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Sammanfattning
Cold laps är små bindfelslikande defekter, huvudsakligen parallella med plåtytan,
som kan förekomma vid övergången mellan svets och grundmaterial. De har
visat sig initieria utmattning och kan därmed påverka livslängden negativt.
Tidigare studier tyder på att det inte helt går att förhindra bildandet vid gasmetallbågsvetsning (MIG/MAG). En bättre förståelse av bildningsmekanismer
krävs därför för att minimera förekomsten och inverkan av cold laps.
Målsättningen med arbetet har varit att öka kunskapen om cold laps genom
typindelning, karakterisering och identifiering av faktorer som påverkar
bildandet. Tandem MIG/MAG svetsning användes för att ta fram svetsar under
väl kontrollerade förhållanden. Cold laps identifierades därefter med
metallografiska metoder och undersöktes med ljusoptisk mikroskopi,
svepelektronmikroskopi och mikroanalys.
Ett nytt sätt att klassificera cold laps introducerades. Tre typer identifierades och
namngavs utifrån förmodade bildningsmekanismer: sprutinducerade cold laps,
kallflytnings-cold laps och sprut-kallflytnings-cold laps. Cold laps var helt eller
delvis fyllda med oxider. De mest frekventa var mangan- och kisel-oxider som
tros bildas genom oxidering av smält tillsatsmaterial under droppövergången.
Mängden oxider påverkade markant bildandet av cold laps. Svetsning i en ickeoxiderande atmosfär minskade djupet hos speciellt kallflytnings-cold laps. Vid
svetsning på en blästrad plåtyta ökade antalet cold laps eftersom luft tenderade
att “stängas in” i ojämnheter. Temperaturen hos droppar och grundmaterialet
visade sig ha stor betydelse för bildandet av cold laps. Antalet kallflytnings-cold
laps minskade tydligt med ökad förvärmning av grundmaterialet.
Mekanismer för bildandet av kallflytnings-cold laps diskuterades utifrån en
omfattande literaturstudie. Ett antal samverkande fenomen tros kunna bidra till
en lokal kallflytning som Rayleigh instabilitet, balansen mellan olika krafter som
påverkar smältan, riktningen hos rörelsemängden som överförs till smältan av
droppar som träffar ytan och ett utåtriktat flöde i smältan inducerat av
Marangoni-effekten.
Resultaten tyder på att bildandet av cold laps kan begränsas genom att se till
svetsprocessen (bågen) är så stabil som möjligt och genom att svetsa på en
förvärmt arbetsstycke i en icke-oxiderande atmosfär.
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Cold laps are defined as micro-lack of fusion defects at the weld toe more or
less parallel to the surface of the parent plate. These defects are known to
negatively influence the fatigue properties of weldments. Previous studies
suggest that cold lap formation can not be avoided completely in Gas Metal Arc
Welding (GMAW). Therefore, a better understanding of formation mechanisms
is imperative to be able to minimize the number and size of these defects.
The main objective of this work has been to provide a more comprehensive
understanding of cold laps, including categorising, characterisation and defining
the most significant factors for formation. GMAW was used to produce welds
that were investigated by metallographic methods using light optical
microscopy, scanning electron microscopy and energy dispersive spectrometry.
A novel classification of cold laps was introduced and three types of cold laps
were identified: spatter cold laps, overlap cold laps and spatter-overlap cold laps.
It was shown that cold laps are partially or fully filled by oxides. The most
common oxides are manganese silicon oxides which were concluded to be
formed primarily by oxidation of droplets. The presence of oxides was found to
significantly increase the tendency to form spatter cold laps as well as overlap
cold laps. Particularly for overlap cold laps, it was found that the depth (in
transverse direction of weld) is reduced when welding in a non-oxidising
environment. Welding on blasted surfaces increased the cold lap formation by
entrapment of gas. The droplet and base metal temperatures were also found to
be significant factors in cold lap formation. For overlap cold laps the occurrence
frequency decreased with increased preheating temperature of the base metal.
Mechanisms of overflowing resulting in overlap cold laps were discussed based
on an extensive literature review. Several phenomena are believed to contribute
to overflow including Rayleigh instability, the balance of forces, transfer of
lateral momentum by droplets and an outward Marangoni fluid flow of the weld
pool.
The present studies suggest that cold lap formation can be suppressed by
ensuring that the welding process (arc) is as stable as possible and by welding on
a preheated work piece in a non-oxidising environment.
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1 Introduction
1.1 Background
Gas Metal Arc Welding (GMAW) is an attractive welding method widely
utilized mainly due to its flexibility and high productivity. The tandem GMAW
process has been developed to further increase the productivity, often obtained
by increased welding speed. It is well known that some imperfections generated
in the GMAW process, such as pores, inclusions, undercuts etc., are difficult to
avoid. These imperfections can influence the quality of the welded structures.
Thus, the challenge of modern industry is to increase the productivity without
sacrificing quality.
Fatigue life is one of the important properties for welded structures. Fatigue
fracture is still a dominant cause of failure of welded structures used under
variable load conditions [1-3]. The fatigue properties of the welds always need to
be considered in the development of new products, at the same time as aiming
for increased load capacity and longer life.
Since the last century, many fatigue tests of welded samples have been
performed and evaluated. Different welding methods, filler materials, parent
materials, welding parameters, shielding gases, joint types, and fatigue loadings
have been investigated [4-9]. Besides weld geometry, a type of small welding
defects, so called cold laps, was revealed as an important factor which can have
a detrimental effect on the fatigue life of the welded structures [10-16]. Cold laps
are also called ‘overlaps’ in different reports and publications [12, 17, 18].
In 2007, cold laps were first mentioned in an ISO standard [19] and defined as a
micro-lack of fusion at the weld toe, as schematically shown in Figure 1-1.
However, the size of the defect is not specified in the ISO standard. A more
detailed description was presented in a corporate standard within Volvo Group,
in which cold laps were included and related to different quality classes [20],
specifying the accepted size (in transverse direction of weld). For the high
quality as-welded case, cold laps less than 0.1 mm are required and less than 0.5
mm for the normal quality as-welded case [20]. For post-treated welds, cold laps
are not permitted. However, previous studies have shown that cold laps are very
small in size [15] and extremely hard to detect [21] and it is difficult to eliminate
cold laps even with some post-treatment methods [22]. Therefore, it is
imperative to understand the formation mechanism of cold laps.
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Figure 1-1 Schematic drawing of cold laps in two joint types.

Very limited knowledge about cold lap formation is available in literature. There
are some publications and reports which studied welding defect formation [2,
18, 23, 24] but none directly explain the cold lap formation.

1.2 Objectives and limitations
The research work in the present doctoral study is focused on getting a better
understanding of the mechanisms involved in cold lap formation by
experimental approaches.
Since cold laps are small in size, all standard Non-Destructive Testing (NDT)
methods have failed in detecting them reliably. The detection of cold laps
therefore continues to be an obstacle in cold laps studies. NDT studies are not
included in this thesis. The optimisation of welding parameters is also not
included in the present study although this is known to influence cold lap
occurrence to some extent [25, 26].
It is important to notice that the cold laps discussed in this thesis only refer to
‘local’ cold laps, and not to cold laps along the entire weld toe (line cold laps) in
the longitudinal direction, as shown in Figure 1-2. Usually, cold laps along the
entire weld toe are due to an ‘incorrect’ welding setup or a very thick oxide layer
on the base metal surface. Therefore, it is believed that these can be easily
avoided by using correct GMAW parameters and by using clean surfaces.
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Figure 1-2 Schematic diagram of a ’local’ cold lap and a continuous cold lap along the
entire weld (line cold lap).
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2 Gas Metal Arc Welding
Gas Metal Arc Welding (GMAW) has been commercially available since 1948
[27]. It is also called MIG (Metal Inert Gas)/MAG (Metal Active Gas) welding
depending on if the shielding gas is an inert or active gas. The use of GMAW
can bring many advantages [28]. It can be used for almost all commercial metals
and alloys; it can be done in all positions; continuous wire feeding gives high
deposition rates; it is easy to automate and minimal post-weld cleaning is
required. Therefore, GMAW is widely utilized in industry.

