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Abstract

Currently, the demand for natural gas is increasing as a result of high world energy
consumption and rising environmental awareness. As the exploration of natural gas field is
expanding towards remote regions, long distance pipelines have been developed. The
economical, environmental, and safe movement of gas to the marketplace requires that
transmission pipelines designed to operate at high pressure should possess adequate strength and
improved toughness over a variety of temperature ranges.
The purpose of this research was to investigate the effect of submerged arc welding
(SAW) parameters on the quality and mechanical properties of X80 steel, which was supplied by
IPSCO Inc., Regina. The welding was performed using single and double wires and different
speeds (16.93, 19.69, 25.4, 29.63 and 33.87mm/s). The weld quality was evaluated using nondestructive testing methods (NDT) such as visual inspection, radiography, and ultrasonic test.
The weld bead characteristics were studied using weld geometry measurements. The relationship
between the microstructures and mechanical properties of weld deposits was studied by means of
hardness measurements, Charpy V-notch test, lateral expansion measurements, tensile test,
optical metallography, image analysis, scanning electron microscopy (SEM) and energy
dispersive X-ray spectrometry (EDS).
It was found that there was a limit to which welding speed could be increased without the
weld suffering from severe defects such as lack of penetration and undercut. The use of more
than one welding wire improved the maximum welding speed at which good weld quality was
maintained. Increasing the welding speed resulted in changes in the weld microstructure through
the formation of higher percentage of fine acicular ferrite (AF) grain structure and a reduction in
the amount of grain boundary ferrite (GBF) in the weld metal. Changing weld speed also
reduced the size of the heat affected zone (HAZ). All of this resulted in improved the mechanical
properties of the welded joints.
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CHAPTER 1
1. Introduction

1.1

Overview
Since 1969, weldability and toughness have become important considerations in

several applications for steel choices [1]. The demand for steels with higher strength in
the pipeline and structural industries has led to the development of high strength low
alloy (HSLA) steels. They have been used widely in many structures such as bridges,
buildings, ships, submarines, pipelines, storage tanks, automobile bodies, and trains due
to their favorable strength-to-weight ratio, good weldability, toughness, resistance to
atmospheric corrosion, and reasonable cost. [2]
HSLA steels, also known as microalloyed steels, are mainly low-carbon steels
(<0.2% C) to which manganese (Mn) and small amounts of other alloying elements have
been added. These are designed to provide better strength-to-weight ratios and high
fracture toughness over conventional low-carbon steels [2].
IPSCO Inc., Regina is one of the world’s leading producers of steel plates and
pipes since 1956. HSLA steels, which IPSCO manufactures from scrap metals, are used
to make oil and gas transmission pipes. Spiral pipe making is the process used to make
these pipes, which is eventually welded using multi wire submerged arc welding (SAW)
[3].
The American Petroleum Institute (API) 5L X80 steel manufactured by IPSCO
has gained increasing attention from pipeline companies for use in natural gas
transmission pipelines. One main industrial project that will use this steel for fabricating
pipelines is the proposed Mackenzie Gas Project in Canada's Northwest Territories. This
pipeline is expected to transport large volumes of natural gas over 1220 km along the
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Mackenzie Valley to connect northern onshore gas fields with North American markets
[4, 5].
Submerged Arc Welding (SAW), which was first patented in 1935 by the E. O.
Paton Electric Welding Institute in Russia [6], is the most widely used welding
technique for X80 steels because it provides very high welding productivity (four to ten
times more than the shielded metal arc welding process) and produces a thermal
efficiency as high as 60% (compared with 25% for manual metal arc) [6].
The problem of optimising HSLA steel weld metal and heat affected zone (HAZ)
strength and toughness remains a major challenge to many welding engineers and
researchers. It is concluded from previous works that the toughness increases with
increasing volume fraction of fine interlocking ferrite grains known as “acicular ferrite”
(AF) in weld metal [7]. Welding parameters and alloying elements affect AF formation,
which in turn affects the toughness of weld metals. Therefore, achieving superior weld
properties and reducing weld defects require an optimal control of all welding
parameters and a skilful welder. In general, the toughness of the HAZ is lower than that
of the weld metal due to microstructural changes that result from the welding process
heat input [8-11]. The HAZ is less ductile than the welding metal, thus becoming the
weakest portion of the weld where stress concentration usually occurs [8, 10, 11].

1.2

Motivation
In order to prevent failures in pipelines, it is important to have good weld quality,

high impact toughness, and high strength. This is a big challenge for the high speed
SAW process since it is difficult to keep both strength and impact toughness high at the
same time. Any increase in strength is usually accompanied by a decrease in toughness.
Also, using high SAW speed raises the probability of welding defects. Identifying the
maximum speed limits for single and double wire SAW are important to the fabrication
industry because any reduction in manufacturing cycle time represents a significant cost
saving. For example, raising the SAW process speed from 16.93mm/s to 33.87mm/s will
increase product throughput by 50% when one takes into account equipment setup, and
other manufacturing steps. This in turn results in a 50% reduction in labor hours.
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Publications on multiple wires welding are scarce in the open literature because
it is still a relatively new technology. One of the main objectives of this research is to
contribute to the field of welding engineering by adding to the knowledge base in the
field of multiple wires welding.

1.3

Objectives
The main objectives of this study were to:
1. Determine the optimal SAW parameters to produce acceptable weld
quality for X80 steel using single and double wire.
2. Study the effect of welding speed on weld quality, geometry and defects.
3. Investigate the effect of welding speed on the microstructure of welded
metal, HAZ, and parent metal
4. Determine the effect of SAW speed on mechanical properties and
fracture of the weldment.
5. Investigate the effect of weld speed on weld metal inclusions, chemistry
and morphology.

1.4

Thesis Outline
There are five chapters in this thesis. The present chapter provides an

introduction to the topic as well as the objectives and motivation of this research.
Chapter two reviews of the existing literature on HSLA steels and the SAW process. The
third chapter describes the experimental materials and experimental methods employed.
Chapter four describes and discusses the results obtained from the experiments. Chapter
five summarizes the most important findings of this research and suggests
recommendations for future work.
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CHAPTER 2
2. Literature Review

2.1

High Strength Low Alloy (HSLA) Steels

HSLA steels are low-carbon steels (<0.2wt.% C) containing up to 1.5wt.%
manganese (Mn) to produce solid solution strengthening of the ferrite and small amounts
(usually < 0.5wt%) of other alloying elements such as copper (Cu), titanium (Ti),
vanadium (V), niobium (Nb), aluminum (Al), silicon (Si), calcium (Ca) and zirconium
(Zr) to provide strengthening and control sulfide and oxide inclusion sizes and to
improve the formability [2, 10, 15]. In addition to its contribution in improving HSLA
steel strength, Cu also enhances the corrosion resistance of the steel by forming a
protective oxide film [2, 15]. HSLA steels are also strengthened by special rolling and
cooling techniques [2, 12-15]. The chemical compositions of specific HSLA steels may
vary for different product requirements to meet the desired mechanical properties.
Typically, these steels have a microstructure consisting mainly of ferrite and pearlite.
HSLA steels have high strength. Their yield strength is in the range of 275-550
MPa, while their tensile strength ranges from 379 to 620 MPa. . Their high strength is
obtained by microalloying, grain refinement, controlling the shape of the inclusions,
manganese content, and controlled rolling [2, 10, 15]. They also have good formability,
good toughness, acceptable weldability, greater resistance to atmospheric corrosion than
carbon steels, and reasonable cost [2, 13, 15]. They are classified in the API standards
based on their yield strength. For example, X80 means a HSLA steel having yield
strength of 80 ksi.
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2.1.1 Applications of HSLA Steels
Due to their high strength and toughness, HSLA steels are used mostly in large
welded structures such as trains, bridges, buildings, storage tanks, high pressure vessels,
ships and submarines [2, 5, 9, 15, 16]. In recent years, most of the oil and gas
transportation pipelines are made out of high grade HSLA steels such as X70 and X80.
They have high yield and toughness, which enables using them in high gas pressure
pipelines with tight safety margins [2, 5, 13, 15, 16]. At present, there are almost 2000
kilometers of X80 pipelines around the world, and in the next five years there will be
about 6000 kilometers of these pipelines in North America, Russia, Japan and China
[16].

2.2 Submerged Arc Welding (SAW)
Welding is the process of joining two metal parts by melting the parts at the joint
and filling the space with molten metal. It is carried out using heat and/or pressure, with
or without the addition of filler metal. Auxiliary materials such as shielding gases or
flux may be used. The energy required for welding is supplied by an outside source [6,
12, 17, 18].
There are more than 80 different types of welding processes in commercial use
nowadays. Fusion welding is the most used welding operation, which involves the use of
a heating source and it may involve the use of a filler material such as a consumable
wire. It also uses a protective layer between the atmosphere and the molten metal, either
in the form of gas shielding or a flux. There are several different types of fusion welding
processes that may be used. Submerged arc welding (SAW) is one of the most
commonly used fusion welding processes [17].
SAW is a fusion welding process (Figure 2.1) characterized by high deposition
rate and produces high quality and visually appealing welds. In the SAW process, an arc
generated by an electric current passes between the welding wire and the workpiece
generating enough heat to melt both metal and wire. Pressure is not used, and the filler
metal is produced mainly from the welding wire (electrode) [6, 12, 17-19]. The electric
arc and the molten metal are submerged in a bed of granulated mineral material known
as the flux [6, 12, 17-19].
5

The flux is the distinguishing feature of SAW process, and plays a big role in
achieving high quality welds by preventing atmospheric gases from contaminating the
weld metal during the fusion process by floating them to the surface. Almost no sparks,
or spatters are produced resulting in a very clean welding operation with very little
fumes [6, 12, 17-19]. When the welding process is done, the weld metal and flux cool
and solidify forming the weld bead covered with a protective slag shield [6, 12, 17-19].
The mechanical and chemical properties of the final weld deposit can be controlled by
the welding wire and flux composition [12, 18]. Submerged arc welding (SAW) can be
operated on alternating current (AC) or direct current (DC) or both using single or
multiple wires of the same or different chemistry [12, 18]. The adaptability to
automation makes the SAW process practical on large weldment applications such as
ships, railroad cars, pressure vessels and pipe manufacturing [3, 12, 17-19].

Figure 2.1. Automatic submerged arc welding process [19].

The SAW process offers the following advantages [6, 12, 17-19]: (i) high
productivity (extremely high deposition rates), (ii) high welding speed, (iii) high quality
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welds because it features deep penetration, (iv) ease of automation, and (v) minimum
welding fumes because of the use of flux.
As any welding process, SAW has the following disadvantages [6, 12, 17-19]: (i)
it is limited to carbon steels, HSLA steels, stainless steels and some nickel based alloys,
(ii) it requires flux handling systems (iii) it cannot

be used in other than flat or

horizontal welding positions due to the use of the granular flux, (iv) it raises a health and
safety issue because of flux and slag remains, and (v) it may result in welding defects
such as cracks and lack of penetration (LOP).
2.2.1 The Structures of the Welded Joint
After performing the welding process, four distinct microstuctural zones (see
Figure 2.2) will result in the welded joint, namely, the fusion zone or weld metal zone
(WM), the weld interface (WI), the heat affected zone (HAZ), and the unaffected base
metal zone, or parent metal zone (PM) [10, 17, 20].
The fusion zone is formed by the melting and solidification processes and is
composed of the parent metal, filler metal and alloying elements in the flux, which were
melted during the welding process to form a relatively homogeneous structure [6, 17,
20]. The weld interface zone, also known as the fusion line, is located at the outer
boundary of the weld region separating the fusion zone and the HAZ. In this narrow
boundary, partial melting took place resulting in a mixture of grain structures [10].
The heat affected zone (HAZ) is the area surrounding the weld metal (weld
pool), which is formed by the heat generated by the welding arc. The heat rises in this
area to temperatures below the melting point but high enough to change its
microstructure. As a result, the mechanical properties and microstructure of this area
will be changed. It is an undesirable region because it is characterized by high
embrittlement due to its coarse grain structure which allows for easy crack propagation.
It is the area where failures usually occur [6, 10, 17, 20].
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Figure 2.2. The structure of the welded joint.

Many attempts have been made to reduce the size of the HAZ in weldments. Lee,
et al. [21] suggested that the ideal fusion welding process is the one in which the large
portion of the supplied energy is used to fuse the wire and base metal, and a very low
portion is used in the forming of the heat affected zone [21]. Gunaraj and Murugan [22]
reported that welding speed and wire feed rate have a strong effect on the HAZ size. A
maximum value of HAZ width (2.1 mm) was obtained when wire feed rate and welding
speed were respectively at the upper and lower limits, while a minimum HAZ width of
0.7 mm was produced at the reverse condition [22]. It was stated that the maximum
grain size at the HAZ is determined by slow cooling rates [10] in which high
temperature resides for long time.
Because temperature decreases sharply with distance from the fusion zone, grain
growth will decrease with increasing distance from the fusion zone or weld center.
Based on this, the HAZ can be divided according to the grain size into two main regions:
coarse grain HAZ (CGHAZ) and fine grain HAZ (FGHAZ). The coarse grain HAZ is
the region located close to the fusion line, where more heat was applied, while the fine
grain HAZ is the region located closer to the parent metal, where less heat was applied
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resulting in minimum grain coarsening [10, 17, 20, 23] The CGHAZ exhibits
embrittlement and low notch toughness [7].
The unaffected base metal zone (PM) has the same microstructure as the material in
the as-received condition. The grains of the PM which are adjacent to the FGHAZ might
lose their original rolling direction shape due to the effect of heat and constitute what is
known as the partly austenitised zone. In this zone the peak temperature was not high
enough to cause complete recrystallization, therefore, it resulted in partial austenitisation
and the parent metal might suffer from residual shrinkage stresses [10, 17, 20, 23]. The
effect of heat on the weld transition zones is illustrated in Figure 2.3.

ΤοC

Max.
Temp.

Liquid

WM
Liquid + γ

Coarse Grain HAZ
γ
Fine Grain HAZ
α+ γ
Partly austenitized

α + Fe3C

PM
WM
C(%)

HAZ

Figure 2.3. Schematic representation of the effect of heat on the weld transition zones
[20].

