest uncertainty is
due to current measurement which implies that higher attention should be paid on how
this variable is measured.

In order to optimize the measurement uncertainty of thermal efficiency so that the overall
uncertainty be approximately 1%, each variable should be measured with at least 0.5%.
Consequently, future experiments can be designed to reduce the uncertainty on thermal
efficiency using the values found of uncertainty measurement in each variable.

10.2 Suggestions For Future Work

This work has raised some possible suggestions for future work.

1. Due to the high rate of deposition, defects occur in the root pass during NGW, high-
lighting the need to further study parameters and process configurations. Moreover,
it remains to be established whether CW-GMAW is feasible for other welding posi-
tions than the flat position, and its effect on other metals such as stainless steel and
aluminium.

2. A study on the influence of gas composition on the static and dynamic characteristics
of the welding power source while welding V-groove welds. This response should
be correlated to changes in dilution, penetration, and hardness. These promote
changes in microstructures, which should be characterized according to ASTM E562-
19 (Standard Test Method for Determining Volume Fraction by Systematic Manual
Point Count). Calorimetry tests will be used to measure the energy delivered to
the substrate and correlated to the percentage volume fraction of microstructures
observed;
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3. A thorough study on the use of CW-GMAW for narrow gap welding, specifically for
root passes should be performed. Specifically, different types of backing should be
tested, for instance metallic, ceramic, and no backing at all. Also, different current
pulsation waveforms should be used in order to determine which one provides the
best stability.

4. The methodology of the gross-heat input proposed by Liskevych and Scotti [29]
should be extended to weld joints of different geometries to verify the effect of the
joint geometry on the gross heat input. Moreover, as the gross heat input was
proposed using a liquid nitrogen calorimeter, the metrological equivalence of water-
flow and liquid nitrogen calorimeters should be established;

5. The effect of hot-wire polarity variation on the thermal efficiency and mechanical
properties should be examined and compared to the effect of cold wire on thermal
efficiency and mechanical properties of joints for ferrous and non-ferrous materials;

6. Lastly, other welding positions such as vertical upward, vertical downward, and over-
head should examined using CW-GMAW. A study showing the feasibility of these po-
sitions for CW-GMAW in conjunction with different welding joint geometries would
show the process capabilities and qualify this this technique for field applications.
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[71] Marjan Suban and Janez Tušek. Methods for the determination of arc stability.
Journal of Materials Processing Technology, 143-144(1):430–437, 2003.

[72] Vinicius Lemes Jorge, Raul Gohrs, and Américo Scotti. Active power measurement
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[131] Mustafa Koçak. Integrity of Welded Structures : Process - Property – Performance
( 3P ) Relationship, 2010.

[132] R. A. Ribeiro and A.P. Gerlich. The arc stability mechanism and metal transfer
during cold wire pulsed gas metal arc welding, 2020.

[133] J. J. Lowke. A unified theory of arcs and their electrodes, 1997.

198


	List of Figures
	List of Tables
	List of Symbols
	Introduction
	The Importance Of The Welding Industry
	Pipeline Welding
	Welding Process: Productivity and Quality
	Motivation
	Objectives
	General Objective
	Specific Objectives
	Thesis Chapters Outline


	Literature Review And General Methodology
	Physics Of The Arc Welding Process
	Principles Of The Electric Arc
	The Electric Arc Applied To Eelding
	Metal Transfer Modes In Arc Welding
	Heat Flow In Arc Welding
	Basic Arc Welding Metallurgy

	Welding Processes For Narrow Gap Welding (NGW)
	Secondary Wire Assisted Arc welding: A Summary
	Three-electrode Welding Process
	The Double Electrode Gas Metal Arc Welding (DE-GMAW)
	Twin-arc Gas Metal Arc Welding With Integrated Cold Wire
	Cold Wire Submerged Arc Welding (CW-SAW)
	Hot-wire Gas Metal Arc Welding (HW-GMAW)
	Cold Wire Gas Metal Arc Welding (CW-GMAW)

	General Methodology
	Overview
	Welding Equipment
	Welding Procedure
	Materials
	Hardness Map and Tensile Test


	The CW-GMAW Process: Droplet Transfer and Geometry
	Overview
	Background
	Experimental Methodology
	Results and Discussion
	Electrical Signals And Transfer Modes
	Dilution And Melting Efficiency

	Summary

	The CW-GMAW: Narrow Gap Welding Application
	Overview
	Background
	Experimental Methodology
	Results
	Electrical Data
	High Speed Imaging
	Sidewall Erosion
	Influence Of CW-GMAW On The HAZ During The Root Pass
	Macrographs
	Micrographs
	Vickers Hardness

	Discussion
	Summary

	The CW-GMAW: An Overview On Pulsed Current
	Overview
	Background
	Experimental Methodology
	Materials
	Welding Procedure

	Results
	Electrical Data
	Metal Transfer Mechanism
	Bead Aspect, Cross-Section And geometry
	Hardness and Microstructures

	Discussion
	Summary

	Globular to Spray Transition in Cold Wire Gas Metal Arc Welding
	Overview
	Background
	Experimental Methodology
	Results
	Metal Transfer Dynamics
	Cyclogrammes
	Droplet Frequency And Diameter
	Average Resistance Of The Arc Plasma

	Discussion
	Metal Transfer And Globular-to-spray Transfer Mechanism In CW-GMAW
	Arc stability And Arc Resistance

	Summary

	Uncertainty analysis of a water–flow calorimeter while welding in short-circuit and spray transfer regimes
	Overview
	Background
	Experimental Methodology
	Calorimeter System
	Welding Parameters
	Thermal Efficiency Calculations
	Uncertainty Analysis
	General Experiment Description

	Results
	Oscillograms – Characterizing The Transfer Modes
	Average Instantaneous Arc Energy
	Bead Aspects
	Thermal Efficiency: Maximum And Minimum Values
	Thermal Efficiency: Uncertainty Analysis

	Discussion
	Electrical Data And Thermal Efficiency
	Uncertainty In Measurements And Power Rate Criterion

	Summary

	CW-GMAW: Welding Thermal Efficiency
	Overview
	Background
	Experimental Methodology
	Results
	Oscillograms
	Cyclogrammes
	Bead Profile And Cross Sections
	Thermal Efficiency And Uncertainty Values
	Penetration And Dilution
	Vickers Hardness Of The Welds Produced Using Spray Transfer
	Microstructures

	Discussion
	Summary

	Tensile Test Response of Standard Gas Metal Arc Welding Versus Cold Wire Welding Joints
	Overview
	Background
	Experimental Methodology
	Groove Geometry And Welding Parameters
	Metallographic Characterization and Tensile Test

	Results
	Oscillograms
	High Speed Images
	Macrographs And Hardness
	Tensile Tests

	Discussion
	Welding Process and Characterization
	Comparison to Other Welding Process Used In Heavy Gauge Welding

	Summary

	Conclusions And Recommendations
	Comprehensive Conclusion
	Process Maps
	Cathode Spots Migration in CW-GMAW
	Melting Efficiency
	Cold Wire Composition
	Optimization Of Experimental Conditions For Future Work

	Suggestions For Future Work
	List Of Contributions
	Manuscripts Published/Submitted As First Author
	Manuscripts Published/Submitted As Second Author 

	References