2.1 The GMAW process
The GMAW process refers to an arc welding process using an arc between a
continuous wire electrode and the work piece. The arc and the weld pool are
protected by a shielding gas. The typical equipment for GMAW includes power
source, wire supply reel, wire feeding drive rollers, flexible conduit, hose
package, welding gun, contact tube, gas nozzle, and shielding gas supply [28], as
shown in Figure 2-1.
The GMAW process is dependent on a number of parameters, the most
common being [28, 29]:
x
x
x
x
x
x
x
x

Electrode diameter
Voltage
Current
Wire feed speed
Welding speed
Electrode stick-out
Shielding gas type and gas flow rate
Torch configuration and welding position

To ensure good welding performance, most of these parameters must be
optimized and matched to each other. The working point must be within the
working range or tolerance box for the particular welding situation (welding
process window).
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Figure 2-1 Typical GMAW equipment. (1: Arc; 2: Metal wire electrode; 3: Wire supply
reel; 4: Wire feeding drive rollers; 5: Flexible conduit; 6: Hose package; 7: Welding
gun; 8: Power source; 9: Contact tube; 10: Shielding gas; 11: Gas nozzle; 12: Weld
pool.) (Adapted from [28])

A higher voltage increases the arc length and gives a wider weld bead but too
high a voltage will increase the risk of undercut. If short arc welding is used, a
higher voltage reduces the short circuit frequency, which will give larger drops
and more spatter. On the other hand, too low voltage will increase the risk of
stubbing and poor start performance.
For GMAW, the current is set indirectly by the wire feed speed and wire
diameter. Generally, a higher current gives a larger penetration for a fixed
welding speed. However, it is also important to strike a balance with welding
speed and voltage with respect to the arc stability and weld quality.
When setting welding speed, this has also a considerable effect on the shape and
penetration of the weld. Therefore, a higher welding speed always accompanies
higher current and voltage, and may result in poorer stability.
Electrode extension, also called stick-out, refers to the distance from the contact
tip to the melted electrode tip. The relationship between stick-out, contact tipto-work piece distance (CTWD) and arc length is shown in Figure 2-2. Too
small a stick-out increases the risk of burn-back, where the arc will weld the
electrode together with the contact tip. Too long a distance will increase the risk
of stubbing, especially at the start. The CTWD also has an influence on the
current and penetration profile. If the electrode extension is increased, the
current and heat input decrease while the amount of deposited metal remains
the same. This reduces the penetration, and a risk of a lack of fusion could arise.
Therefore, the stick-out is usually kept constant during the welding operation.
6
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Torch angle relative to the joint are also important welding parameters. If the
torch/wire is directed away from the finished part of the weld (forehand
technique), this makes the penetration profile more shallow and the width of the
seam wider. On the other hand, if it is directed towards the finished part of the
weld (backhand technique), the penetration will be deeper and the seam width
will be narrower [28-30].

Figure 2-2 Relationship between stick-out, CTWD and arc length in GMAW.

Both solid wires and cored wires are used in GMAW. The latter type consists of
a metallic outer sheath, filled with flux or metal powder. The flux cored wires
can have either a rutile or basic filling. They can also be self-shielded for use
without shielding gas. The cost per unit of cored wires is higher than that of
solid wires, but they are in some respects superior to solid wires. A high
deposition rate and good side wall penetration are features of cored wires. Basic
flux cored wires have similar performance as basic manual stick electrodes,
giving a tough and crack resistant weld metal [28].
In GMAW, the stability of the arc depends largely on how the molten metal is
transferred in the arc. One can distinguish essentially between two different
types of arcs depending on the material transport: the spray arc and the short
arc (short-circuiting arc) [28, 29]. More detailed droplet transfer modes are
reported in literature [31-33] as shown in Figure 2-3.
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Figure 2-3 Different types of transfer modes in GMAW (Adapted from [31-33] ) A:
Globular; B: Repelled; C: Projected; D: Streaming spray; E: Rotating; F: Explosive; G:
Short circuiting.

Tandem GMAW is an extended GMAW process including two wires, two arcs
and one weld pool simultaneously. Tandem GMAW is a high efficiency GMAW
welding process in which higher welding productivity is possible due to the two
wires used. The two wires are powered by two independent welding power units
and melted into one common weld pool as shown in Figure 2-4. Therefore, the
welding parameters for each wire can be set more or less independently which
increases the flexibility of the process. Usually a higher current is used on the
leading wire to get deeper penetration and a higher voltage on the trailing wire
for better geometry of the weld.
However, since the two arcs are very close and may interact with each other, it is
much more complicated and difficult to set the welding current and voltage to
get an ideal stable process. An incorrect welding parameter setting will increase
the risk of interference between the two arcs through magnetic arc blow effect.
Moreover, due to an additional wire being introduced into the welding process,
more welding parameters need to be set for the tandem GMAW, e.g. the angle
between the two wires, the distance between the wire tips, and the ratio of
current and voltage between the two wires. All variables of the process will
influence important characteristics of the weld pool and, thus, potentially
influence the risk of cold lap formation. The characteristics considered as most
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important in this respect are arc pressure, weld pool convection and the
temperature field.

Figure 2-4 Tandem GMAW with two individual wires and arcs.

Modern power sources provide pulsing capabilities which makes it easier to
reduce spatter and to control heat input. For tandem GMAW, a synchronised
pulsing of the two wires can be used to improve the arc stability and achieve a
weld with required quality.

2.2 Arc temperature
In the GMAW process, an electric arc is ignited between an electrode (welding
wire) and a work piece. In the arc, atoms are ionized and the peak temperature
of the arc plasma was reported, by Haddad and Farmer [34], to ~24 000 K
whereas it is decreasing to ~10 000 K in the outer part of the arc in radius
direction. The arc melts the wire and the base metal. Knowledge about the
temperature of the arc is therefore important. Numerical analysis of the arc
temperature has been the prevailing approach as arc temperature is difficult to
measure. The arc temperature has been calculated and simulated in many studies
[34-38] and it can be obtained from the specific enthalpy by Eq. 2-1.

 

ܥ ሺܶሻ ൌ ሺ ሻ

2-1

Where, ୮ ሺሻ – specific heat at constant pressure [ J kg-1 K-1 ],
 -- specific enthalpy [ J kg-1 ],
9

T – temperature [K],
The specific enthalpy is a function of electric field, electric current density, fluid
viscosity of arc plasma, pressure etc. The pressure can be derived by the
momentum conservation equation and the electric current density by Ohm’s
law. Under steady-state conditions, the continuity equation will give the fluid
viscosity of the arc plasma. The electric field ሬԦ is defined by the electric
potential gradient, shown by Eq. 2-2. The Laplace equation governs the electric
potential V, as shown by Eq. 2-3.
ሬԦ ൌ െ

2-2

 ή ሾɐሺሻሿ ൌ Ͳ

2-3

Where: ሬԦ – electric field [V m-1],
 – gradient operator,
 ή – divergence operator,
ɐሺሻ – electric conductivity [-1 m-1]
Compatible results were obtained between simulations and experimental
measurements by Choquet [36] and Haddad and Farmer[34], respectively.
However, it is important to notice that the numerical analysis of arc temperature
is also limited by the availability of detailed information of thermo physical
properties of materials at high temperature.
Shielding gases can have a significant influence on the temperature of the arc
due to their different physical characteristics, e.g. electric conductivity, density,
specific heat, etc. A higher peak temperature (~1600 K higher) and a more
constricted arc of CO2 welding has been reported compared to argon welding
[35, 36]. With constant current, the highest peak temperature (~27 000 K) is
obtained for hydrogen (H2) while other shielding gases give the following peak
temperatures: N2: ~25 000 K, He: ~19 000 K, and Ar: ~17 000 K [39].