2.2.2 The Microstructures of the Welded Joint
The final microstructure of the welded joint is influenced by several factors
including the severity of thermal cycle (heat input and cooling rate), composition (of the
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parent metal, wire and flux), the grain size of the parent metal, and the number of
welding passes, which strongly affects grain growth and grain transformation [10, 40,
44]. The presence of non-metallic inclusions in the parent metal has a strong effect on
the formation of acicular ferrite (AF) grain structure [10, 20, 33]. When heat is applied
to the welded part, it spreads away from the center of the weld heating the area
surrounding the weld pool and forming the HAZ. When the part begins to cool, it starts
cooling from the two sides of the weld pool going towards the weld center, which is the
last part to solidify, forming an interdendritic structure as illustrated in Figure 2.4.
Several different microstructures can be obtained in the weld metal of HSLA
steels. These include proeutectoid grain boundary ferrite (GBF), aligned side plate ferrite
(ASPF), acicular ferrite (AF), polygonal ferrite (PF), Widmanstatten side plate
ferrite(WSPF), block ferrite(BF), bainite, pearlite and martensite [10, 34, 44]. It is
therefore critical to promote a desirable microstructural distribution in order to get the
desired mechanical properties. The ideal microstructure should contain a large
proportion of acicular ferrite [44, 45, 46].

Interdendritic
Structure

a

b

Figure 2.4. The dendrite formation in weld metal as a result of solidification.

During welding, the temperature will raise causing melting of the wire, welded
parts, and some of the flux, and mixing all of them to fill the gap and forming the weld
metal. When the welding operation is done, the part begins to solidify from the liquid
state. All low alloy steels transform to austenite (γ in Figure 2.3) as the temperature
decreases from the melting temperature to lower temperatures. With further decrease in
10

temperature, austenite will transform into a new phase depending on the cooling rates.
The cooling rate depends on both the heat input and welding speed. As heat input
increases or welding speed decreases, cooling rate will be slow. The reverse condition
produces fast cooling rates [10, 44, 47].
In Figure 2.5, it can be seen that transformation from austenite starts with the
formation of proeutectoid ferrite. The grain structure will transform after that to either
side plate ferrite or acicular ferrite (AF) or both. Some retained austenite may exist in
the structure. Acicular ferrite is a structure that results from the nucleation at numerous
sites within the prior austenite grains by optimum intergranular dispersion of weld metal
inclusions such as oxides, sulfides and silicates [10, 33, 46, 48]. Acicular ferrite provides
the best combination of high strength and good toughness due to its fine grains, with its
interlocking nature and high-angle boundaries that act as obstacles to cleavage crack
propagation [34, 44, 46].
Slow cooling produces a mixture of ferrite (α in Figure 2.3) and cementite
(Fe3C), which is known as pearlite [47]. As cooling rate increases, the temperature at
which γ transform to α will be lowered and carbon atoms will not have time to diffuse in
the ferrite atoms to form pearlite. Therefore, a new structure called bainite will be
formed, in which the carbide precipitates appear in the form of needles or plates around
or within the ferrite. More rapid cooling will lower the temperature and a new hard
structure known as martensite will be formed, in which the carbon atoms are retained in
solid solution. The resulting grain size depends on the heat input and composition [10,
20, 47].
The microstructural transformation in the HAZ occurs in a similar manner, but
different microstructures will be formed. At high temperatures, austenite grains will
form and grow slowly because grain boundary movement is restricted by the presence of
non-metallic inclusions, such as Ti, Nb and Al, which serve to raise the grain coarsening
temperature and therefore reduce the grain coarsening in the HAZ [10, 44]. At a specific
temperature (grain coarsening temperature), these particles will melt and grain growth
rate will increase as a result of this.
As heat input increases, cooling rate decreases and the time spent above the grain
coarsening temperature increases, resulting in a coarse grain HAZ [10]. The resulting
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microstructure depends on cooling rate, grain size and composition of the steel. The
austenite will transform to proeutectoid ferrite, followed by bainite structure with prior
austenite grains, or martensite structure if the cooling rate is fast. Very slow cooling rate
may lead to the formation of a ferritic-pearlitic structure [10, 44, 47].

Figure 2.5. Schematic CCT diagram for a carbon-manganese steel weld deposit [10, 40].

The microstructural features of SAW -X80 HSLA steel have been studied by
Sen, et al. [11]. They found that the microstructure of the weld metal composed mainly
of fine acicular ferrite with some retained austenite. According to Croft, et al. [36], the
most favorable microstructural component of the weld metal is fine AF with a grain size
of 2 – 5 µm, while transformation products such as ferrite with aligned martensite,
austenite and carbide must be avoided; this is why most of the research in recent years
have been oriented towards ways of optimizing the volume fraction of AF [36, 45, 49].
In one such study, Wang and Liu [45] reported that weld metals with almost 70% AF
structure and some coarse granular bainite (~15%) exhibited the best toughness
properties.
Zhang et al. [50] stated that greatest toughness was achieved with a high volume
fraction of AF (>60 wt%) instead of (>80 wt%). They also stated that in order to achieve
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good toughness, the best microstructure is the one consisting of a large proportion of AF
and a small amount of martensite. McGrath et al. [7], on the other hand, observed high
notch toughness for X80 welds when the weld metal structure was composed of more
than 80 wt% AF and low inclusions content (S + O ~ 0.04 wt%). Brownlee [51] stated
that the volume fraction of large inclusions (>0.5 mm) increased with Al-to-O ratio.
Small-sized inclusions (<0.5mm) behave in the opposite manner. The large inclusions
promoted the formation of AF. Weld metal inclusions act as primary intragranular
nucleation sites of ferrite [48], and their size has a big effect on the weld metal
transformation [52, 53]. Devillers et al. [33] reported that the resistance of the weld
metal to brittle fracture could be increased as the amount of AF in the weld metal
increases and the amount of large lath-like ferrite grains decreases. According to
Hawkins et al. [54], to obtain high toughness in submerged arc welded HSLA steels; the
microstructure of the weld bead should consist mainly of AF.
2.2.3 SAW Welding Parameters
Welding parameters control the deposition rate, bead shape, and properties of the
welded joint. These parameters include the welding wire chemistry, wire size and
extension, flux, heat input, current, voltage, speed, interpass temperature, preheat
temperature and post weld heat treatment.

1. Welding Wire (Electrode)
Submerged arc welding can be operated with a single wire or multiple wires
using either AC or DC current [12, 18]. Welding wires are classified according to the
mechanical properties of the weld metal, the heat treatment condition, and the chemical
composition of the parent metal [12, 24]. It is preferred to have similar alloying elements
in the workpeice and the wire to achieve better mechanical properties [12]. Vercesi and
Surian [25] suggested that the addition of C instead of Mn to SAW wires increases the
tensile properties of the welded part. Moon et al. [26] studied the effect of the newly
developed ultra-low carbon (ULC) weld consumables on the properties of HSLA-X100
welds. They concluded that even when using a low heat input with these wires, the
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fusion zone hardness was comparable to that of the base metal. According to Lincoln
Electric [27], wires with high Mo content provide high impact toughness by increasing
the percentage of AF structure in the weld metal (see Figure 2.6), and wires that contain
titanium and boron (Tibor) are favourable because they promote AF formation and
minimize the amount of GBF [27]; this ferrite can provide easy paths for cracks to
propagate [10]. Hamad et al. [28] agreed with this, they recorded 95% of AF structure in
the weld metal when using wires containing Mo and fluxes containing a good amount of
TiO2.

Figure 2.6. Effect of Mo content in SAW wire on the AF% and impact strength [27]

Large diameter pipelines and ships are welded using two or three wires in each
pass [14, 29, 30]. When welding with more than one wire, each wire is supplied with its
own power source, driving system, welding current and feed rate [12, 18, 29, 30].
Currently, SAW can be performed with one to ten wires, depending on the thickness and
length of the workpeice [12, 18, 29, 30]. Welding with multiple wires is still considered
to be a new technique. It has higher performance, can use high welding speed, and
produce high penetration over the single wire welding [12, 18, 30]; it uses high welding
voltage, current and speed more than usual, which allows for the deposition of more
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filler metal at a particular heat input [18, 29, 30], and produces 99% wire melt efficiency
[31]. Tusek et al. [30] calculated the cost of labour, materials, overhead and other costs
for double and triple wire SAW and compared it with the cost of single wire SAW. They
found that welding with two wires cut the costs relative to single wire welding by 20%,
while welding with triple wire resulted in a 30% cost cut.

2. Wire Size
Wires used in SAW have different sizes. Wire size affects the deposition rate. A
small diameter wire usually has higher current density and deposition rate than a larger
wire at the same current, while large size wires have high current capacity, and thus can
carry more current and produced higher deposition rates than smaller wires at higher
current [12, 18]. Wire size can be changed from small to large depending on the desired
wire feed rate. When all the conditions are kept constant except for the wire size, an
increase in the wire size increases the bead width and decreases the penetration and
deposition [12, 18, 19]. Lee et al. [21] reported an increase in HAZ size with a decrease
in wire diameter.

3. Wire Extension (Stickout)
The current reaches the wire at the point of electrical contact within the nozzle.
To reach the arc, the current will travel a distance from the electrical contact point to the
tip of the wire; this distance is known as the wire stickout or wire extension (Figure 2.7)
[12, 18]. Usually, the visible stickout is referred to the wire extension or stickout in
many references, which is chosen to be not less than eight times the wire diameter [12,
18]. The wire stickout exhibits heating resistance as the current passes through it. The
longer the wire extension, the greater the heat builds up within it. This heat can raise the
melting rate and increase the deposition rates up to 25% -to- 50% [12, 18]. At the same
time, a voltage drop usually occurs between the contact tip and the arc, which slightly
reduces the penetration [12, 18]. When deep penetration is not required, an increase in
the wire extension will result in fast deposition, better quality and weld appearance,
narrow HAZ size and better impact properties [12, 18].

15

Figure 2.7. Sketch of the wire stickout [18].

4. Flux
Recently, the use of flux for arc welding was greatly favoured due to its role in
achieving high-speed quality welds. “Fluxes used in SAW are granular fusible minerals
containing oxides of Mn, Si, Ti, Al, Ca, Zr, magnesium (Mg) and other compounds. The
flux is specially formulated to be compatible with a given wire type” [6] to give the
desired mechanical properties. The fluxes can be classified according to their basicity
index (BI), which can be calculated using the wt% of the alloying elements and the
following formula [32]:

BI =

%CaO + % MgO + % BaO + % SrO + % Na2O + % K 2O + % Li2O + 1 (% MnO + % FeO )
2
% SiO2 + 1 (% Al2O3 + %TiO2 + % ZrO2 )
2

2.1

Index ranges are: Acid,<1: neutral, 1-1.5: semibasic, 1.5-2.5: basic, >2.5 [32].
Acid fluxes give higher oxygen (O) levels in the weld metal, which reduce
toughness. Basic fluxes have the lowest O content, and offer low welding performance.
Semibasic fluxes are the best due to their low O content, excellent toughness, and good
operating characteristics [32]. Devillers et al. [33] discovered that small amount of boron
oxide in the flux produced a significant boron (B) concentration in the weld metal (up to
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10–2 wt %). The addition of some Ti (~ 2 x 10–2 wt%) into the flux protected boron from
the nitrogen (N) and resulted in a reduction in the ductile-brittle transition temperature
by 50oC. It was shown that the CaF2 – CaO – SiO2 flux system gives high quality HSLA
steel weldments that have very low O content and is effective in controlling sulphur (S)
content [34].
It has also been reported that the large portion of O in weld metal comes from the
flux[34]. Some commercial flux systems may add up to 1000 ppm of O to the weld
metal. Attempts have been made to reduce the weld metal O content by reducing it in the
fluxes [34]. This has been done by substituting a non-oxygen carrier for some of the
oxides in the fluxes, or by partially replacing weak oxides, such as silica and ferrous
oxides, with stronger oxides such as those of calcium and magnesium, or by adding
metal powders such as Al and Ti to the flux to reduce the weld metal oxygen pick up
[34]. High yield strength and tensile strength were recorded when using flux containing
TiO2 due to its function in enhancing the formation of AF structure [27, 35].
The Lincoln Electric suggests the use of semibasic fluxes with nitrogen control
to attain high fracture toughness of the weld [27]. They recommend the use of Tibor
wires with low nitrogen fluxes such as Lincoln 995N and 998N to produce a weld with a
high percentage of AF to achieve high impact toughness properties.
5. Heat Input
The heat input to the metal from the welding process, together with the preheat
temperature and the thickness of the workpiece, determines the thermal cycle and the
resulting microstructures of both HAZ and weld metal. The heat input per unit length is
calculated according to the following equation [6, 18]:

H=

KVI
1000S

2.2

where H = the heat input (kJ/mm), V = the welding voltage (V), I = the welding current
(A), S = the welding speed (mm/s) and K = the coefficient of welding efficiency.
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Croft and Gray [36] have found that welding current and welding speed are the
main factors controlling heat input and HAZ size. They also found that welding voltage
has no significant effect on the HAZ dimensions. Chandel et al [37] reported that an
increase in deposition rate is usually achieved by increasing the welding current and,
therefore, the heat input which, in turn, decreases toughness due to grain coarsening in
the HAZ.
Increasing heat input was found to increase the productivity but, at the same
time, decreases mechanical properties such as tensile strength and fracture toughness
due to grain coarsening in the HAZ [1, 10, 25, 32-34, 37-39]. Vercesi and Surian [25]
reported that tensile properties and hardness decrease with increasing heat input. In a
high heat input SAW process high dilution of the parent metal (60 – 70%) will take
place as well as slow cooling rates. Both factors will produce a microstructure with low
toughness [33]. Bhole and Billingham [38] reported that increasing heat input lowered
the impact toughness for HSLA steel welds due to the formation of high temperature
transformation products (low toughness structures) such as proeutectoid ferrite and
upper bainite. Dallam et al. [34] studied the microstructure of low heat input welds and
found that they had a predominantly fine microstructure of AF. The work by Thomas
[32] agreed with the results of Dallam et al. [34]. He reported that welds performed at
high heat input had undesirable ferrite microstructure while those produced using low
heat input gave an acceptable AF microstructure. Ghosh et al. [39] studied the
mechanical properties of HSLA steel by changing the heat input. They found that high
heat input reduced the hardness, tensile strength, and yield strength. Several attempts
have been made to lower the heat input by increasing the welding speed [37] but it has
been found that this produces defects such as undercuts and lack of fusion and
penetration [12, 18, 37].
6. Welding Speed
Welding speed, also known as travel speed, has a great effect on the quality and
properties of the welds. It is usually used to control bead size and penetration [12, 18]. It
was found that the heat input per unit length of welds decreases with the welding speed
[12, 18]. This results in less filler metal applied per unit length of the weld, less