2.3 Arc pressure
In the welding process, the electric arc applies a force on the weld pool which
significantly influences the fluid flow of weld pool and the weld penetration. In
the electric arc, the current generates an electromagnetic force towards the axis
of the arc in the self-generated magnetic field. Due to the different area of arc
cross sections, the electromagnetic force forms a force towards the weld pool,
as shown in Figure 2-5. This force can be regarded as the axial component of
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ሬԦ, where ܬԦ represents the current density (A m-2), and ܤ
ሬԦ
the Lorentz force (ܬԦ ൈ ܤ
represents the magnetic field (N s C-1 m-1)).

Figure 2-5 Electromagnetic force generated in the electric arc plasma.

In the electric arc the ionised particles and electrons are accelerated by the
electric field and attain a high velocity which results in a plasma jet, shown in
Figure 2-6. The momentum of the high speed plasma jet also creates a force
downwards on the weld pool which impinges on the weld pool surface.
Higher current gives a higher current density for a constant cross section area
which in turn results in a higher arc pressure. In high speed welding, the high
current can form a gauging area beneath the arc and push the molten metal
backwards severely.
Shielding gases also influence the arc pressure. By changing the shielding gas,
the electrical conductivity is varied which results in a different current density,
magnetic potential, magnetic field and arc temperature. Different types of
shielding gases were evaluated by Choquet et al. [35]. Results showed a higher
arc plasma velocity for a CO2 shielding gas compared with Ar.
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Figure 2-6 Accelerated particles in the electric arc plasma.

2.4 Weld pool convection
In arc welding, there is a significant flow of the molten metal in the weld pool
with flow velocities up to 186.9 mm/s [40]. The convection of the weld pool is
driven by surface tension, buoyancy and electromagnetic forces [41, 42] and
plays a key role in determining the penetration and width of the weld, and also
the profile of the reinforcement [41, 43]. Governing factors of weld pool
convection are conservation of mass, conservation of momentum and
conservation of thermal energy [42].
It is well known that the heat is transferred to the weld pool from the welding
arc and transfer of molten filler material. Then, it generates temperature
gradients within the weld pool and on the surface of weld pool. The surface
temperature gradient introduces a gradient in the surface tension. This will result
in a surface tension driven fluid flow (Marangoni effect) which has been shown
to have a significant effect on the weld pool convection. It is a function of
temperature and chemical composition of the metal in the weld pool. For
example, the direction of convection in the weld pool can be reversed with a
change of sulphur content [41, 44]. A more detailed discussion of this
phenomenon will be given in Chapter 3.
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Metal evaporation occurs in arc welding, by which vapours of Fe, Mn, Si etc.
may form when steels are welded. The vaporisation of the molten metal also
should be considered in the study of weld pool convection as vapours are
known to have a significant influence on arc temperature [39, 45, 46].
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3 Cold laps
There are a limited number of publications presenting studies on the influence
of the welding process on cold lap formation or phenomena which promote
cold laps. In this chapter, the few available articles are summarized in order to
give a brief overview on cold laps. Also some interesting studies, which are
related to cold lap formation, will be presented and discussed.

3.1 Historical perspective
Cold laps were first reported in 1993 by Lopez Martinez and Korsgren [15] in
an experimental work aiming at improving the fatigue properties of welds. In
the study, the authors observed the negative influence of cold laps on the fatigue
property of welded structures. Then, the cold laps were referred to as crack-like
imperfections at the weld toe having a negative influence on the fatigue
properties of the weld.
Otegui et.al. [5] produced welded specimens for fatigue testing by both shielded
metal arc welding (SMAW) with E7018 electrodes and submerged arc welding.
The authors evaluated the fatigue fracture surfaces and found ‘slag inclusions’
and ‘spatter’ at the weld toe being able to initiate fatigue cracks. This
observation may also be related to the presence of cold laps.
Lopez Martinez and Korsgren [15] performed fatigue tests on welded specimens
which were produced by SMAW and GMAW, involving four types of welding
consumables, i.e. basic coated electrodes, basic flux cored wires, rutile flux cored
wires and solid wires. Two types of shielding gases were applied in GMAW and
two parent materials were used, i.e. Domex 350 XP and Weldox 900.
By evaluation of the fracture surfaces, cold laps were identified at the weld toe
as the fatigue initiation point in almost 70% of the examined fracture surfaces.
Results showed that cold laps generally were parallel with and at the same level
as the original parent plate surface. However, angles between a cold lap and the
surface of base metal were observed which was believed to be caused by
shrinkage of the weld, as shown in Figure 3-1.
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Figure 3-1 Orientation of cold laps a) With influence from shrinkage; and b) Without
influence from shrinkage crack. (Adapted from[15])

On the fracture surface, cold laps appeared in different shapes. Two dimensions
were defined: depth (transverse to weld longitudinal direction) and length (in
weld longitudinal direction), as shown in Figure 3-2. The results showed that the
cold laps varied between 0.1 mm and 3.5 mm in length and 0.05 mm and
0.8 mm in depth.

Figure 3-2 Dimensions of a cold lap: ‘a’ refers to the length of cold laps (in the
longitudinal direction of weld); ‘b’ refers to the depth of cold laps (in the transverse
direction of weld). (Adapted from[15])

Lopez Martinez and Korsgren [15] also evaluated the occurrence of cold laps by
sectioning the welds every 2 mm. The results showed that the solid wire gave
the highest frequency of cold laps, and basic welding consumables gave the
largest cold laps in depth.
In 2002, Samuelsson [10] defined cold laps as local lack of fusion type defects.
This definition as lack of fusion implies the similarity of cold lap formation to
the formation of conventional lack of fusion defects, e.g. lack of energy/heat,
improper pre-weld cleaning, and incorrect welding techniques/operation,
etc.[28, 31, 32].
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3.2 Types of cold laps
A fractographic investigation was performed by Farajian-Sohi and Järvstråt [13]
on welding defects at weld toes. Bead-on-plate welds were produced by tandem
GMAW and were fractured by impact loading with a pendulum at low
temperature (liquid nitrogen cooling). The authors observed two types of cold
laps on the fracture surface, which they named ‘overlap’ and ‘spatter’, as shown
in Figure 3-3. In the study, oxides of manganese and silicon were also found on
the fracture surface. As will be presented in chapter 5, a new classification has
been proposed by the present author.

a.Overlap

b.Spatter

Figure 3-3 Schematic drawing of two types of cold laps from Farajian-Sohi and
Järvstråt. (Adapted from [13])

3.3 Detection of cold laps
Because of their small size, it is very hard to detect cold laps by any nondestructive testing (NDT) method [47]. The conventional method for detecting
cold laps is therefore the metallographic method, i.e. sectioning, polishing,
etching if necessary, and evaluating the cross sections by microscopy. Benefits
of the metallographic method are the flexibility to evaluate samples with
different microscopes and the low contamination of the cold lap surface. The
limitation is that only the depth, not the length of cold laps can be evaluated if
the sections are taken perpendicular to the weld. The measured depth of the
cold lap also depends on the sectioning position.
Holst et al. [21] developed a destructive method to examine cold laps in fillet
welds, as shown in Figure 3-4. A ground gap was pre-prepared on the opposite
side to the weld. Then the specimens were placed on a slide block on each side.
The weld was torn completely apart as the pressure was applied, as shown in
Figure 3-4. According to the authors, the position and depth of the gap are
important to ensure the weld fracturing at the desired position. Also the
pressure force needs to vary with the depth of the gap, length of the specimen,
thickness of plate, throat thickness and geometry of weld to fracture the
specimen successfully.
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a.