18

reinforcement, low penetration and reduced bead and HAZ size [12, 18]. Excessive
speed can cause undercut, lack of penetration, lack of fusion, porosity and uneven bead
shape [12, 17, 18, 22]. On the other hand, slow speed reduces the level of porosity in the
weld by providing time for gases to boil out of the molten weld [10]. Excessively slow
speeds can result in excessive arc exposures and high heat input which, in turn, produces
large size HAZ and increases grain coarsening. It also produces a large weld bead size
(hat-shaped bead), which is subject to cracking, and a large molten pool that flows
around the arc resulting in spatter and slag inclusions [6, 12, 17, 18].
7. Welding Voltage
Welding voltage is used to control the shape of the weld bead and its appearance.
Increasing the voltage increases the arc length [17, 18]. When maintaining the other
welding parameters constants, it was found that increasing the welding voltage produces
wider and flatter weld beads, reduced porosity, increased pick up of alloying elements
from the flux and increased flux consumption [6, 12, 17, 18]. Using excessive high
voltage, when other parameters are constant, will produce a hat shaped bead, and
concave fillet welds; both are subject to cracking. It might also increase the undercut on
the edges of the weld bead [6, 12, 17, 18]. On the other hand, excessively low voltage
will produce a high narrow bead, in which slag removal will be difficult [12, 18].
8. Welding Current
Welding current determines the rate at which the wire is melted, the amount of
parent metal melted, and the depth of penetration [12, 17, 18, 20]. Increasing welding
current increases the penetration and wire, flux and metal melting rate [12, 17, 18]. It is
important to adjust the current to prevent excessive high and low currents. If the current
is too high, with other welding parameters were kept constant, it will produce high
reinforcement and a narrow bead with excessive penetration [12, 17, 18, 20]. In addition,
using excessively high currents wastes wires by forming high reinforcement, which will
be machined out eventually. High reinforcement may increase the weld shrinkage and
causes a distortion in the weld. On the contrary, excessively low current will result in
unstable arc and causes incomplete fusion or inadequate penetration [6, 12, 17, 18, 20].
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9. Current Type and Polarity
Positive polarity direct current (DC) is commonly used in most SAW processes
to provide deep penetration and resistance to porosity formation in the weld. Negative
polarity DC current produces less penetration, but gives a melt-off rate about one third
higher than the positive polarity. Alternating current (AC) is recommended to be used
when welding with more than one wire as a trail wire [18].
10. Interpass Temperatures
The interpass temperature is defined as the temperature of the deposited weld
metal before each weld run is started [6, 17, 18, 40]. It has a big effect on the cooling
rate, and, hence the final microstructure of the weld [17, 40]. A specific interpass
temperature is sometimes recommended to avoid hot cracking [6, 17, 40]. High interpass
temperatures with slow cooling rates may result in grain coarsening in the HAZ and
reduces the toughness and strength of the welded joint [10, 17, 40].
11. Preheat Temperature
Preheat is usually required when welding thick section steels with a high carbon
equivalent (CE). It slows the cooling rate, allows some hydrogen to diffuse away and
prevents a hard, crack-sensitive structure from being formed [6, 17, 20]. For HSLA
steels, thin sections can be welded without preheating due to its low carbon content, but
thick sections will still require low preheat levels. A new formula to calculate the carbon
equivalent (Pcm) was adopted by the Japanese Welding Engineering Society, and is used
to determine the welding preheat requirements for HSLA steels [10, 41]. The Pcm can be
calculated using alloying elements weight percent as follows [10, 41]:

Pcm = C +

Si Mn + Cu + Cr Ni Mo V
+
+
+
+ + 5B
30
20
60 15 10

2.3

Blondeau, et al. [42] recorded the preheat treatment temperature for C-Mn-Ni-V HSLA
steels as 125oC.
12. Post Weld Heat Treatment
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Post weld treatment in the form of post-heating of steel thick weldments is done
for two to three hours to enable the entrapped hydrogen to diffuse away from the weld
area, and prevent the hydrogen cracking [6, 17, 18]. Post weld heat treatment (PWHT)
temperature is a function of the type of metal used and its thickness.

It has been

observed that most SAW products can be used in the as-welded condition and do not
require post weld heat treatment [36]. Some of the SAW products may suffer from the
decrease in toughness after being exposed to high heat inputs, which causes phase
transformation and residual stresses in the welded joint. These products will require a
PWHT [17, 23]. One study [36] has shown that SAW welding consumables give good
properties to the as–welded condition and that these properties may become degraded
after PWHT. Selection of welding wires must take into consideration any PWHT that
will be performed.
Dallam, et al. [34] reported that post-weld heat treatment has no significant effect on
toughness except in quenched and tempered steels. Conversely, Blondeau, et al. [42]
suggested that PWHT leads to a reduction in toughness in HSLA steels. He blamed the
impurities such as V and P on this reduction in toughness, through temper
embrittlement. He suggested to reduce their amount in the weld metal to maintain high
hardness values after PWHT [42]. Park, et al. [43] found a PWHT at 550oC resulted in
high hardness and low toughness in the HAZ, whereas a PWHT at 650oC gave a
reasonable toughness and strength combination.
2.2.4 Alloying Element Effects on Microstructure of the Weld
Several studies were conducted to understand the effect of alloying elements on
the properties of HSLA steel weld metal [34, 36, 45, 49-51, 54-65]. It was found that the
properties of the welded part can be improved by proper selection of alloying elements
in the weld.
1. Oxygen:
The effect of oxygen (O) on the final microstructure of steel welds was first reported
by Ito and Nakanishi [48]. They found that the O content of the weld metal controls the
development of the AF constituent. The main sources of weld metal O are the flux, the
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base metal, the welding wire, and the atmosphere. The largest portion of O in weld metal
comes from the flux [34]. In their research, Dallam et al. [34] found that a great
percentage of GBF was observed with high O content. By reducing the O content in the
weld metal, the amount of AF was increased and the toughness was improved. Lazor
and Kerr [49] concluded that the AF fraction decreased as the O content increased from
400 to 600 ppm, while this fraction increased as the Ti content increased.
2. Titanium
Previous studies have proven that Ti content affects the amount of AF in the
microstructure [10, 45, 49, 54, 57]. In the HAZ, it was observed that titanium nitride
(TiN) particles can pin the prior austenite grain boundaries and inhibit the growth of the
austenite grains [55]. It was found that when Ti was added to the weld metal, it
minimized the grain boundary ferrite, hence promoting the formation of AF [45].
Lazor and Kerr [49] studied the effect of Ti and Nickel (Ni) on the toughness of
submerged arc welded HSLA steels and found that at – 60 °C, the absorbed energy rose
with increasing the Ni content in the weld; at the same time, Ti content had less
influence in AF formation. At higher temperatures (higher than -60oC), Ti additions
increased the energy absorption by increasing the fraction of AF and avoiding prior
austenite grain boundaries. Snyder [56] reported that the toughness of SAW C-Mn steel
decreased with increasing Ti content from 100 to 900 ppm. He also found that at Ti level
of 90 ppm, the toughness was increased. Moreover, he recorded an improvement in
toughness when 0.5 or 0.42 wt% Mo and 0.84 wt% Ni were added to the weld metal due
to the increase in the AF content. On the other hand, Evans [57] found that a Ti content
of 30 and 200 ppm resulted in high weld metal impact toughness and an increase in the
volume fraction of AF. Another study[45] agreed with Evans’ results in which the Ti
content was changed to 1000 ppm and Ni and Mo contents were about 3.35 and 0.46 wt%, respectively. Johnson [58] reported another AF volume fraction peak at 560 ppm Ti;
when the Al-to-O ratio was 0.3 and all inclusions diameters were greater than 0.5µm.
Liu and Lia [59] suggested TiN could resist coarsening and dissolution at high
temperatures, which in turn, improves the toughness [59]; it was also found to enhance
the formation of AF [10].
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3. Carbon
Some studies [25, 26] suggested that the addition of C to SAW wires increases
the tensile properties and hardness of the welded part. They have shown that it is easy to
achieve optimum toughness with very low contents of C (< 0.05 wt%), Mn content of
(1.0-1.4 wt%), Ni (2.0 wt%) and Mo (0.30 wt%). It was found that it is also possible to
achieve relatively high toughness with a high C content in the wire (0.10 wt%) when Mn
was 1.7 wt% and Cr was 0.75 wt% [25].
4. Manganese and Silicon
Evans [60] found that changing the content of Mn or Si might produce a harmful
effect on the microstructural distribution in the weld metal because of the effect of Mn
and Si on the slag and weld performance. This is why the amounts of Mn and Si in the
flux are strictly controlled [60]. Manganese was found to reduce embrittlement [10]. An
investigation [53] suggested that Mn inclusions are responsible for increasing the
proportion of AF in the weld metal.
5. Boron
Usually, boron (B) in the weld metal suppresses the formation of grain boundary
ferrite and ferrite side plates [55]. Mori et al. [61] concluded that B atoms along the
austenite grain boundaries in the weld metal could retard the nucleation of proeutectoid
ferrite and, at the same time, promote the nucleation of AF. Recently, Evans [62]
reported that for different Ti levels, the maximum amount of AF was found at low B
content (25 – 50 ppm). He also reported that the optimum combination of these two
elements for obtaining superior toughness was around 400 ppm Ti and 40 ppm B. In a
separate study, it was found that 200 ppm Ti and 20 ppm B in the presence of nitrogen in
the weld metal reduced the toughness of the weld metal [62].
6. Molybdenum
Molybdenum (Mo) was used in wires to provide the impact toughness and
increase the percentage of AF in the weld metal as shown in Figure 2.8 [1, 27]. The
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effect of Mo on the C-Mn steel weld metal was investigated [45]. It was found that with
1 wt% Mn, maximum AF fraction was achieved with 0.5 wt% Mo. The addition of Mo
to Mn also increases the toughness, but only up to a certain limit after which further
increases in Mn result in a decline in toughness. In order to maintain high impact
toughness, upon the addition of 1.0 wt% Mo to the weld metal, the Mn content must be
lowered from 1.4 wt% to 1.1 wt% due to the stronger effect of Mo on toughness [45].

Figure 2.8. Effect of molybdenum additions on the formation of acicular ferrite [27].

7. Aluminum
In 1992, Evans [63] discovered that the volume fraction of AF decreased with
increasing Al content in the weld metal because a smaller amount of O was left for Ti
and Mn to form oxides such as TiO2;MnO and MnO;Al2O3. These oxides were found to
promote AF formation. Hawkins et al [54] noted that plates of similar chemical
compositions (except for Al) had significant differences in weld metal microstructure. A
previous study [51] has shown that the optimum conditions for AF nucleation were
achieved when the Al –to O weight ratio was between 0.0 and 1.1.
8. Nickel
Until recently, it was believed that nickel (Ni) increased the toughness of the
weld metal. Recently, it has been proven that the effect of Ni content is conditional [45].
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In 1991, Evans [64] found that the volume fraction of AF increased with increasing the
Ni content in low Mn (<1.0 wt-%) weld metal. When the amount of Mn was 1.4 wt%,
the weld toughness decreased in the presence of higher than 2.25 wt% Ni.
9. Copper
It was reported [45] that 0.66 wt% Cu content gave the best strength-toughness
combination for the weld metal. Krishnadev et al. [65] found that low Cu content (0.046
–0.56 wt %) in HSLA-100 steel weld metal produces high strength levels (>100 ksi) and
good Charpy V- notch toughness (40.6 ft-lb at –51 °C).
2.2.5 Weld Defects in SAW
The presence of defects in the welded joint can lead to catastrophic failures if it is
not detected in advance and the part replaced or the weld repaired. At the same time, it is
impossible to find a welded joint without defects. The weld can withstand the service
conditions even with the defects if they are within the acceptance limits [17]. The
acceptance criteria vary according to the requirements and applications of different
standards. The most occurring weld defects in the SAW process are described below.
1. Lack of Fusion (LOF) and Penetration (LOP)
LOF occurs when the weld metal fails to fuse on one side of the welded joint in
the root or sidewall of the joint (Figure 2.9(a)) while lack of penetration (LOP)
occurs when both of the sides of the joint are not fused (Figure 2.9(b)). Usually, it
results when using too low heat input, too small bevel angle or insufficient cleaning
of oily or scaled surfaces. The welding wire size should be small enough to be able
to get the necessary access to the root [6].
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(a)

(b)

Figure 2.9. Examples of lack of fusion and lack of penetration. (a) Lack of side wall
fusion [6] and (b) incomplete penetration [66].

2. Porosity
Porosity is a cavity in the weld metal caused by the freezing of gases (e.g., oxygen,
nitrogen and hydrogen) released from the weld pool as it solidifies [6, 20]. It results
from fast cooling, in which gases will not have enough time to escape; therefore they are
trapped in the weld metal [10]. Porosity can take several forms. Figure 2.11 illustrates
some of these forms.

(a)

(b)

Figure 2.10. Forms of porosity. (a) distributed porosity [6] and (b) surface breaking
pores [66].

3. Slag Inclusions
A slag is a deoxidation product from the reaction between the flux, air, and surface
oxide. Its formation is influenced by the type of flux, welding position and technique [6,
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20]. Slag inclusions are usually associated with the flux processes; this is why they often
occur in the SAW process. They usually appear as elongated lines either continuous or
discontinuous along the length of the weld (Figure 2.11).

a

b

Figure 2.11. Example of slag inclusion in the weld (a) Radiograph showing two slag
lines in the weld bead [6], (b) Slag inclusion in weld runs [6].

4. Solidification Cracking
Solidification cracking is a local discontinuity produced in the final stage of
solidification, when the weld bead has insufficient strength to withstand the contraction
stresses generated as the weld pool solidifies. It is the most serious type of imperfection
that can be found in the weld and is usually avoided with sufficient weld bead size and
shape, and with the use of high purity weld materials with low inclusion content. It
occurs only in the weld metal [6, 17, 20]. Figure 2.12 illustrates a solidification crack,
which normally appears as a straight line along the weld centreline.

Figure 2.12. Example of solidification crack along the center line of the weld [6].
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5. Hydrogen cracking
Hydrogen cracking, also called cold cracking or delayed cracking, is caused by
the diffusion of hydrogen from the flux material or dirt or oil on the surface to the highly
stressed, hardened part of the weldment. In C-Mn steels this crack occurs at the CGHAZ
and may extend to the weld metal [6, 20]. Figure 2.13 shows an example of the
hydrogen cracking. In SAW processes, the crack risk can be estimated before
performing the welding process by calculating the units of crack susceptibility (UCS)
from the weld metal weight % using the following formula [6]:
UCS = 230C* + 190S + 75P + 45Nb – 12.3Si – 5.4Mn – 1

2.4

where C* = carbon content or 0.08, whichever is higher. A UCS value of < 10 indicates
high cracking resistance whereas a value of >30 indicates low crack resistance [6].

Figure 2.13. A typical example of hydrogen cracking generated in the CGHAZ [6].

6. Undercut (UC)
Undercut (UC) is an irregular groove located at the toe of the weld adjacent to the
parent metal (Figure 2.14). It is the most common defect in the arc welding process and
is caused by high arc voltage with insufficient fill (low current) or high welding speed. It
occurs when deposition rate and reinforcement are reduced due to a fast welding speed;
the weld reinforcement angle will decrease as a result of this, and a steeper weld bead
will be formed; this will create a surface tension force on the molten metal along the
surface direction in which the weld bead is steep. As a result of this, the molten metal
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will draw from the edges to the center of the weld bead, resulting in undercut on the
edges of the weld bead when the molten metal solidifies [6, 10, 12, 18].

Figure 2.14. Example of undercut at weld toe.

7. Weld Misalignment
Weld misalignment (Figure 2.15) is the deviation from the correct
position/alignment of the joint. This results from poor weld joint preparation or poor
component fit-up (fixture) before welding causing a variation in the shape and thickness
of welded joint. Poor weld joint preparation often results in poor penetration, especially
if more than one welding pass was used. This defect may be acceptable if there is
enough penetration between the weld beads. In the case of a poor component fit, the
weld may be acceptable if any load on the structure resulting from this misalignment is
acceptable [6].

(a)

(b)

Figure 2.15. Examples of the weld misalignment defect (a) poor joint preparation (b)
poor component fit up [66].
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CHAPTER 3
3. Materials and Experimental Apparatus and Procedure
In this chapter, the materials, experimental apparatus, and procedure used in this study
are described.

3.1

Materials
Ten plates (780 x 254 x 16mm) of API-5L X80 HSLA steel were used to make

five welded coupons.
The material was used in the as rolled condition. Its chemical composition is shown in
Table 3.1.

Table 3.1. Chemical composition of X80 steel
C

Mn

Mo

Nb

Ti

0.03-0.08

1.4-1.9

0.15-0.45

0.03-0.09

0.005-0.025

3.2

Welding Procedures
The plates were double-beveled from each side; the internal diameter (ID) was

welded first (first pass), followed by the outer diameter (OD) (second pass), thereby
producing double SAW with one pass per side. Figure 3.1 shows the weld edge
preparation. The resulting welded coupons (Figure 3.2) have the following dimensions:
780 x 508 x 16mm. The submerged arc welding process was performed using single
wire for two coupons, and double wire for three coupons. A Lincoln DC welder (1500
amps) with a NA-3 control box was used to perform the single wire welding. The
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double wire welding was performed using a Lincoln AC welder (IDEALARC
1200amps) with a NA-4 control box in conjunction with the DC welder to perform the
welding operation. The DC welder was the lead welder, which controlled the welding
process and provided penetration. The AC welder provided a higher deposition rate.
Figure 3.3 shows the AC and DC welders.
The Lincoln LA-81 welding wire, with a diameter of approximately 4mm, was
used. It contains Mo, which promotes AF in the weld deposit. It also contains Ti and
boron (B), which, in addition to promoting acicular ferrite formation, minimizes the
amount of grain boundary ferrite. The chemical composition of LA-81 wire is given in
Table 3.2.

OD

30°

3.5mm
6.35mm
6.35mm

ID

25°

Figure 3.1. Sketch of weld edge preparation

Figure 3.2. Example of the welded coupon
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AC
Welder

DC
Welder

Figure 3.3. Lincoln AC and DC welding machines

Table 3.2. Chemical composition of LA-81 wire
Elements (wt %)
C

Mn

Si

S

P

Mo

Cu

Ti

B

0.06

1.21

0.24

0.004

0.010

0.55

0.13

0.106

0.009

In accordance with the American Society of Mechanical Engineers (ASME)
SFA-5.23 specifications, Lincoln 995N flux (Table 3.3) was used with LA-81 wire. This
flux-wire combination is intended for limited pass welding only (not more than three
passes per side). The flux has low nitrogen content, which makes it very efficient with
the Tibor wires. It also has a basicity index of 1.29 and a density of 0.001g/mm3, and a
chemical composition that is given in the table below.

Table 3.3. Chemical composition of Lincoln 995N flux
Compounds and Oxides (wt %)
SiO2

MgO

CaF2

ZrO2

Al2O3

CaO

Na2O

MnxOy

16-21

14-19

10-15

1-6

25-30

1-6

1-5

7-12
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The wire was held perpendicular to the work pieces with a wire stickout
(extension) of about 8 times the wire diameter (~ 32mm). When welding with two
wires, a 32mm wire stickout was used in the DC welder while for the AC welder, it was
about 12mm shorter. The reason for this was because the lead wire in the DC welder has
to burn faster at startup than the AC wire, thereby necessitating a greater initial stickout
length. The flux thickness was approximately 25.4mm.
In the single wire welding, the wire was located perpendicular to the test piece,
while in double wire (tandem) welding, each wire was located at a different angle; the
first wire was at 5o relative to the vertical axis, and the second wire was at 12o. The
space between the centers of the wires was about 12.7mm. No post-weld heat treatment
was required, because X80 HSLA steel has good weldability.
A chill block of 316 Austenitic stainless steel was placed underneath the plates to
dissipate the heat. Two pieces of metal were attached to each side of the plate to start the
weld. This was necessary because the arc was not stable at the beginning. By the time
the arc became stable it began welding on the test plate. Similar arc behavior occurred at
the end of the welding process, where a crater started forming at the end of the weld.
This method kept the crater on the attached plates and not on the workpiece.
The welding was done first on scrap plates so that the welding parameters could
be optimized, then the actual plates were welded. When it was found that increasing the
welding speed might result in undercut or lack of penetration, the welding current for the
AC welders were raised to increase the deposition rate. However, this resulted in
unusual high heat input, which in turn resulted in burn through during the first weld
pass.

Optimization of the welding parameters took a few weeks. The welding

parameters used are given in Table 3.4, while Figure 3.4 shows the setup for the double
wire welding operation.
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Table 3.4. Single and double wire welding parameters
No. of
Wires
Used

Pass!

IPT
(oC)

(S)
mm/s

DC Source
WFS
(V)
(I)
(mm/s)
(Amp)
+/-

X1

1

X1-b

1

X2

2

X3

2

X4

2

1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd

20
105
33
120
28
110
28.8
110
30
90

16.93
16.93
19.69
19.69
25.4
25.4
29.63
29.63
33.87
33.87

28.79
29.63
27.52
29.21
30.90
40.64
32.17
40.22
38.1
40.22

No.

31.4
33
31.4
33
29
31.5
28.2
31.4
29.7
33

860
930
860
930
850
1025
800
1000
920
1050

AC Source
(V)
(I)
(Amp)

31
33
30.5
33
32
34

680
750
700
725
800
725

IPT = Interpass temperature, S = Welding speed, WFS = Wire feed speed, V= Voltage,
and I= Current.
! Time between passes: For single wire welding, it was between 3-4 min, and for
double wire welding it was between 8-10 min. The stated time included the time spent
performing visual inspection for the first pass, flipping of the plate, measuring the
temperature, and setting the parameters for the second pass.
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Welding Direction

Figure 3.4. Setup for double wire submerged arc welding.

3.2.1 Heat Input Calculations
The heat input is a very important parameter affecting the efficiency of the
welding process. Therefore, it was important in this study to determine the heat input
first before performing any testing. It was calculated using the following formula:

Heat Input (H) (KJ/mm) =

KVI
1000 S

(3.1)

where V = the welding voltage (V), I = the welding current (amp.), S = the welding
speed (mm/s) and K = the coefficient of welding efficiency, which is equal to 1 for
SAW.
Equation 3.1 can only be used for one wire welding process. If multiple wires
were used, the heat input would be calculated separately for each wire, and the SAW
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process heat input would be equal to the total of the heat inputs for each wire (equation
3.2) [31].
Heat Input (H) (KJ/mm) =

KV 1I 1
KV 2 I 2
KV 3I 3
KVnIn
+
+
+ ……… +
1000 S1
1000 S 2 1000 S 3
1000 Sn

(3.2)

where n is the total number of wires that had been used. The calculated heat input for the
weldments are given in Table 3.5.

Table 3.5. Summary of SAW heat input for all the welds
Weldment

No. of
Wires

Weld
Speed

Weld

Heat Input

Heat Input

Total Heat

Pass

st

for 1 Wire

nd

for 2 Wire

Input

(kJ/mm)

(kJ/mm)

(kJ/mm)

1st

1.595

/

1.595

2nd

1.813

/

1.813

1st

1.371

/

1.371

2nd

1.558

/

1.558

1st

0.970

0.830

1.8

2nd

1.271

0.974

2.245

1st

0.761

0.720

1.481

2nd

1.059

0.807

1.866

1st

0.806

0.756

1.562

2nd

1.023

0.727

1.750

(mm/s)
X1
X1-b
X2
X3
X4

3.3

1
1
2
2
2

16.93
19.69
25.4
29.63
33.87

Experimental Apparatus and Procedure
The quality of the various welds was investigated using weld geometry

measurements as well as non-destructive testing methods (NDT) including visual
inspection, radiography testing and ultrasonic testing. The mechanical properties were
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evaluated using tensile testing, Charpy impact testing, lateral expansion measurements,
and microhardness measurements. Optical microscopy (OM) and scanning electron
microscopy (SEM) were used to study the weld microstructures and the fractured
surfaces of the Charpy samples. The inclusions in the weld metal as well as the parent
metal were analyzed, and their morphologies and distributions were investigated.

3.3.1 Non-destructive Testing
The welded coupons were first visually inspected, and then further examined
using radiography inspection. For some of them, ultrasonic testing was performed to
double check the radiography results. This is when some confusion occurred.

Visual Testing
The welded coupons were visually inspected using a light source and a
magnifying glass. The surface conditions, the weld bead shape and alignment were
checked. The presence of surface defects such as undercut, cracks and burn-through was
also investigated. The evaluation method and acceptance criteria followed the API
specification 5L for linepipe [67]. Images of the welded coupons were acquired, and the
surface defects were located. The depth of undercut defects was measured, and the
averages of the depth were recorded. The undercut ratio was determined by dividing the
length of undercut in the weld bead by the whole length of the welded coupon.

Radiography Testing
In this test, a gamma source, Iridium 192 (Ir 192), was used to generate gamma
radiation, which penetrates the weldments and left a trace on a radiography film. Figure
3.5 shows the gamma source and the setup of the experiment, while Figure 3.6 is a
sketch of the setup of the radiography source as well as the image quality indicators
(IQI). The focal spot size of the radiographic source was 279.5mm, the distance from the
source to the film was 495.3mm, and the exposure time was 1:10min. Agfa D4 film
(114.3mm x 431.8mm) and IQI wires type B with a diameter of 0.51mm were used. For
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each welding coupon, the test was performed in two steps. The first test was done on the
first half of the plate, and the second test was done on the second half. Due to the size of
the radiographic film, which could not cover the whole length of the plate two films
were used for each coupon. The films were developed, and interpreted using the X-Ray
Illuminator Model 187A view box. The test was carried out according to the API
Specification 5L for linepipe [67].

Figure 3.5. Typical radiography experimental setup.

γ Source

IQI Wire
IQI Wire

495.3mm

The Plate

The Film

Figure 3.6. A sketch of the setup of the radiography source, and film.
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Ultrasonic Testing
Ultrasonic test was carried out to detect the internal flaws in the weld. It was
performed on two weldments (X1-b and X3) to double check the radiography results.
Panamertics Epoch III Model 2300 ultrasonic flaw detector (Figure 3.7(a)) was used,
with ultragel II couplant, and 45o, 600 and 700 probes (Figure 3.7(b)). The calibration
was done on a ΙΙW type Ι reference block and on a 16mm thick X80 reference block
using V106 straight beam probe. The approximate value of the ultrasound velocity in the
material was 580m/s. The gain was adjusted so that the first peak was approximately
80% of the full screen height, and the gate for acceptance level was between 20 and 40%
of the screen height.
The weld metal and 2mm of adjacent parent metal on each side of the weld were
inspected. The ultrasonic test and the acceptance criteria were performed in accordance
with the API Specification 5L for linepipe [67].