Specimenbeforefracture

b. Fracturedspecimen

Figure 3-4 A method for detection of cold laps (Adapted from [21])

A rapid destructive method was developed by Farajian-Sohi and Järvstråt [13] to
produce a fracture surface. The specimens were first cooled down in a container
filled with liquid nitrogen for 10 minutes before fracturing. The pendulum hit
the specimens from behind and fractured them by propagating a crack starting
at the weld toe. After breaking the specimens, the fracture surface of the broken
parts was studied using light optical and scanning electron microscopy.

3.4 Factors influencing cold lap formation
A few investigations have been conducted to investigate the influence of
welding variables on cold lap formation, in order to be able to recommend
procedures how to avoid them. The investigated welding variables included type
of welding consumables, surface condition of base metal, welding current,
voltage, travel speed, torch angle, contact tube working distance, etc. [15, 25,
26]. It was found that the type of welding consumables and the surface
condition of the base metal had the most significant influence on cold laps.
Dimitrakis et al.[16] reported that no cold laps were found in welds produced
with a 98%Ar-2%O2 shielding gas. However, the smallest cold lap detected in
this study was 0.25 mm in depth whereas the smallest reported by Lopez
Martinez and Korsgren [15] is 0.05 mm. This suggests that small cold laps
(depth<0.25 mm) might have been present also in the welds discussed by
Dimitrakis et al. [16]. In short, previous studies have shown that it is extremely
hard to eliminate cold laps by optimising the welding variables [10].
Therefore, it is imperative to find the mechanisms behind the cold lap
formation. Influencing factors considered in this chapter are temperature, arc
force, influence of oxides, momentum of liquid metal, etc.
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3.4.1 Oxides
During GMAW, the molten metal experiences severe oxidation due to exposure
to a high temperature in combination with the presence of oxygen. Several
different oxides can form such as FeO, Fe2O3, MnO, SiO2, Al2O3 and TiO2 [4851]. Compared to carbon steel, all these oxides have relative low thermal
conductivity. For example, the thermal conductivity of steel is 30 times that of
SiO2 [52] at 300 K.
If oxides are entrapped at the interface between the molten metal of the weld
pool and the base metal surface, they will act as a heat insulator preventing heat
transfer from the molten metal to the base metal surface and make fusion less
likely.

3.4.2 Temperature distribution
Welding fusion is defined as the build-up of interatomic bonds between two
metallic work pieces by melting the materials [49]. Then, it is necessary to rise
the temperature up to the melting point of materials to get fusion. The energy
needed to melt the work piece and the wire is supplied by the arc.
It is well known that the weld pool is super-heated by the arc and great
temperature gradients are created during welding. Studies showed that the
temperature can vary from 24 000 K to 10 000 K [34] in the electric arc plasma
and from 3 000 K to 1 700 K in the weld pool when welding steel [53]. In the
base metal, the temperature dramatically drops down from melting point (~1600
K) to 1000 K in a few millimetres [54].

3.4.3

Overflow of weld pool

In GMAW, the weld pool fluctuates under the balance of many forces, e.g. arc
force, gravity, electromagnetic force, Marangoni force, etc. Also the impact of
the droplets on the weld pool surface will influence the fluctuation of the weld
pool. When the fluctuation becomes too strong, the molten metal cannot be
contained in the weld pool and will flow out which is overflow of weld pool.
When the molten metal flow out from the weld pool it gets in contact with the
solid base metal surface. The overflowing molten melt cannot always supply
sufficient energy to rise the temperature of base metal surface to the melting
point in order to achieve fusion and cold laps are formed. The mechanisms of
overflow are not clear but several contributing factors are presented in this
chapter.
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3.4.3.1 Rayleigh instability
When a cylindrical liquid is freely hanging in the air, the surface of the liquid
becomes unstable if the length of the liquid is larger than its circumference 2r
(here, r is the radius of cylindrical liquid), as shown in Figure 3-5. This
phenomenon is called Rayleigh instability. Bradstreet[55] and Nguyen [18]
related the periodical irregularity of weld geometry to Rayleigh instability to
explain the humping phenomena in welding.

Figure 3-5 Schematic drawing of Rayleigh instability.

During GMAW, the weld pool is getting longer under certain conditions, for
example when increasing welding speed, or when using tandem arc GMAW. It
is reasonable to imagine that Rayleigh instability could occur when the weld
pool is getting too long.
3.4.3.2 Balance of forces
It is well known that several forces act on the weld pool during GMAW [28, 31,
32, 56, 57], like arc pressure, electromagnetic force, gravity, etc. In the weld
pool, two forces, arc pressure and metallostatic pressure, play a key role for the
fluid flow and the shape of weld pool as illustrated in Figure 3-6 [18, 24].

As mentioned in previous chapter, the arc pressure will be influenced by the
welding current. With increasing current, the arc pressure becomes stronger.
Bradstreet observed the phenomenon that the molten metal in the weld pool
starts to split into three streams when the arc pressure is getting too strong [55],
as shown in Figure 3-7.
The welding current fluctuates considerably during GMAW. When the welding
current suddenly increases, the arc pressure will increase and could break the
balance with the metallostatic pressure and overflowing of molten metal may
occur. It should be realised that the split streams shown in Figure 3-7 presents
an extreme case and is probably unlikely under normal GMAW conditions.
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Figure 3-6 Balance between are pressure and metallostatic pressure in high current
arc welding (adapted from [18]). Schematic longitudinal section of a weld pool.

Figure 3-7 Split streams in high current GMAW (adapted from [55]. Schematic cross
section of a weld.

21

3.4.3.3 Momentum of transferred metal
Another important cause of overflow could be the momentum of molten metal
in the weld pool. In GMAW, the droplets will be transported through the arc to
the weld pool. The droplets get in contact with the weld pool with a certain
velocity and transfer a certain momentum. If the velocity of the droplets is
making an angle with the axis of the wire, the molten metal will get a lateral
momentum [18]. The situation is illustrated in Figure 3-8. If the momentum
becomes high enough, overflow could occur.

Figure 3-8 Lateral momentum of transferred molten metal. (Adapted from [18])

3.4.3.4 Surface tension
It is well known that the wettability of a liquid on a solid surface is determined
by the surface tension between the phases, i.e. Ls  Lg  sg , as shown in Figure
3-9. The base metal surface condition will influence the wettability between the
molten metal in the weld pool and the base metal surface.
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Figure 3-9 Wettability of a liquid on a solid surface.

Bradstreet [55] performed an experiment to weld on a base metal with two
surface conditions, i.e. one side with oxides, and the other side cleaned and free
from oxides. The results showed that it is easier for the molten metal to wet and
get onto the base metal surface for the clean surface condition whereas it tends
Figure 3-10
3-10..
to form undercut for the oxide surface condition, as shown in Figure

Figure 3-10 Influence of surface condition of base metal on splitting of streams.
Schematic cross section of a weld. (Adapted from [55])

Surface tension of molten metal also plays a key role for the convection of the
weld pool. Many studies [58-67] have addressed the influence of surface active
elements on the weld pool fluid flow which in turn strongly alter the weld pool
shape.
For a liquid, atoms close to a free surface have partially unfilled coordination
shells requiring higher energy states which result in surface tension or surface
energy [61]. The group VI elements, oxygen, sulphur, selenium, and tellurium,
are usually regarded as the common surface active elements [61, 64] for steel.
Nitrogen and silicon are also surface active but to a lesser degree [49, 68]. In the
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weld pool, the most important surface active elements are oxygen and sulphur
[68, 69].
It has been reported [64] that the presence of sulphur can alter the relation
between the surface tension and the temperature for the molten metal. When
the sulphur content increases, the temperature of maximum surface tension is
increased, as shown in Figure 3-11. As a consequence the fluid flow pattern will
depend on the sulphur content of weld pool.
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Figure 3-11 Surface tension as a function of temperature and sulphur content in a FeS system. (Adapted from [64])

Numerical studies [64-66] have shown different fluid flow patterns of the weld
pool for different sulphur contents. For the sulphur free steel (S=0 ppm) [64],
surface tension has a linear relationship with temperature. The peak of surface
tension occurs at the lowest temperature location of the weld pool which is
located at the edge. By the Marangoni effect, an outward fluid flow is generated,
as shown in Figure 3-12.
When sulphur content is increased to 155 ppm, the curve of the correlation
between surface tension and temperature start to bend. The maximum surface
tension temperature decreases. Therefore, the point having maximum surface
tension on the weld pool surface starts to move towards the centre of the weld
pool and will be located somewhere between the weld pool centre and the edge.
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Thus, three vortexes are generated: one is the fluid flow controlled by
electromagnetic force; one is an outward fluid flow caused by the Marangoni
effect; one is the inward fluid flow caused by the Marangoni effect, as shown in
Figure 3-13.
For a sulphur content of 160 ppm, the peak surface tension point moves further
towards the centre of the weld pool and merges with the electromagnetic
controlled fluid flow. Thus an inward fluid flow pattern (shown in Figure 3-14)
is generated which results in larger penetration and a lower width/penetration
ratio of the weld.

Figure 3-12 Fluid flow for sulphur content 0 ppm. (Adapted from [64])

Figure 3-13 Fluid flow pattern for sulphur content 155 ppm. (Adapted from [64])
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Figure 3-14 One fluid flow generated for sulphur content 160 ppm.

The similar effects of oxygen on fluid flow within the weld pool have been
confirmed by many studies [59, 60, 66, 70]. For example, an experimental study
[62] showed that oxygen can increase penetration. An inward Marangoni flow
was suggested to explain the mechanism and was confirmed with a high speed
video camera [62]. Similar as for sulphur, a three vortexes fluid flow pattern was
reported [66] in a numerical analysis study on the influence of oxygen on weld
pool convection.
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4 Oxide formation
During GMAW, the melt experiences high temperatures and, at the same time,
the shielding gases usually contain certain amounts of active gases, e.g. oxygen
(O2) or carbon dioxide (CO2), to achieve better arc stability. Therefore,
oxidation of the molten metal, including both droplets and weld pool is
inevitable [71].
It is well known that elements, like silicon and manganese, are applied as
desoxidants in welding consumables [71, 72]. As mentioned in the previous
chapter, oxides of manganese and silicon were found in the cold laps. Therefore,
it is necessary to understand the oxidation processes in GMAW, particularly for
manganese and silicon. In this chapter, the conditions for oxidation and possible
reactions during the welding process will be described. First, however, some
fundamental facts regarding manganese and silicon will be given.

4.1 Metallurgy of manganese
Manganese is a greyish-white metallic element with an atomic weight of 54.9 and
a melting point of 1245°C. A certain quantity of manganese can commonly be
found in most steels, as it is a helpful additive in iron alloys. Manganese has a
stronger affinity to oxygen and sulphur than iron. When added to molten iron,
manganese reacts with oxygen to form manganese oxide (MnO). Hence,
manganese is a deoxidizer for iron, but it is still less strong than aluminium and
silicon. In the melt, manganese can also react preferentially with sulphur to form
manganese sulphide (MnS).
Manganese is commonly used as an alloying addition in all types of carbon and
low alloy steel base and filler metals. The purpose of manganese can generally be
summarized as being threefold [49]:
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4.2 Metallurgy of silicon
Silicon has an atomic weight of 28 and a melting point of 1427°C. Silicon is
used in steels as a deoxidizing agent. The amount of silicon to be added is
slightly in excess of the quantity needed to combine with the oxygen. Silicon and
oxygen react vigorously to liberate a large amount of heat, and silicon dioxide
(SiO2) is formed. The silicon dioxide can either escape to the molten metal
surface or form inclusions in the solidified steel. Usually steel contain silicon in
the range from about 0.10 to 0.30 percent. Silicon can also be used as a ferrite
strengthener, and it is stronger in this respect than most other commonly used
alloying elements. Also, silicon is a strong hardenability promoter and can be
used to improve fluidity.

4.3 Oxidation of manganese and silicon
When used in combination manganese and silicon can form complex oxides
that will remain liquid at the freezing temperature of the steel [49]. The
deoxidation product formed is essentially a liquid mixture of MnO and SiO2
with little iron oxide [48] which can be simplified as presented in Eq. 4-1.
    ͵ ՜ ଷ ሺሻ

4-1

According to Turkdogan [48], the products of the complex Mn-Si-Fe-O system
will be determined by three factors, i.e. the content of silicon, the content of
manganese, and the temperature, as shown in Figure 4-1. For a given
temperature, when the composition lies above the curve, the manganese does
not contribute to the desoxidation reaction. Then solid silica is formed as the
desoxidation product. If the content is below the curve, the desoxidation
product is molten manganese silicate.
However, the desoxidation probably differs considerably from equilibrium
conditions in GMAW because of the rapid cooling.
Grong and Christensen [50] studied the oxidation reaction during GMAW for
different shielding gases. They described the possible reactions at different
locations in the welding process, i.e. electrode tip/droplet (region ‘a’), arc plasma
(region ‘b’) and the hot (region ‘c’) and colder (region ‘d’) parts of the weld
pool, as shown in Figure 4-2.
In region ‘a’ shown in Figure 4-2, CO is formed during droplet formation.
When reaching the critical CO gas pressure, the carbon reaction is blocked and
silicon and manganese will take over and control the oxygen level in the molten
metal. As a consequence manganese silicate slag particles are formed. A certain
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amount of silicon was lost which probably is a result of a gaseous (SiO)
formation.

Figure 4-1 Products of oxidation of silicon and manganese at equilibrium in molten
steel. (Adapted from [48])

Figure 4-2 Four regions in GMAW a: droplet region; b: arc region; c: hot region of
weld pool; d: colder region of weld pool. (Adapted from [50])

In the arc plasma region (region ‘b’ in Figure 4-2), the droplet temperature is
about 2400°C and the precipitated manganese silicate slag which formed in
region ‘a’ dissolves in the metal upon heating. Further absorption of oxygen will
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be prevented due to formation of metal vapour. A certain amount of Mn is
probably lost due to vaporisation under the high temperature experienced by the
droplet in the arc plasma. Welding fumes are then formed by the metal vapour
reacting with oxygen [50].
In the hot part of the weld pool (region ‘c’ in Figure 4-2), the temperature is in
the range 2000°C to 1800°C. The plasma jet blows the Mn and Fe vapour away
and provides a steady supply of oxygen which is dissolved in the weld pool. At
the same time manganese silicate slag formation takes place preventing the
oxygen concentration from exceeding a certain limit. A separation of microslag
proceeds continuously under the existing turbulent conditions.
In the colder part of the weld pool (region ‘d’ in Figure 4-2), the temperature is
below 1800°C. Silicon and manganese react further with dissolved oxygen upon
cooling. The oxygen content was found highly unpredictable which it is closely
linked to the silicon and manganese concentrations in the weld metal.
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5 Experimental procedures and materials
The experimental techniques used in the present study are presented in this
chapter. A summary of experimental methods and materials is listed in Table 5-1
for the appended papers.
Table 5-1 Summary of experimental methods and materials used in appended papers