(a)

(b)

Figure 3.7. (a) Panamertics Epoch III model 2300 ultrasonic flaw detector, (b) ultrasonic
probe.
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3.3.2 Weld geometry measurements
In addition to the NDT testing, it was important to measure the weld geometry,
and compare it with the weld geometry standards to decide whether the weld is
acceptable or not. This test is considered to be very effective way to determine the
welding performance by investigating the effects of SAW parameters on the weld
geometry and appearance.
In this experiment 10 measurements were made in each plate. Figure 3.8
indicates the position of the measurement points. The measurements were done in an
area where there is no weld tack or a beginning or ending of a weld, or any weld defect.
The weld width, bead reinforcement, penetration depth, contact angle, deposition area,
total area of the weld for each pass, as well as the HAZ size, were measured (Figure
3.9). The contact angle, also known as the reinforcement angle is the angle between the
reinforcement and the plate surface. It was measured from the two sides of the weld (θ1,
θ2), and the average of the two angles is considered as the weld contact angle [θ = θ1+
θ2)/2]. The HAZ was measured near the surface, because it is wider near the surface, and
becomes narrow as it penetrates the thickness of the plate. It was measured from the two
sides of the weld (H1 and H2) and the average of the measurement was taken as the
HAZ.
The weld geometry measurement was done using two methods:
i-

Physical Measurement on the Plates:
This is done on the plates before cutting them, using a digital caliper to
measure the weld width and reinforcement, and a protractor to measure the
contact angles (Figure 3.10). With this method it was not possible to measure
the total area of the weld, penetration width and HAZ size. Measurements
were made in the locations indicated in Figure 3.8.

ii-

Computer Aided Measurements on Polished Cross Sectional Samples:
In this method, the measurements were taken on 12 transverse cross
section samples (three samples from X1 weldment, 3 from X2 weldment, 3
from X3 weldment, and 3 from X4 weldment). The samples were prepared as
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standard metallographic samples. The sample preparation method will be
described later in section 3.3.8. The samples were etched with a solution of
4% Picric acid, 4% Nitric acid in Methanol. Three measurements were taken
of each sample. The measurements were done using low magnification
microscope (10X) and Clemex image analysis software to measure the weld
bead width, reinforcement, penetration depth, contact angle, deposition area,
total area of the weld, and HAZ size. Figure 3.9 illustrates the measurements
in one of the samples.

Tack

Figure 3.8. Geometry measurement locations. Arrows show the locations. The areas
enclosed by squares were excluded from the measurements.
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W
θ2

θ1

R

TW

P

H2

H1
D

Figure 3.9. Example of computer aided measurement on transverse polished sample.
P: penetration depth, W: bead width, R: bead reinforcement, H1 and H2: the HAZ size at
the weld bead sides, θ1 and θ2: the contact angle at the weld bead sides, D (the area
marked in blue): the deposition area, and TW (the area surrounded with yellow): total
area of the weld.

b

a

Figure 3.10. Physical measurement method tools. (a) Protractor used to measure the
weld contact angle. (b) Digital caliper used for weld geometry measurements
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3.3.3 Tensile Testing
Tensile test was performed at room temperature using computerized InstronTM
Universal Testing Instrument (Floor model 5500R) interfaced with a Bluehill 5500
Retrofit system (Figure 3.11). The cross head speed used was 5 mm/min and the initial
strain rate was 0.1/min. The gauge length was 50mm, and a 50.8 extensometer was used
to measure the extension. It was positioned in the center of the specimen so that it could
record the extension in the weld metal as what is shown in figure 3.11.
The tensile samples were prepared according to ASTM A370 [68] standard for
tension test specimens for large diameter tubing. Figure 3.12 (a) shows the dimensions
of a typical tensile test specimen. Each specimen was machined so that it would have the
weld seam, HAZ, and parent metal in the gauge length region, in which they are all
exposed to almost the same stress. In order to obtain the proper number of samples, the
welded samples were cut parallel to the rolling direction while the parent samples metal
were cut perpendicular to the rolling direction (see figure 3.12(b)). The specimens were
initially etched with 6% Nital (6% nitric acid and water) to help distinguish between the
three regions (weld metal, HAZ and parent metal) so that it would be easy to determine
where the specimens broke after testing, and to determine which area had lower tensile
properties. Both defective and non-defective specimens were tested in this study to
ascertain to what extent defects affected the mechanical properties of the weld. The
tensile testing was performed on 18 specimens: three specimens from each weldment
(X1, X2, X3, and X4), three parent material specimens, and three X4 specimens with
severe undercut and lack of fusion defects.
Stress vs. strain curves were obtained using the Bluehill software, and tensile
properties such as ultimate tensile strength, yield strength at 0.2% offset, tensile strains
at maximum load, and Young’s Modulus were determined.
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c
f

b

a

d

e

b

Figure 3.11. Instron tensile testing machine. (a) specimen, (b) tensile machine jaws, (c)
control panel, (d) extensometer, (e) computer monitor (f) deformation direction.

228mm
58mm

16mm

c

9.5mm

50mm

Section c-c

12.8mm

R2

5m

m

c

a
Rolling Direction
WM

PM

WM

WM

WM

PM

WM

PM

b

Figure 3.12. (a) Sketch of the tensile test specimen. (b) Sketch of the samples cutting
method.
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3.3.4 Charpy Impact Testing
This test is performed to determine the behavior of the welded joints when
subjected to application of an impact load on a notched specimen resulting in multiaxial
stresses. Because Northern pipeline operates bellow 0oC, the test was performed to
insure the ductile-to-brittle transition temperature (DBTT) is sufficiently below this
operating temperature to provide a measure of safety. It was carried out at different
temperatures. The aim was to obtain full (DBTT) curves for the material tested using
data from absorbed energy and lateral expansion measurements. From these, the upper
and lower shelf energies (USE and LSE) were calculated. The impact toughness of the
weld metal, HAZ, and parent metal was evaluated. The effect of SAW speed on the
impact toughness was also investigated.
During the test, the samples were struck with a high energy pendulum (750 J).
The energy absorbed during the fracture was recorded. The test was performed using a
Roell Amsler PSW 750 impact tester. The samples were cut, transverse to the weld axis,
from an area free of defects (Figure 3.13), machined and prepared according to ASTM E
23 standard [68] (Figure 3.14). The samples had the following dimensions: 10mm x
10mm x 55mm. The number of samples per welding condition is indicated in Table 3.6.
The specimens were etched to distinguish the weld metal and HAZ using 6% nital. Half
of the specimens were notched in the weld metal center perpendicular to the surface of
the weld, while the rest were notched in the HAZ perpendicular to the material surface.
The notch in the HAZ was made to include as much of HAZ as possible. The notch was
also positioned to initiate fracture in the CGHAZ, which is the most brittle area in the
HAZ. The notches were 2mm deep and had a 0.25 mm radius, and the total notch angle
was 45o. The notches were made to localize the applied stress. Samples from the parent
metal were also tested to compare their impact toughness with that of the weld metal and
HAZ samples.
AS the test was performed at different temperatures, a part of the group of
specimens was heated in an air furnace to temperatures of 60 and 100 0C, and part of the
group was cooled in methanol and dry ice to -15, -30, -45, and -60 0C. Some samples
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were soaked in liquid nitrogen to reach the minimum temperature of -196 0C, and some
were tested at room temperature (20oC).
Charpy curves of average absorbed energy with temperature were generated. The
absorbed energy data obtained were compared with IPSCO’s target of 80J for the
minimum energy at -20oC [69]. The ductile-to brittle transition temperature (DBTT) was
obtained for each curve using the Average Energy Method [70]. In this method, the
generated Charpy curves are used to determine the upper and lower shelf energies. The
average energy of the two shelves was calculated and located on the energy scale. A line
was generated from this point on the curve down to the temperature scale to find the
ductile-to brittle transition temperature. This method is illustrated in chapter 4 in Figure
4.53.
The fractured samples were used to measure the lateral expansion. The fracture
morphology was analyzed using a JOEL JSM-5800 scanning electron microscope.

Figure 3.13. The area from which Charpy impact samples were cut. The red marked
sections were excluded because they were shown by NDT to have weld defects.
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V-notch

WM

RD
PM

HAZ
(a)
WM

RD
PM

HAZ
V-notch

(b)

Figure 3.14. Schematic diagram of the Charpy V-notch specimen [23]. (a) The notch is
located in the WM, (b) The notch is located in the HAZ.

Table 3.6. Number of Charpy V-notch specimens prepared from each weldment.
Plate No.

Specimens with

Specimens with

notch at WM

notch at HAZ

X1

22

21

X2

24

24

X3

21

21

X4

21

21

PM

25
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3.3.5 Lateral Expansion Measurements

Lateral expansion is a measure of the ductility of a broken specimen. It can be
measured on ductile specimens. When a ductile metal is broken, it deforms plastically
before breaking. The amount by which the specimen deforms is measured and expressed
in millimetres of lateral expansion. In this study, the amount of expansion on the
fractured Charpy V-notch samples was measured according to ASTM standard E23-83
[68] using the apparatus shown in Figure 3.15.
Each half of the broken sample was checked for the presence of any burrs. The
burrs were removed using emery paper; this was done in a way that the protrusion,
which needs to be measured, was not rubbed with the emery paper. The amount of
expansion on each side of each half was measured relative to the plane defined by the
undeformed portion of the specimen. The expansion was measured using a lateral
expansion gauge (Figure 3.15). The two broken halves were placed together, facing one
another (Figure 3.16). The measurement was done by taking one half and pressing it
firmly against the reference support of the lateral expansion gauge, and then recording
the gage reading. The same step was repeated with the other broken half for the same
side of the specimen. The higher reading of the two is the expansion of that side of the
specimen. The same procedure was repeated to measure the expansion on the opposite
side. The larger values obtained from each side were added to calculate the lateral
expansion for the specimen. This measurement method is illustrated in Figure 3.16.
The lateral expansion (LE) = max (A1, A2) + max (A3, A4)
If A1 is greater than A2, and A4 is greater than A3, then LE = A1 + A4.
If the Charpy sample did not break during the test, LE can not be measured.
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(3.3)

Figure 3.15. Dial indicator was used to measure the lateral expansion of the specimen

Lateral
Contraction
A1

No expansion
Brittle
Fracture

A3

Lateral expansion

A2

A4

Lateral
Contraction
Ductile Fracture
Figure 3.16. Schematic diagram clarifying the lateral expansion measurement.

3.3.6 Microhardness Testing
This test is made by applying a local load by means of a diamond indenter that
produces a localized plastic deformation.

The resulting indentation is measured to

obtain the hardness number. In this study, hardness measurements were conducted using
a Clemex JS-2000 Vickers microhardness tester (see Figure 3.17). The test load was
200g and the test time was 15 seconds. Three samples of each welded coupon and the
parent metal were used. The samples were ground, polished according to ASTM
standard E3 [68], and etched with a solution of 4% Picric acid, 4% Nitric acid and 92%
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Methanol to reveal the various zones of the weldment. The hardness of the various
microstructural regions, such as the CGHAZ, FGHAZ, fusion zone, and parent metal
were measured. Figure 3.18(a) illustrates the locations where hardness measurements
were acquired. Five measurements were taken in each position. The measurements were
taken in the first pass, second pass and mid section of the weld. Figure 3.18(b) shows
typical hardness impressions obtained in different zones. Vickers hardness traverses for
the welded joints were also generated following BS 4515 standard.

Figure 3.17. Clemex JS-2000 microhardness tester
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WM

HAZ

b

a

Figure 3.18. (a) The hardness indentations locations in different regions. (b) Example of
indentations in WM and HAZ.

3.3.7 Metallographic Examinations
Since the welding process is a heat treatment for the metal, welding parameters
make a significant contribution to developing the resultant microstructure, and therefore
on the mechanical properties of the weldment. The microstructure of the weld metal and
HAZ depends on the cooling rate, grain size and the presence of non-metallic inclusions
in the metal. On the other hand, the cooling rate depends on both heat input and travel
speed. The resulting microstructures of the weld metal and HAZ have a significant effect
on the mechanical properties. Therefore, a microstructural examination of the welded
part is essential in studies like this one.
Three samples of each welded coupon as well as three samples from parent metal
were used to give representative results. Each sample contained the fusion zone, the heat
affected zone, and the unaffected base metal. The samples were prepared as per the
standard metallographic techniques of ASTM E3 [68]. The preparation included the
following steps:
1. Sectioning
Each sample was cut transverse to the welded joint. Each section included the
fusion zone, the heat affected zone, and the unaffected base metal. The sectioning was
conducted on a Buehler Abrasimet abrasive Cutter.
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2. Grinding
Grinding was done in two steps. In the first step, the samples were rough ground
using a LECO BG 20 belt grinder with 120 grit silicon carbide paper. In the second step,
they were ground on a Buehler Handimet II roll grinder using different grit silicon
carbide papers (240, 320, 400, 600). After each grinding step, the specimens were
rotated 90o. Between each grinding step, the specimens were rinsed with water followed
by Methanol. The grinding was done so that all the scratches on the samples disappeared
after the grinding process.
3. Polishing
Polishing was performed over two steps. In the first step, the samples were
polished using 6 micron diamond paste on a polishing wheel that was covered with HS
Blue polishing cloth. In the second step, they were further polished using one micron
diamond paste and nylon cloth (PRESI RAM). Between each polishing step the samples
were rinsed with Methanol.
4. Etching
The samples were swabbed with cotton swabs that were wetted with an etchant.
The etchant was applied for 25 seconds to reveal the grain structure of the samples. The
samples were rinsed directly after etching using distilled water to avoid overetching.
The specimens were etched with two different etchants, namely, (i) standard 2%
Nital (2% nitric acid, and 98% water) and (ii) a solution consisting of 4% Picric acid,
4% Nitric acid and 92% Methanol. Micrographs of the weld metal etched with the two
of them are compared in Figures 3.19 and 3.20.
Etching with Picric acid- based etchant darkened acicular ferrite grains in the
weld metal, so that the lines of prior grain boundary austenite that resulted from the fast
cooling rates could be seen easily in Figure 3.20. In addition, areas that cooled at
different cooling rates could be distinguished due to the difference in grey scale; for
example in Figure 3.20, it can be seen that the area on the left side of the micrograph is
darker than the area on the right side because they experienced different cooling rates.
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Due to the better clarity of micrographs etched with Picric acid-based etchant, it was
decided to use it to etch all the specimens in this research.

Figure 3.19. Micrograph of X2 second pass WM (M:500X, etchant: 2% Nital).

Figure 3.20. Micrograph of X2 second pass WM (M: 500X, etchant :4% Picric acid, 4%
Nitric acid in Methanol). The arrows show the dendrite lines.
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5. Drying and observation
The metallographic samples were dried using a low heat dryer and kept in the
dissector to avoid atmospheric corrosion. They were afterward viewed using a high
resolution optical microscope to study the microstructural changes in the weldments.
Some samples cut from the defective area were scanned and their photographs were used
to evaluate the quality of the weld and show the defects. The macroscopic study was
done using the Q Imaging MicroPublisher 5.0 camera interfaced with a Clemex image
analysis software (Figure 3.21). The microscopic study was performed using Zeiss
Axioplan microscope (Figure 3.22). Micrographs of the specimens were acquired at
various magnifications from different regions of the specimens. The microstructural
constituents of each region were observed.