Base
metal

Welding
consumables

Shielding
gas

Controlled
atmosphere

Preheating

Evaluation
method

Paper
I

Domex
355MC

ESAB
OKAutrod12.51

92%Ar
8%CO2

/

/

LOMand
SEM&EDS

Paper
II

Domex
355MC

ESAB
OKAutrod12.51

Aror
CO2

Sealed
chamber

/

LOM

Paper
III

Domex
355MC

ESAB
OKAutrod12.51

Aror
CO2

Sealed
chamber

/

LOMand
SEM&EDS

Paper
IV

Domex
355MC

ESAB
OKAutrod12.51

CO2

/

25°C,
250°C,
475°C

LOMand
SEM&EDS

Paper
V

Domex
355MC

ESAB
OKAutrod12.51

CO2

/

25°C,
250°C,
475°C

LOMand
SEM&EDS

5.1 Base metal and welding consumables
In the experimental work of this study, Domex 355 MC was used as base metal,
and ESAB OK Autrod 12.51 was used as welding wire.
Domex 355 is a hot rolled cold forming steel which meets steel S355 MC in
EN-10149-2. It is used in, e.g. manufacturing of truck chassis, cranes and
earthmoving machines. ESAB OK Autrod 12.51 is a copper coated solid wire
complying with ISO 14341-A G3Si1. The chemical compositions of Domex 355
and ESAB OK Autrod 12.51 are shown in Table 5-2 [73, 74].
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Table 5-2 Nominal Chemical composition of Domex 355 MC (wt.%)

C
Domex 355 MC
OK Autrod
12.51

Si

Mn

P

S

Al

V

Ti

<0.10 <0.03 <1.50 <0.025 <0.010 >0.015 <0.20 <0.15
0.06- 0.70- 1.3<0.025 <0.025
0.14 1.00 1.60

-

-

-

5.2 Shielding gases
It is well known that the shielding gas can have a significant influence on the
welding process. A gas mixture of argon and carbon dioxide (Ar-CO2) is the
most common shielding gas used in GMAW. For the Ar-CO2 shielding gases,
the CO2 content can change the droplet transfer mode, affecting the
penetration, and influence spatter generation, whereas a higher amount or pure
argon will decrease the arc stability.
In the present study, three types of shielding gases were utilized in welding
experiments ( see also Table 5-1). The first shielding gas used was the mixed gas
92%Ar-8%CO2. This mixed shielding gas is commonly used in industry for the
welding of Domex 355MC base metal with OK Autrod 12.51 wire.
Since one research question was the effect of Mn-Si oxides on cold lap
formation, an experiment was designed with two types of shielding gases: one
was a heavily oxidising gas, i.e. CO2 (ı99.98%) and the other was an inert gas,
i.e. Ar (ı99.9999%).

5.3 Controlled atmosphere setup
In order to create a non-oxidising environment, the welding experiments were
carried out in a sealed chamber filled with Ar, as shown in Figure 5-1. The
chamber is a welded stainless steel structure sealed with plastic in a way that
permits free movements of the robot arm which holds the welding gun inside
the chamber. The air from the chamber was removed through a gas outlet on
the top of the chamber while filling with shielding gas through the gas supply
nozzle at the bottom of the chamber. The content of the oxygen inside the
chamber was measured with an oxygen analyser mounted on the robot arm at a
height of 600-800 mm above the bottom of the chamber. In the pure Ar
welding experiment, the oxygen content was kept in the range of 25-50 ppm.
The setup of the sealed chamber is shown in Figure 5-1.
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Figure 5-1 Schematic figure of sealed chamber experimental setup.

5.4 Welding
All welding experiments were performed with mechanised tandem GMAW.
Migatronic FLEX 5000 power sources were used together with a ABB IRB
2400 Robot.
Table 5-3 Welding parameters.

Voltage[V]
Paper

PaperI

Papers
IIand
III
Papers
IVand
V

30
33
30
33
33
30
33
30

27
36
27
30
30
33
36
33

Wire
feed
speed*
[m/min]
12
15
15
12
15
12
12
15

33

36

33

36

Leading Trailing
wire
wire

Current[A]
Leading Trailing
wire
wire

Travel
speed
[mm/s]

Typeof
Shielding
gas

283
327
314
296
326
287
287
320

276
349
312
281
310
303
311
336

13
17
17
17
13
17
13
13

92%Ar
8%CO2

15

327

349

17

Arand
CO2

15

327

349

17

CO2

The welding parameters used in the experimental work are presented in Table
5-3, shielding gases are also presented in Table 5-1 and details on welding
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consumable and base material are given in Table 5-2. In the first experiment, the
aim was to investigate the correlation between welding parameters and cold lap
formation. Therefore, a welding parameter matrix was statistically designed
using the MODDE software (for Paper I). In the other experiments, a fixed
parameter set which was found to give a higher cold lap frequency was used.

5.5 Light optical microscope, SEM and EDS
A light optical microscope uses visible light and a lens system to magnify images
of among others metallographic samples. Digital images can be captured and the
dimension of the object can be measured with help of a suitable software (in
this work Picsara). In this study, the light optical microscope was used to
identify cold laps and evaluate their dimensions on cross sections.
A scanning electron microscope (SEM) is a materials investigation tool that can
produce high resolution microstructure images with the help of a high-energy
scanning electron beam. For such investigations, an electron beam is accelerated
using a high voltage field in the electron gun. The high energy electrons interact
with the atoms at or near the sample surface and produce signals, e.g. secondary
electrons, back-scattered electrons and characteristic X-rays, as shown in Figure
5-2. The electrons emitted from the specimen can be detected and used to
produce an image of the sample surface. The secondary electron (SE) image and
backscattered electron (BSE) image are the most common image modes in
SEM.

Figure 5-2 Signals produced in SEM

Energy-dispersive spectrometry (EDS) is an analytical technique used for
chemical characterization of a material. As mentioned above, a characteristic Xray can be emitted when the high energy electron beam hits the sample. The
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number and energy of the X-rays emitted from a specimen can be measured
using an energy-dispersive spectrometer. By analysing the X-rays, EDS allows
the identification of different elements in the sample. The accuracy of the EDS
spectrum can be affected by many factors. Windows in front of the detector can
absorb the low-energy X-rays (i.e. EDS detectors cannot detect elements with
an atomic number of less than 4, i.e. H, He, and Li). Also, many elements will
have overlapping peaks (e.g. Ti-K$ and V-K', Mn-K$ and Fe-K'). The
accuracy of the spectrum can also be affected by the nature of the sample. Xrays can be generated by any atom in the sample that is sufficiently excited by
the incoming beam. These X-rays are emitted in any direction, and so they may
not all escape the sample. The likelihood of an X-ray escaping the specimen, and
thus being detected and measured, depends on the energy of the X-ray and the
amount and density of the material it has to pass through. This can result in
reduced accuracy in the case of inhomogeneous and rough samples.
Two types of SEM and EDS systems were used in this study: one is a high
resolution field emission type LEO 1550 Gemini equipped with an Oxford EDS
system; another one is a Bruker Quantax 800 system. The detector is an X-flash
4010 with a resolution of 127 eV for the Mn-K peak. In the present study, the
cold laps were characterised by SEM-EDS evaluation on cross sections.
Preparation of metallographic samples includes sectioning, mounting, polishing
and etching (if necessary). In the present study, a Struers Secotom 10 was used
for sectioning, a Simpliment 2000 automatic mounting press for mounting, and
a Buehler Powerpro 5000 for grinding and polishing the samples. Epoxy
mounting compound (Buehler EpoMet G) was used for preparation of
specimens for light optical microscopy and a conductive phenolic (Buehler
KonductoMet) for SEM-EDS specimens. In the present study, the welds
produced by GMAW were sectioned at the locations suspected to contain cold
laps, mounted and polished.
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6 Summary of results
In this chapter, the main results from the work are presented. A new
classification system is introduced and results of studies on the influence of
oxide formation and temperature on formation of cold laps are summarised.