Figure 3.21. Q Imaging Micropublisher 5.0 Camera used for acquiring macrographs of
the welded joints.
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Figure 3.22. Zeiss Axioplan microscope equipped with Clemex image analysis software

3.3.8 Scanning Electron Microscopy (SEM)
Scanning electron microscopes provide high resolution as well as high
magnification that allow imaging of fractured surfaces and non-metallic inclusions with
high quality images. The JOEL JSM-5800 SEM used in this study (Figure 3.23) was
equipped with an EDAXTM energy dispersive X-ray spectroscopy (EDS) system, which
enables the chemical analysis of different phases, and inclusions.
The broken Charpy V-notch specimens were analyzed using the SEM to
determine the mode of fracture. Twelve samples were chosen from the fractured WM
specimens, so that the three different fracture surface modes (ductile, brittle, and ductilebrittle) could be ascertained from each weldment (X1, X2, X3 and X4). Another set of
twelve samples was taken by the same means from HAZ fractured samples. Three
samples of the parent metal were observed too. Table 3.7 shows the classification of the
specimens for the SEM study. The samples were sectioned to 5mm thicknesses using a
Buehler 11-1180 Low Speed Saw. They were then attached to small sample holders
using a carbon tape.
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Table 3.7. Number of specimens used for SEM study.
No. of samples

No. of samples with

No. of samples with

No. of samples with

ductile fracture

brittle fracture

ductile-brittle
fracture

WM

4

4

4

HAZ

4

4

4

PM sample

1

1

1

Figure 3.23. JOEL JSM-5800 SEM equipped with EDAX EDS system.

3.3.9 Determining the Inclusion Content
The non-metallic inclusions, such as carbides, nitrides and sulfides, that were
observed in the SEM and analyzed using EDS were determined and categorized based
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on similarity in morphology. The test was performed according to ASTM 1245 standard
[68].
Polished, non-etched standard metallographic specimens were used. Three
specimens from each welded joint and from the parent metal were investigated for
inclusions. The inclusions were examined using an optical microscope (Zeiss Axioplan
TM

microscope) at 500X magnification. High magnification was chosen to ensure the

inclusions were seen very well. The Clemex image analyzer version PE 5.0 was used to
discriminate the inclusions. Each specimen’s surface was divided into 10 fields of view.
The fields were aligned contiguously in order to prevent overlapping. For weld metal
analysis, each field included the first and second pass weld metal. The inclusions were
detected and specified based on the difference in their gray-level intensity. The number
of inclusions per unit area was counted, and their length and width were measured. The
inclusions were spherical particles. Their projection on the optical microscope was
circular, so they were treated as circles to enable their sizes to be determined. Therefore,
the equivalent diameter of a typical inclusion (d) was calculated from the measured
surface area (A) using the following equation:

Diameter (d) =

4A

(3.4)

π

A bin range was chosen for each diameter starting from zero up to 10, depending
on the largest diameter inclusion in each sample. Frequency histograms of inclusion
diameter were developed, from which the cumulative percentage was calculated.
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CHAPTER 4

4. Experimental Results and Discussion
The purpose of the experiments described in chapter 3 are presented and
discussed. The effect of welding speed and number of welding wires (wires) on the
quality and properties of X80 steel weld will be clarified.

4.1 The Effect of SAW Speed on the Weld Quality
4.1.1 Non Destructive Testing Results

Table 4.1 summarizes the results obtained from visual inspection of the
weldments. It was observed that the shape of the weld bead obtained during the first pass
was uneven. Undercut appeared at high travel speed in most of the weldments in the first
pass. In the second pass, due to the high interpass temperature, one has enhanced the
wire melting. This resulted in smooth weld beads with high weld reinforcement. The
flux was easily removed, and sometimes it actually lifted up from the weld bead right
after the welding operation was completed. According to API-5L standard, any
reduction in the thickness of the welded joint that exceeds 1mm or 5% of the thickness
of the plate, whichever is smaller, should be recorded. In this study, any undercut that
was less than 5% of the plate thickness (0.8mm) was acceptable.
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Table 4.1. Visual testing results
Weldment Weld Pass
X1

1st

Observations
The weld bead started uniform in shape, then almost in the
middle of the plate, the reinforcement began to decrease on
both sides of the weld (due to arc instability). There was
centerline shrinkage at the end of the plate due to thermal and
mechanical-induced strains during solidification.

X1

2nd

Same as first pass, except that the weld had slightly higher
reinforcement.

X1-b

1st

Very low weld deposition height (flush with the plate), and in
some locations it was lower than the plate thickness. Undercut
(UC) defects occurred, with deepest being 1.56 mm.

X1-b

nd

2

Uniform weld bead with sufficient reinforcement and about
6% undercut distribution.

X2

1st

Uniform weld bead with adequate reinforcement; no weld
defects were observed.

X2

2nd

Uniform weld bead with higher reinforcement than the first
pass. No defects were recorded.

X3

1st

Uniform weld bead in most of the plate, with adequate weld
reinforcement and 30% UC distribution, which went as deep as
0.84mm.

X3

nd

2

Uniform weld with high reinforcement. No defects were
observed.

X4

1st

Thin uneven weld bead with low height and almost continuous
UC located on both sides of the weld and covering about 78%
of the welded coupon. Some UC defects were as deep as
1.785mm.

X4

2nd

Uniform weld with high reinforcement. The weld had UC
defect, which covered up to 25% of the weld bead with the
deepestUC being 1.458mm.
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From Table 4.1, it was found that weldment X2 had the best weld quality with no
defects observed visually (see Figure 4.1) due to the application of high heat input, while
weldment X4 had a severe deep undercut (UC) in the two weld passes as shown in
Figure 4.2. This UC was the result of the rapid speed, which prevented proper filling of
the welding groove. Weldment X1-b showed low weld quality, because the deposition
was not enough to fill the groove as shown in Figure 4.3. This was likely due to the low
heat input that was used during the welding operation. Whereas, the welds in X1 and X3
were acceptable by the standard, even though UC was observed in X3 (see Figure 4.4),
and even though there was low reinforcement in some areas and centerline shrinkage at
the end of the weld in X1 (see Figure 4.5).
The results in Table 4.1 proved that raising the welding travel speed from 16.93
to 19.69 mm/s resulted in a lack of filling and metal fusion, which caused a low wire
melting rate. Therefore, there was not enough wire melted to fill the gap, which made it
necessary to use additional wire. This was clear in comparing X1-b with X2 weldment,
in which the traveling speed was raised from 19.69 to 25.4mm /s, and a second wire was
used with the 25.4mm/s welding speed resulting in a uniform weld bead with enough
filling and no undercut. On the other hand, increasing the speed from 29.63mm/s to
33.87mm/s in the two wires welding resulted in less metal melted and almost continuous
UC from the two sides of the weld in X4 weldment. It can be concluded from the above
that increasing the welding speed could be harmful to the weld quality if the speed rose
above certain limits. This puts a limit on the speed that should be used on both single
wire SAW, and double wire SAW, so that the speed should not exceed 16.93 mm/s in
single wire, and 29.63 mm/s in double wire SAW to prevent the UC and keep acceptable
weld quality.
In all the weldments, it was observed that the weld obtained during the second
pass had better filling, higher reinforcement and less UC defect than that obtained in the
first pass. This is shown in Figure 4.6. This was due to the fact that the interpass
temperature of the plate was still high, which facilitated the fusion process, and helped
melt more material.
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Figure 4.1. Picture of weldment X2 shows uniform weld bead with no surface defects.

Figure 4.2. Picture of weldment X4 showed continuous undercut.

Figure 4.3. The weld bead of weldment X1-b flushed with the plate and suffered from
lack of filling at the beginning of the weld.

Figure 4.4. Undercut defect in weldment X3.
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Figure 4.5. Low reinforcement and centerline shrinkage in weldment X1.

X1
X1-b
X2
X3
X4
Figure 4.6. Weld beads obtained during the second pass for all the weldments.

The average undercut depth (UD) was measured, the maximum depth (MUD)
was recorded, and undercut ratio (UR) in each weldment was estimated. The averages of
the depth measurements, as well as the ratios are given in Table 4.2.
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Table 4.2. Average undercut depth and undercut ratio in the weldments
Weldment

No.

S

of

mm/s

Wires

1st Pass

2nd Pass

UD

MUD

UR

UD

MUD

UR

(mm)

(mm)

(%)

(mm)

(mm)

(%)

X1

1

16.69

0.473

0.741

9.375

0.204

0.314

4.375

X1-b

1

19.69

0.679

1.201

63.63

0.255

0.371

6.25

X2

2

25.4

0

0

0

0

0

0

X3

2

29.63

0.907

1.591

28.125

0.507

0.841

12.5

X4

2

33.87

1.156

1.785

78.12

1.04

1.458

43.75

It can be seen from Table 4.2 that weldment X1 has a lower UD and UR over the
two passes compared to X1-b. This was due to the fact that lower speed (16.93mm/s)
was used to weld X1 enabled more time for the fusion process, and resulted in lower
UR, while in the case of X1-b, deep undercuts, which were deeper than the acceptable
limit (1.201 mm) were observed. X1-b weldment was produced with a high welding
speed (19.69 mm/s), which resulted in reduced fusion time, therefore less wire and metal
were melted to fill the gap, which in turn lowered the deposition rate and reinforcement
height. The contact angle increased as a result of this forming a steep weld bead. This
resulted in increased surface tension of the molten metal along the direction of the
surface, where the weld bead peaked. As a result of this, the molten metal was drawn
from the edges to the center of the weld bead [6, 12, 17, 18, 20]. Increasing the travel
speed raised the cooling rate. This did not allow enough time for the molten metal that
was drawn to the center to flow back to the edges. Therefore, UC appeared along the
edges of the weld [6, 12, 17, 18]. It was also observed that the faster the cooling rate, the
deeper was the resultant UC. In a same manner, weldments that were welded with two
wires have shown similar behavior. Weldments X4 and X3 experienced UC defects with
depths above the acceptable limit. Weldment X4 had the highest UR in both the first and
second passes, whereas X3 suffered from relatively high undercut average in the first
pass. On the other hand, X2 did not have any undercut defects
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When the relationship between the welding speed and UR was plotted in Figure
4.7, it was clear from the resulting curves that the higher the welding speed, the higher
the possibility of the presence of UC in the welded joint in both single and double wire
welding in the two passes. Figure 4.8, which shows the relationship between UD and
welding speed, also supports this observation.
To overcome this problem with single wire welding, a second wire was added to
increase the fusion rate, as in the case of weldment X2, which showed no UC defect.
However, as the welding speed increased, the UC began to show up again. The depth
increased from 0 mm in X2 to 1.785mm in X4 for the first pass. This behavior was
monitored in the second pass as well, and it was again found that the high speed resulted
in deeper UC, but always the UD and UR were lower in the second pass due to the effect
of the high interpass temperature.

100
1 wire-1st pass
2 wire-1st pass
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1 wire-2nd pass

Undercut Ratio (%)
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Speed (mm)

Figure 4.7. Effect of welding speed on undercut ratio
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Figure 4.8. Effect of welding speed on average undercut depth.

Figures 4.9- 4.13 show the radiographs obtained for weldments X1, X1-b, X2,
X3 and X4 respectively. Photographs of specimens cut from the same areas as the
radiographs are also illustrated in the same figures.
As shown in Figure 4.9, weldment X1 has UC defects on both sides of the weld,
with a total length of ~109mm. In the radiograph, the weld bead is very bright in the
center compared to the radiographs of other weldments (Figures 4.10 - 4.13). This is due
to high reinforcement in the center and low deposition on both sides of the weld during
the first pass (centerline shrinkage) as indicated by the arrows in Figure 4.9 (b).
In weldment X1-b, lack of penetration (LOP) in the center of the weld bead was
observed. It covered almost 300mm of the plate length (Figure 4.10). The LOP was
likely the result of a high welding speed that did not allow enough time for the fusion
process. Therefore the amount of molten metal and wire was not enough to fill the gap.
The weldment also had UC defects that covered a total length of ~ 547mm on both sides
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of the weld bead. Porosities in X1-b weld metal (a and b in Figure 4.14), with lengths of
approximately 5mm and 1mm respectively were discovered; although the porosity is not
considered to be a severe defect with these lengths, however it is still an indication that
the travel speed was excessive, as there was not sufficient time for gases to boil out of
the molten weld; these were trapped in the weld forming porosity [12, 18]. According to
API-5L standard [67], weldment X1-b was rejected, due to the severe LOP.
In contrast, no defects were observed in the radiograph of X2 weldment (Figure
4.11), while the radiograph of weldment X3 in Figure 4.12 showed UC on both sides of
the weld. The total length of UC on the two sides was ~ 320mm. It also showed two
weld beads that overlapped at different angles. At the beginning one might think that it
is one weld bead with poor penetration, but when one looks closely at the figure, one can
see that the two weld beads are not properly aligned. It can be seen in Figure 4.12 (b)
that the two weld deposits are not perpendicular to each other probably because the weld
edge preparation was not done well. This does not mean that the two welds did not
penetrate, but rather that the penetration might not be enough. In this case further testing
should be done.
In weldment X4 (Figure 4.13), there is UC on both sides of the weld bead. The
radiograph shows that the UC is having a darker color than the ones that were found in
the other weldments (X1 and X3 in Figures 4.9 and 4.12, respectively) indicating that it
is very deep. This UC appears to be continuous along most of the length of the weld
bead. It covers a total length of about 954mm on both sides of the weld bead. This plate
also suffered from LOP. Although the LOP covered a small section of the weldment (~
140 mm), but still this defect is severe and unacceptable by the standard. This area of the
welded joint was excluded from further study, to avoid getting misleading results. The
LOP with severe undercut proved that the welding speed was evidently very fast, and the
heat input was insufficient to provide the required fusion.
In accordance with API-5L specifications [67], weldment X4 was rejected due to
continuous, deep UC. Although this weldment was rejected by the welding acceptance
standards, it was kept for further mechanical and microstructural evaluation, in which
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the weld bead reinforcement will be removed; therefore the testing specimens will not be
affected by the undercut.

a

b

Centerline Shrinkage

Figure 4.9. Radiograph and cross section of weldment X1. (a) Radiograph shows the UC
defect on both sides of the weld bead. (b) Centerline shrinkage in weldment X1.

a

LOP
UC

LOF

b
Figure 4.10. Radiograph and cross section of weldment X1-b. (a) Radiograph showing
LOP in the middle of the weld bead. (b) Evidence of LOP, LOF, and UC in X1-b.
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a

b
Figure 4.11. Radiograph (a) and cross section (b) of weldment X2.

A

B

a

b
Figure 4.12. Radiograph (a) and cross section (b) of weldment X3 showing the
misalignment between the weld beads (sections marked with black and white broken
lines). The arrows show UC defect.
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a

b
Figure 4.13. Radiograph and cross section of weldment X4. (a) The arrows show the UC
and the broken black line indicates LOP in the weld bead. (b) Deep UC on both sides of
the weld.

a

b

Figure 4.14. Porosities in weldment X1-b appear as dark spots in the radiograph (a and
b).
A relationship between heat input and LOP ratio for weldments X1-b, X2 and
X4 is illustrated in Figure 4.15.
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Figure 4.15. The relationship between heat input and lack of penetration ratio for X1-b,
X2, and X4 weldments.

From the figure, one can see that increasing the heat input allowed more metal
melting, and resulted in decreasing the LOP ratio.
From the above results, it can be concluded that weldment X2 has the best weld
quality, which means that the welding parameters allowed complete penetration and the
speed was not too high to produce undercut in the weld, while X1-b and X4 had poor
weld quality due to using excessive welding speed, whereas weldment X1 and X3 have
acceptable weld quality as a result of using relatively lower welding speeds.
After radiography, it was decided to keep weldments X1, X2 and X4 for
mechanical and microstructural evaluations. Weldments X1-b and X3 needed to go
through further inspection before deciding to keep them or reject them. Ultrasonic
testing was performed on these weldments to see how deep the LOP in X 1-b is, and to
determine if the misaligned weld beads were penetrated or not in X3.
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Weldment X1-b was inspected in the area that revealed LOP in the radiograph.
Ultrasonic peaks indicating LOP were recorded at the average depths of 7mm, 8.6mm,
10mm, and 11.8 mm below the first pass surface. These LOP defects covered lengths of
50mm, 126mm, 70mm, and 47mm respectively. Figure 4.16 shows an example of the
resulted peaks on the Epoch III display screen.
For weldment X3, the same defect (Figure 4.17) was recorded over the entire
length of the weldment with a depth of ~11.46mm below the first pass surface. Since the
depth of the defect remained constant, it is clear that this is simply the other weld bead
from the second pass, and it was recorded, because the two beads did not overlap
properly. If it was a LOP, it would not have the same depth over the entire length of the
weldment. It would vary from place to place depending on the amount of fusion in each
part of the plate.

Acceptance Level
LOP
LOP

Figure 4.16. Examples of ultrasonic peaks indicating LOP in weldment X1-b
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2nd bead
Acceptance Level

Figure 4.17. Ultrasonic peak indicates the second weld bead in X3 weldment.

From the above figures, it was clear that X1-b had severe LOP. It was decided to
exclude this weldment from further study, because LOP significantly decreases the weld
cross section area, which can result in reduction in the strength and toughness of the
weld [6]. On the other hand, it was agreed that X3 would be tested for mechanical
properties, since the defect is not considered severe compared to the LOP. Weldment X3
was also kept to explore the effect of the weld bead misalignment on the properties of
the weld.

4.1.2 Weld Geometry Measurements

Two measurements methods were used to obtain geometrical information of the
weldments, namely, physical measurement and computer aided measurement. Upon
examining the results of the two methods, the computer aided measurement results were
found to be more accurate and reliable. This led to the discarding of the physical
measurements data.

Figure 4.18 illustrates the accuracy of the computer aided

measurement method on measuring the total area of the weld on a defective sample.
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Figure 4.18. Computer aided measurements on a defective X4 sample shows how
precisely the total area of weld was measured.

The relationship between weld travel speed and weld bead width, reinforcement,
penetration depth, contact angle, deposition area, total area of the weld, and heat affected
zone size were studied. The results of this study are displayed in Figures 4.19 – 4.25.
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Figure 4.19. Effect of welding speed on weld width.
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Figure 4.20. Effect of welding speed on weld reinforcement.
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Figure 4.21. Effect of welding speed on the penetration depth.
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Figure 4.22. Effect of welding speed on the contact angle.
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Figure 4.23. Effect of welding speed on the deposition area of the weld.
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Figure 4.24. Effect of welding speed on total area of the weld.
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Figure 4.25. Effect of welding speed on HAZ size.

From the figures it can be seen that increasing the welding speed resulted in a
reduction in weld bead width, reinforcement, penetration depth, contact angle,
deposition area, total area of the weld, and HAZ size in most of the weldments. The
reason for this is that if the travel speed is increased, the time for the fusion and
solidification processes are decreased. This, in turn, will result in low filler metal
melting per unit length of weld and low heat flow [ 12, 18]. In contrast, reducing the
welding speed results in a higher amount of parent metal and wire melting, which
remains liquid for a longer time, allowing sufficient penetration, more deposition,
reinforcement and bead width, larger deposition area and weld metal area, and enhanced
heat outflow, which results in a bigger HAZ size [6, 12, 14, 17, 18]. On the other hand,
increasing the welding speed allows a big portion of arc energy per unit length to be
used in melting the base metal and wire, rather than expanding the heat beyond the
fusion zone. This produced narrower HAZ [12, 18, 22]. These results agreed with the
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literature [6, 12, 14, 17, 18, 22], in which raising the SAW speed was found to decrease
the penetration depth, width of weld bead, reinforcement, and deposition rate, and
reduces the size of the HAZ.
As what was found in section 4.1.1, using a higher welding speed increased the
tendency for UC, porosity, and uneven bead shapes, which tend to become steep. This
will result in decreasing the weld contact angle [12, 18]. The weld contact angle is a
measure of stress concentration at the fusion boundary [10]. If there is an undercut
defect, the weld contact angle will be small [10]. The smaller the contact angle the lower
the fatigue strength, and the higher the probability of cracking due to embitterment [10].
All the weldments agreed with these observations, except for weldment X4
(Figure 4.20 and 4.23), which suffered from severe undercut resulting from molten metal
located at the center of the weld bead, because of the high speed and fast cooling rate.
This resulted in weld bead with high reinforcement and deposition area in the first pass.
It was found in all the weldments that the second pass weld deposit had higher
values of geometrical parameters than the first pass, except for the contact angle, which
was smaller in the second pass. This is due to the fact that the inter-pass temperature
during the second pass was higher than during the first pass. Therefore the melting rate
was higher, which resulted in an even bead shape, high bead width, penetration,
reinforcement, deposition, total weld area. The high interpass temperature resulted also
in larger HAZ size than in the first pass.

4.2

The Effect of SAW Speed on the Microstructure of the Weld

4.2.1 Parent Metal Microstructure

Micrographs of the parent metal at various magnifications are illustrated in
Figure 4.26 It can be seen that the microstructure of X80 steel consists mainly of finegrained ferrite and pearlite. The rolling direction is clear in the Figures 4.26 (a) and (b).
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a

Rolling Direction

b

Rolling Direction
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c

Figure 4.26. Typical microstructure of parent metal, where the magnifications are (a)
M=25X, (b) M=200X and (c) M=500X.

4.2.2 Weld Metal

Weld metal microstructure was observed in four regions: the weld metal center
in first pass, the weld metal center in second pass, the weld metal overlapping zone
between the two passes, and the interface between the fusion zone and HAZ. Figure 4.27
illustrates these four regions for X2 welded joint.
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(a)

(b)

(c)

(d)

Figure 4.27. Typical microstructure of the welded joint. (Example of X2 at M=25X).
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In Figure 4.27 (b) and (d), the dendrites that were generated from the cooling and
solidification can be seen clearly. These are the same dendrites that were shown
previously in Figure 3.20. It can be seen that the cooling started from the edges and
moved to the center of the weld. At the edge of the weld in Figure 4.27 (a), the heataffected zone with different grain sizes (coarse and fine grains) could be distinguished.
The parent metal grains can be discriminated easily by following the rolling direction of
the grains. In Figure 4.27 (c), the overlap region between the two weld passes showed
microstructural transformation, due to the reheat of the first pass weld metal. These
regions look similar in low magnification for all the welded joints, therefore only one
micrograph was used to describe the microstructure at low magnification.
Figures 4.28-to-4.31 show the microstructures of the weld metal for X1, X2, X3,
and X4 weldements, respectively at 500X magnification. The microstructure consists
mainly of a large amount of acicular ferrite (AF) grains with interlocking nature, and
minor “veins” of grain-boundary ferrite (GBF). The interlocking nature of AF could be
seen clearly in Figures 4.30 and 4.31. This interlocking nature is known to be resistant to
cleavage and crack propagation. Figure 4.32 indicates how the interlocking nature of
acicular ferrite resists the crack propagation. Cracks find more resistance when traveling
in the AF structure than grain boundary ferrite structure.
The grain boundary ferrite (GBF) percentage and size in the microstructure
decreased as the welding speed increased. If we compare the microstructure of X1 weld
metal in Figure 4.28 with the microstructure of X4 in Figure 4.31, it can be noticed
clearly that in the X4 weld metal, the AF proportion increased having finer grain size,
and less GBF.
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GBF

AF

Figure 4.28. The microstructure of X1 weld metal in the first pass (M=500X)

GBF

AF

Figure 4.29. The microstructure of X2 weld metal in the first pass (M=500X)
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GBF

AF

Figure 4.30. The microstructure of X3 weld metal in the first pass (M=500X)

GBF

AF

Figure 4.31. The microstructure of X4 weld metal in the first pass (M=500X)
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(a)

(b)

Figure 4.32. Crack propagation in GBF structure (a), and AF structure (b) for X1 at
M=500X.

In the same manner, the microstructure of the weld metal in the second pass was
observed. It was found that the microstructure was similar to that for the first pass.
Figures 4.33 and 4.34 reveal the microstructure of second pass weld metal in X1 and X3
weldments. It can be seen here again that the GBF percentage and size are smaller in X3
compared to X1, and the AF grain size is relatively coarser in X1 than in X3. This
agreed with the observation that increasing the welding speed produced rapid cooling
rates, which helped transform the austenite into acicular ferrite, reduced the amount of
grain boundary ferrite, and formed a finer grain structure.
Comparing the resulting weld metal microstructure in the first pass for X1 and X3
(Figures 4.28 and 4.30) with the second pass microstructure for the same weldments
(Figures 4.33 and 4.34) revealed that the AF grains and GBF were finer in the second
pass than in the first pass. This is probably due to the cooling rates, which were slightly
faster in the second pass, or due to the residual stresses that were generated in the first
pass after the welding process that involved phase transformation. According to Dieter
[71], if strain-free grains are heated at temperatures greater than that required to produce
recrystallization, there will be progressive increase in grain size. Whereas, in the case of
the second pass, the grains were already deformed, due to the effect of the first pass
residual stresses. The greater the degree of deformation resulting from residual stresses,
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the smaller the recrystallized grain size [71]. Further investigations on this might be a
title for another thesis
In Figures 4.35 and 4.36, the reheated zone is illustrated. It can be seen that this
region was reheated during the second pass welding, and a transformation took a place
resulting in AF grain structure, and a big amount of GBF and polygonal ferrite (PF).
Comparing this region in X1 and X4 weldments did not really show a significant
difference.

GBF

AF

Figure 4.33. The microstructure of X1 weld metal in the second pass (M=500X)
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AF

GBF
Figure 4.34. The microstructure of X3 weld metal in the second pass (M=500X).

GBF

PF

AF

Figure 4.35. The microstructure of X1 reheated zone (M=500X)
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GBF

PF
AF

Figure 4.36. The microstructure of X4 reheated zone (M=500X).

4.2.3 Heat Affected Zone (HAZ)

The microstructure started to change at the edges of the fusion zone going
towards the parent metal. The structure was coarse grain structure HAZ (CGHAZ) near
the fusion zone, and as the distance from the fusion zone increased towards the parent
metal, the grains became finer forming a fine grain HAZ structure (FGHAZ), after a
distance from the FGHAZ. When the distance from the fusion zone is increased further
towards the parent metal, the parent metal grains start to appear, and their rolling
direction could be identified easily. This is the region that was not affected by the
welding process, and heat was not able to reach it. The region that was least affected by
heat input was the reoriented parent metal grain region, in which the grain structure did
not change, but the grains orientation was changed due to the effect of the heat input.
The CGHAZ and FGHAZ experienced different heat input and cooling rates. The first
one underwent high heat input, which enabled the phase transformation as well as
coarsening of the grains. The FGHAZ was less affected by heat due to it is location,
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which is relatively far from the weld pool. Therefore, the grains experienced phase
transformation, with minor coarsening. The HAZ regions are illustrated in Figure 4.37.

a

b

c

d

e

f

Figure 4.37. Transformation in weld metal, HAZ and parent metal (example X3 at M=
500X)
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PF
Bainite
Bainite

(a) CGHAZ in X1 weldment

(b) CGHAZ in X2 weldment

PF
Bainite

Bainite
100µm

(c) HAZ in X3 weldment

(d) HAZ in X4 weldment

Figure 4.38. Typical microstructure of CGHAZ in the four weldments at M =500X.

From Figure 4.38, it can be seen that the CGHAZ structure was mainly bainite
with minor grain boundary preuotectoide ferrite (PF). The bainite structure resulted

90

from the relatively fast cooling rates. The coarse grain structure is unfavorable due to its
embrittlement. It was likely formed due to the high interpass temperature that
accompanied the welding process, which enabled the grain growth [10]. As the speed
increased, the time for the fusion process decreased resulting in less grain growth.
The visual comparison between bainite grain size in X1, X2, X3 and X4
weldments using Figure 4.38 has shown that X3 and X4 have relatively smaller grain
size compared to X1 and X2. According to the literature, the fast welding speed resulted
in relatively high cooling rates that promoted the formation of finer grained HAZ and
less embrittlement [10]. Comparing the CGHAZ for the first pass and second pass in
each weld did not show any difference that can be detected visually. This was the same
result of comparing the FGHAZ in each weld, where it was difficult to differentiate
between the grain sizes. Measuring the grain size of the HAZ grains might be useful, and
gives more information.