6.1 Novel classification of cold laps
In Paper I, results from a thorough study of cold laps formed in tandem
GMAW are presented. It was found that the previously used classification of
cold laps was not sufficient to describe the various types of cold laps identified.
A novel classification was therefore introduced based on the appearance and
assumed formation mechanism, i.e. spatter cold lap, overlap cold lap and
spatter-overlap cold lap, shown in Figure 6-1.

R
5

ld
We

Figure 6-1 Three types of cold laps: spatter cold lap, overlap cold lap, spatter-overlap
cold lap.

The first type is named spatter cold lap which is formed when a spatter is
situated close to the weld toe so that the spatter is fused and partially included in
the weld. Typically a spatter cold lap has a semi circular shape protruding from
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the weld toe. The size depends on the size of the spatter, which can range from
several millimetres down to a few microns.
The second type is named overlap cold lap, and is believed to be caused by a
local overflow of the molten metal in the weld pool with the incomplete fusion
of the overflowing metal with the base metal surface. Overlap cold laps are
usually semi elliptical and can be a few millimetres in the longitudinal direction
of the weld. It is also possible to find cold laps along the entire weld toe (in the
longitudinal direction of the weld) continuously. These are, however, usually
caused by a poor surface condition of the base metal and improper welding
parameters and are therefore not discussed further (see also Figure 1-2).
The third type, not previously discussed in literature, is referred to as spatteroverlap cold lap, and can be regarded as a combination of an overlap and a
spatter cold lap. This type usually have a worm-like shape and can extend
several millimetres from the weld toe.

6.2 Influence of Mn-Si oxides
In Paper I, Mn-Si oxides were found in the lack of fusion formed between
spatter and base metal. The Mn-Si oxide rich area was mainly situated close to
the edge of the lack of fusion, as shown in Figure 6-2. Further studies were
performed based on observation in Paper I and are presented in Paper II and
III. The influence of Mn-Si oxides were studied in details for all three types of
cold laps in welds produced in either oxidising or non-oxidising environment.
It was found that the overlap cold laps formed in non-oxidising welding
atmospheres were much smaller than those formed when using an oxidising
shielding gas. It was also seen that no Mn-Si oxides appeared in the overlap cold
laps under non-oxidising welding conditions. Therefore the conclusion is that
formation of Mn-Si oxides have a significant influence on overlap cold lap
occurrence.
SEM-EDS analyses of the spatter and base metal surfaces showed that the MnSi oxides only appeared on the spatter surface compared with base metal. Thus,
it was suggested that the Mn-Si oxides in cold laps came mainly from the
oxidisation of droplets before they reached the weld pool or base metal surface.
In Paper IV it was also shown that Mn-Si oxides were evenly distributed within
small spatters (< 1.0 mm in diameter) suggesting that the rapid cooling didn’t
permit oxides to redistribute to the surface.
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Figure 6-2 Oxide distribution in a cold lap: the oxide tends to be located at the edge of
cold laps.

It is known from previous studies [10, 26] that oxides (rust) on the base material
surface will increase the tendency of cold lap formation. An interesting
observation (Paper IV) was therefore that a blasted surface can enhance the lack
of fusion formation by making air entrapment in the interface easier. It is
consequently not enough to clean the base material surface before welding but
the surface roughness also needs to be controlled.

6.3 Influence of temperature
As shown in Paper II, cold laps can be found also under non-oxidising welding
conditions, although the size tends to be small. Other factors therefore also
have to be considered when trying to understand formation of cold laps. The
temperature of base metal, spatters and weld pool was seen as a factor likely to
influence the cold lap formation and was therefore studied in papers (Paper III
to Paper V).
First, the effect of the temperature of spatter was studied in Paper III. The
formation mechanisms of the lack of fusion between a spatter and base metal
can be assumed to be the same as in formation of spatter cold laps. For the sake
of simplifying, the analysis was performed on the spatters at some distance from
the weld toe. Spatter diameter and spatter distance (the distance between the
centre of spatter and the centre line of weld) were considered as indicators of
the spatter temperature. A larger spatter travelling a shorter distance is likely to
have a higher temperature when hitting the base metal surface. The ratio of lack
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of fusion (RLoF) was introduced to express the fusion between spatter and base
metal, as shown in Figure 6-3. Results showed that smaller spatters (i.e. < 1.0
mm in diameter) have 100% RLoF in the interface between spatter and base
metal. With increasing spatter size, the RLoF decreases linearly with size. It was
therefore concluded that spatter temperature is a significant factor in formation
of spatter related cold laps.

Figure 6-3 Definition of RLoF.

Next, the temperature of base metal was studied in Paper IV (for spatter/base
metal lack of fusion) and Paper V (for overlap cold laps). It was found that the
preheating temperature of base metal significantly influences the fusion between
spatter and base metal. The effect of preheating temperature was most
significant for larger spatter (diameter between 1.0-2.0 mm) with a higher
preheating temperature resulting in better fusion. For smaller spatter (< 1.0 mm
in diameter) the effect was smaller with a high RLoF (varying from 89% to
100%) for all preheating temperatures.
For overlap cold laps, the influence of temperature was studied both regarding
occurrence frequency and size of overlap cold laps. The results showed that the
preheating temperature of the base metal significantly influenced the frequency
of overlap cold laps resulting in formation of fewer cold laps with increasing
preheating temperature. However, no clear correlation could be found between
the preheating temperature of base metal and the depth of overlap cold laps
(size in transverse direction of weld).
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7 Discussion
7.1 Classification
Three types of cold laps were identified and classified based on appearance and
assumed mechanism of formation: one is caused by spatters, one is caused by
overflow of molten metal from the weld pool and one is caused by a
combination of spatter and overflow. It should be noted that a spatter also can
be embedded in the the weld metal completely and form a cold lap as reported
by Farajian-Sohi and Järvstråt [13], schematically shown in Figure 7-1. This
situation can be regarded as a special case of spatter cold laps. Obviously,
minimization of spatter generation will minimize the number of spatter related
cold laps.

Figure 7-1 A spatter cold lap entirely embedded in the weld pool.

7.2 Formation mechanisms
The results of Paper I and Paper II suggest that overlap cold laps form when the
molten metal from the weld pool gets in contact with the solid surface of the
base metal and forms a micro-lack of fusion. Usually, an irregularity at the weld
toe indicates the location of an overlap cold lap, as shown in Figure 7-2. The
irregularity suggests an overflow of molten metal during welding which results
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in contact between the molten metal and solid base metal surface without fusion
of the two surfaces. Then a micro-lack of fusion, i.e. a cold lap, is formed.

Figure 7-2 Schematic top view of the irregularity at the weld toe at the location of an
overlap cold lap.

An overflow or a spatter is a necessary prerequisite for formation of cold laps
but whether a cold lap will actually form depends also on other factors. As
shown by the results from Paper II to Paper V, oxides and temperatures of base
metal and spatter are two significant factors in the cold lap formation process.
All three types of cold laps studied in Paper II and Paper III had common
features. Oxides fully or partly filled the cold laps and the Mn-Si oxides was
preferentially located at the edge, as shown in Figure 6-2. It is well known that
oxides have very low thermal conductivity compared with steel, as presented in
chapter 3. They therefore probably act as a heat insulator and prevent the heat
transfer from the molten metal (either of overflow or spatters) to the solid base
metal. As a consequence heat transfer will be insufficient to melt the base metal
surface and fusion will not take place. In short, a cold lap is formed.
As Mn-Si oxides can play a significant role in cold lap formation, it is important
to understand how these form during GMAW. According to Turkdogan [48],
the oxidation products of the manganese-silicon-iron system is dependent on
the relative contents of manganese and silicon (presented in chapter 4). Mn-Si
oxides found in cold laps were shown to have a similar chemical composition as
the Mn-Si oxides found on (Paper II) and within (Paper IV) spatters. Therefore,
it is reasonable to believe that the Mn-Si oxides found in cold laps were
generated during the droplet period, and then transported to weld pool or base
metal surface.
Another major factor influencing cold lap formation is the temperature of
spatter, base metal and possibly overflowing molten metal. A higher
temperature of spatter or overflow means that more energy is available to
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permit fusion with the base metal. At the same time a higher base metal start
temperature means that less energy is required for heating and fusion. Thus
higher temperatures will reduce the risk of cold lap formation which is
supported by the results in Paper IV and Paper V.
Cold laps, however, were found also when welding in an inert argon atmosphere
(Paper II) or with preheating of the base metal to 475°C (Paper V). Thus there
is no guarantee that cold laps can be avoided completely by minimizing
oxidation or using preheating. This illustrates that there is a complicated
interaction between different factors contributing to cold lap formation or that
other factors than oxide and temperature have to be considered.
As mentioned above, overflow is a prerequisite for overlap cold lap formation.
Several possible and probably interacting mechanisms, as discussed in some
details in Paper VI, could contribute:
 Rayleigh instability can be a contributing factor, more so for longer weld
pools as mentioned in chapter 4.
 The balances between forces acting on the weld pool, as discussed in chapter
3, are important. During GMAW, it is well known that the arc force varies as
current and voltage vary. When the arc force varies, this has to be balanced by
the metallostatic pressure in the molten metal and fluctuations in the shape will
be an inevitable consequence.
 Droplets hitting the weld pool surface will transfer a lateral momentum to the
weld pool, as presented in Figure 3-8. An overflow could occur when the lateral
momentum gets high enough.
 Split streams were observed in the GMAW experiment performed by
Bradstreet [55] (presented in chapter 3) for high current welding. Two streams
were deposited on the base metal, one on each side. This tendency to form split
streams could possibly contribute to overflow although the currents used under
normal welding conditions are smaller than those used by Bradstreet [55].
 All of the above phenomena will affect the fluid flow pattern of the weld pool
and the more unstable the flow conditions are the more likely it is a fluctuation
will result in overflow. Obviously an outward fluid flow pattern is more likely to
cause an overflow. The content of surface active elements, such as sulphur,
affecting the flow pattern will therefore also be of importance. As presented in
chapter 4, the fluid flow pattern will alter from outward to inward with
increasing sulphur content of the weld pool. A careful control of sulphur and
other surface active elements is therefore important. Arc and weld pool physics
and fluid dynamics are very complex and governed by a multitude of interacting
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factors. It is therefore important to be aware that the mechanisms discussed
above are all interacting and there are most like other factors that contribute as
well. Further investigations, experimentally and numerically, are therefore
needed to get a more comprehensive understanding of the overflow and cold
lap formation mechanisms.

7.3 How to avoid cold laps
As has been discussed above there is at present no known way to completely
avoid formation of cold laps in GMAW. However, based on the results of the
experimental studies and the discussion above, some sugeestions can be given
regarding how to minimize the number and size of cold laps:
x
x
x
x

Welding in a non-oxidising environment will give less cold laps.
Welding on a clean and preheated work piece would be beneficial to
reduce the risk of cold laps, particularly for overlap cold laps.
Reduction of spatter during welding obviously contribute to suppress
formation of spatter related types of cold laps.
Having an as stable welding process (arc) as possible will contribute to
decreasing weld pool fluctuations and spatter which in turn could help
to suppress overlap cold laps and spatter-overlap cold laps. The use of
modern power sources and applying pulsing could be one way of
achieving this.
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8 Conclusions
A series of experiments were performed aiming at getting a better understanding
of cold lap formation. The main results are summarized in this chapter.
x

x
x

x

x

x

A novel classification of cold laps was introduced based on
experimental observations. Three types of cold laps were identified.
Spatter cold laps which are believed to occur when a spatter is located
very near to the weld toe and partly melted by the weld. Overlap cold
laps, as the second type, are believed to form due to overflow of molten
metal from the weld pool. Spatter-overlap cold laps, as the third type,
which can be regarded as a combination of the first two types.
It was shown that cold laps are partially or fully filled by oxides. The
most common oxides are manganese silicon oxides (Mn-Si oxides)
which were concluded to be formed by oxidation of droplets.
Oxides were found to significantly increase the tendency to form cold
laps for spatter cold laps and overlap cold laps. Particularly for overlap
cold laps, it is found that the depth (in transverse direction of weld) is
increased by welding in an oxidizing chamber.
A blasted surface was found to enhance the lack of fusion formation by
making gas entrapment in the interface easier. It is consequently not
enough to clean the base material surface before welding but the
surface roughness also needs to be controlled.
The base metal preheating temperature was concluded to be a
significant factor in formation of overlap cold laps and both the
preheating and the droplet temperature affects formation of spatter
cold laps. For overlap cold laps, the occurrence frequency decreases
with increased preheating temperature of the base metal. However, no
correlation was found between the preheating temperature and the size
of overlap cold laps.
The studies suggest that an efficient way of suppressing cold lap
formation would be to ensure that the welding process, in particular the
arc, is as stable as possible and to weld on a preheated work piece in a
non-oxidizing environment.
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9 Suggestions for future work
Work that would be valuable for a deeper and more comprehensive
understanding of cold lap formation mechanisms include:
x

x
x

x
x

A study on oxidation of droplets and weld pool in GMAW would be
useful to confirm the origin of oxides found in cold laps. It would also be
helpful to study the movement and behaviour of oxides on the weld pool
surface.
Further studies on the temperature influence on cold lap formation,
particularly focusing on the local temperature at the weld toe area.
A better understanding of overflow mechanisms is imperative to be able
to differentiate between contributing effects such as Rayleigh instability,
arc force balances, lateral momentum of molten metal in weld pool and
fluid flow pattern of weld pool. High speed imaging could be helpful in
studying the behaviour of the weld pool.
A better knowledge of effects of base metal and welding consumables on
surface tension and fluid flow of the weld pool would contribute to the
understanding of overflow.
An interesting aspect is the possibility to use a magnetic field to influence
the movement of the Mn-Si oxides on/in the weld pool and to control
fluctuations and thereby decrease the risk of cold lap formation.

Development of NDT methods capable of detecting cold laps would be a
breakthrough. Moreover, formation of cold laps obviously is a complex
phenomenon. There might be other aspects worth considering such as the
influence of other shielding gases, controlled surface conditions, pulsing,
welding of other base materials than steel , dissimilar welding, the use of welding
consumables with a composition different form that of the base material etc..
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Cold lap formation in Gas Metal
Arc Welding of steel

An experimental study of micro-lack of fusion defects
Cold laps are micro-lack of fusion defects negatively influencing fatigue
properties of weldments. The work has focused on understanding cold
lap formation through experiments and from extensive literature studies.
Three types of cold laps were identified; spatter, overlap and the previously not reported spatter-overlap cold lap type. Oxides of manganese
and silicon were found in cold laps and are together with the shielding
gas, temperature (of spatter and base metal) and surface condition important factors governing formation. Cold lap formation can be minimised
by welding on a clean and preheated work piece, using a non-oxidising
shielding gas and ensuring maximum arc stability.
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