4.3 The Effect of SAW Speed on the Mechanical Properties

4.3.1 Tensile Properties

The tensile testing was performed on eighteen specimens, and the averages of the
results were taken. Figure 4.39 illustrates the tensile stress-strain curves for the
weldments and parent metal (PM). It is obvious that all the tensile specimens gave
almost the same result. They all broke at the parent metal, even X4 defective samples
(Figure 4.40, 4.41), in which, the defects were serious, such as lack of fusion (Figure
4.41(c)), and deep undercut (Figure 4.40(b)). One could expect that the failure will start
at these defects, which are weak points in the weld, but instead of that, all the specimens
broke at the parent metal, and away from these defects indicating that the weld metal has
higher strength than the parent metal, therefore the stresses localized at the parent metal,
in which the yield started. This high tensile strength can be attributed to the weld
microstructure, which contains high proportion of AF, with very low amount of GBF.
Acicular ferrite characterizes high strength properties [34, 44, 46].
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Figure 4.39. Tensile stress - strain curves for the weldments and parent metal
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Figure 4.40. Example of tensile samples broke at the parent metal area.
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Fracture

Fracture

a
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Fracture

c

Figure 4.41. Examples of X4 defective tensile specimens. (a) front view of specimens
with undercut. (b) back view of the same specimens showing how deep is the undercut.
(c) sample with lack of side wall fusion.
The tensile yield strength at 0.2% offset for all the specimens was in the range of
596.13MPa, and Young’s Modulus was almost the same for all the samples (~ 229.895
X 103MPa). These tensile data were very close to the parent material tensile properties,
taking in mind that the parent metal samples were cut perpendicular to the rolling
direction, therefore it had relatively higher yield strength. This result proved that the
weld metal overmatched the parent metal. The wire that has been used in the welding
process (Lincoln LA-81) had a very close chemistry to the parent metal. According to
Huang et. al [14], Welding X80 steel with similar chemistry wire produces weld metal
with similar chemistry of the base metal. This weld can achieve tensile strength higher
than the base metal.
From Figure 4.39 and 4.42, it can be seen that the tensile strain % at fracture for
the welded joints exceeded that for the parent metal (~ 21%). The maximum tensile
strain% was recorded at X4 weldment being about 25%, followed by X3, X2, and X1

93

respectively. The defective X4 specimen have shown low tensile strain%, but it was still
higher than the parent metal. It can be concluded that increasing the welding speed
resulted in a higher tensile strain % at fracture and a better ductility in the weldments,
maybe due to the resulted fine grain structure.

Tensile Strain % at Fracture
26
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Figure 4.42 . Tensile strain % at fracture/speed relationship.

Unfortunately, it was not possible to compare the other tensile properties of the
weldments with different speeds, because the results gave the parent metal tensile
properties. To do this, probably another test such as bending test could be used to
compare the elongation properties. Because of limited number of specimens, it was not
possible to perform the bending test in this study.

4.3.2 Microhardness Survey

Curves of the traverse hardness measurement versus the distance from the edge
are illustrated in Figure 4.43, 4.45 and 4.47. The higher hardness values were recorded at
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the interface between the weld metal and the HAZ, followed by the coarse grain HAZ,
then weld metal, and fine grain HAZ (Figure 4.43).
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Figure 4.43. Hardness measurements for X1 weldment in second pass.

The high hardness at the interface was due to the high cooling rates at the fusion
line, which produced hard, low temperature transformation products.

In this very

narrow region, phase transformation occurred resulting in a hard grain structure
embedded in a soft untransformed ferrite matrix. These hard grains are responsible for
the high hardness measurements that were recorded.

If the indentation was located at

the untransformed ferrite matrix, it might face a resistance from the hard grains, which
have an interlocking nature. Because the interface area is very narrow, the indentations
are embedded, and the deformations resulting from these indentations are prevented
from propagating out of this small area. This result in very small indentations, when
compared to the others, that were located in coarse grain HAZ and thus a high hardness
measurement at the interface. Figure 4.44 illustrates the above mentioned behavior of
indentation in different zones, where it can be seen that the grain structure and the
narrow region helped to keep the resultant indentation small.
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CGHAZ

WM

Interface

Figure 4.44. Typical Vickers indentations at the interface and HAZ. Circles show the
microstructure of each region.

In the weld metal, the hardness values were relatively high due to the AF grain
structure. In the coarse grain HAZ, The fast cooling rate resulted in the formation of
bainite structure. This structure is responsible for the hardness of the HAZ.
In all the weldments, the average of hardness measurements at the second pass
was higher than the hardness measurements at the first pass. In the mid wall region (the
area between the first and second pass), the hardness measurement was slightly higher
than the first pass. Figure 4.45 illustrates the hardness measurements in the first pass,
second pass, and mid wall for X3 weldment. Because of the difference in weld width
and HAZ size in the three zones, the curves seem to be shifted. The lines in the figure
show the borders of weld metal, coarse HAZ, fine HAZ, and parent metal for the second
pass. The hardness measurements for the rest of the weldments are represented in
Appendix A.
The higher hardness measurement was recorded at the second pass, followed by
mid wall, then first pass. This is maybe due to the cooling rates in the second pass,
which seem to be faster, giving a finer microstructure. In addition, due to the high
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interpass temperature in the second pass, there is a possibility that a larger amount of
wire was deposited, thus producing a slightly richer chemistry, and greater solid solution
strengthening might result. In general, the hardness differences are not large.
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Figure 4.45. Hardness measurements for X3 weldment in first pass, second pass, and
mid wall region.
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Figure 4.46. Vickers hardness traverse on X2 weldment.
97

2nd Pass

238 Mid Wall

235

238

240

st
238 1 Pass

239

In Figure 4.46, the hardness traverse indicates the change in hardness in each
region. The closer the indentation to the edges of the sample, the higher the hardness
measurement. This was the result of the fast cooling rates at the edges, where the heat
can dissipate faster than for the bulk of the weldment. The highest measurement of 243
HVN was at the interface. The mid wall region had relatively high hardness
measurements when compared to the first pass.
The second pass hardness measurements for X1 and X4 weldments were
compared in Figure 4.47. It was found that X4 had a higher hardness than X1. The
highest measurement of 255 HVN was recorded at the interface. The same comparison
was made between X2 and X3 weldments in Appendix A. In a similar manner, X3
weldment had higher hardness measurements than X2. This led to the conclusion that
the faster the welding speed, the higher the hardness. This is probably due to the fast
cooling rates, which produced a finer AF grain size and less GBF structure.
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Figure 4.47. Vickers hardness measurement for X1 and X4 weldments in the 2nd pass.
4.3.3 Impact toughness

The impact toughness of the four weldments at different temperatures is
illustrated in Figure 4.48 for the specimens with notches located at weld metal (WM),
and Figure 4.49 for specimens with notches located at the HAZ. From the figures, it can
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be seen that the absorbed energy increased with the temperature. At low temperatures
the weldments were brittle and had relatively low impact toughness. The toughness of
the parent metal is higher than the toughness of the weld metal and HAZ, and the higher
the welding speed the better the toughness properties. There were only small differences
in toughness between the weldments. The HAZ specimens have shown toughness closer
to the parent metal, and higher than the toughness of the weld metal. This can be seen in
Figure 4.50. Having a HAZ toughness higher than the weld metal is considered a good
result.
From Figure 4.49, it can be seen that X3 weldment exhibited lower impact
toughness than X1 and X2 at higher temperatures (60 and 100oC). This is due to the
misalignment between the weld beads, which did not allow complete penetration (Figure
4.12). This resulted in low impact toughness. After the Charpy testing, some samples
from this weldment were ignored, because they gave very small absorbed energy
records, which did not match with the other energy records from the specimen tested at
the same temperatures.
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Figure 4.48. Charpy transition curves for weldment specimens notched at the WM.
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Figure 4.49. Charpy transition curves for weldment specimens notched at the HAZ.
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Figure 4.50. Charpy transition curves for X2 weldment specimens.
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One might expect that the toughness of the HAZ should be lower than that of the weld
metal due to its bainite coarse grain structure, which characterizes low toughness,
whereas the structure of the weld metal is AF, which, according to the literature,
characterize high toughness properties [10, 8, 34, 44, 46]. This does not agree with the
results of Charpy V-notch test. If we look at a Charpy specimen, with a notch at the
HAZ (Figure 3.14), we can see that the notch was located such that it included as much
of the HAZ as possible, but due to the relatively small HAZ size, part of the notch ran
into the parent metal. Therefore, during the fracture, the crack started at the HAZ, and
propagated into the parent metal. The energy was absorbed by the parent metal and
HAZ. Under normal circumstances, when cracks start in the HAZ they propagate into
the parent metal. The results of this test did not give an exact measurement of the
absorbed energy and impact toughness of the HAZ by itself. On the other hand, it kept
the same absorbed energy trend versus different speeds and temperatures as the weld
metal and parent metal. This still proved that the higher the welding speed the better the
impact toughness, This agrees with Chandel, et al [21] and Bhole and Billingham [38]
observations.
The ductile-to-brittle transition temperatures (DBTT) were obtained from Charpy
curves using the average energy method based on the upper and lower energy shelves
(Figure 4.51). Table 4.3 indicates the values for DBTT, upper shelf energy, and
absorbed energy at -20oC for both WM and HAZ specimens.
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Figure 4.51. Example of the Average Energy Method used to calculate DBTT.

Table 4.3. The data observed from the Charpy impact test on the WM, HAZ, and PM
No.

Weld

Upper Shelf

DBTT

Avg. Absorbed

Speed

Energy (J)

(oC)

Energy at -20oC (J)

(mm/s)

WM

HAZ

WM

HAZ

WM

HAZ

X1

16.93

217.67

402.5

-45.5

-46

174

283

X2

25.4

228.5

404.5

-47.5

-47

198

285

X3

29.63

229.5

314

-48

-107

201

288

X4

33.87

232.5

411

-50

-84.5

202

314

PM

-

408

-103

102

342

From Table 4.3, it can be seen that the DBTT decreased with increasing the
welding speed in WM specimens. The HAZ specimens showed the same behaviour,
except for X3 specimens, which suffered from misalignment defect. The low DBTT
gives an indication of good impact toughness [23]. The DBTT seems to be lower at the
parent metal (PM) and HAZ than at the WM, which agrees with the above discussion.
The average absorbed energy at -20oC increased with the speed. The upper shelf energy,
which indicates the toughness of the tested parts, also increased with speed. Parent metal
and HAZ specimens showed lower DBTT, higher upper shelf energy, and absorbed
energy at -20oC than the weld metal specimens. This is probably due to the same reason
that was discussed earlier. All the welded joints met IPSCO’s target energies.

4.3.4 Lateral Expansion

The broken samples from Charpy tests were collected and their lateral widening
was measured. A big number of the specimens didn’t break at high temperatures (100oC)
due to high ductility of these specimens. Most of the samples are from the parent metal
and HAZ. The HAZ specimens behave closer to the parent metal, as was mentioned in
section 4.3.3 since most of the notch was located at the parent metal in these samples.
Therefore it was not possible to measure their lateral expansion. Figure 4.52 shows some
photographs of the unbroken Charpy samples, and Figure 4.53 shows photographs of
some broken Charpy specimens.

Figure 4.52. Examples of unbroken Charpy parent metal and HAZ Charpy specimens.
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Figure 4.53. Examples of broken Charpy specimen notched at WM, and HAZ.

The fractured specimens were highly deformed (Figure 4.53) at the impact
region. This indicates high ductility. Splitting is evident in most of the specimens.
The results of the lateral expansion measurement are indicated in Figure 4.54 for
specimens with a notch at the weld metal, and Figure 4.55 for specimens with a notch at
HAZ.
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Figure 4.54. Lateral expansion curves for Charpy fractured WM specimens.
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Figure 4.55. Lateral expansion of Charpy fractured HAZ specimens.

The curves in Figure 4.54 behave in a similar manner to the Charpy absorbed
energy curve for WM. Weldment X4 showed the higher ductile properties reaching a
high lateral expansion as high as 2520 µm at 100oC, and X1 showed the lowest ductile
properties having a lateral expansion of 2440 µm at 100oC. Figure 4.55 showed the same
trend for the HAZ specimens. It was hard to compare the behavior of X1 weldment with
X2 weldment at low temperatures, because there were not enough samples fractured
from X1 to give a good indication of its lateral expansion behavior. The same situation
existed in the parent metal. The results of the lateral expansion measurements in general
agrees with Charpy impact results, the higher ductile properties were recorded at the
higher welding speed. This is probably related to the fine grain microstructure
encountered with the fast speed compared to coarser grains at low speed. It was expected
that the values of lateral expansion for HAZ will be lower than that for WM, but in the
majority of the samples this was not the case, for the same reason that was discussed in
section 4.3.3. Figure 4.56 indicates the lateral expansion for WM and HAZ in X2
weldment, in which the above mentioned behavior was clear.
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Figure 4.56. Lateral expansion curves for X2 WM and HAZ.

4.4 Effect of Welding Speed on Fracture Behavior
In this section, SEM fractographs of typical Charpy fracture surfaces of parent
metal, weld metal and HAZ are represented to ascertain the mechanism of failure and to
study the fracture toughness. Samples at upper shelf energy, lower shelf energy and
DBTT were observed. In the micrographs, different magnifications were used in order to
show the best view of the fractured surface.
4.4.1 Parent Metal

The various regions of the Charpy V-notch fracture surfaces are shown in Figure
4.57. Figure 4.57 (a) shows an image of a quasi-cleavage (ductile-brittle) fracture
surface at room temperature (20oC), and Figure 4.57 (b) shows an image of a brittle
fracture surface (cleavage) at very low temperature (-196oC). It was not possible to
break the Charpy specimens at high temperature (100oC), due to their high ductile
properties.
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(a)

(b)

Figure 4.57. Typical SEM fractographs of fractured PM specimens. (a) at 20oC. (b) at 196oC.
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4.4.2 Weld Metal
•

At high temperature (100oC)

(a)

X1

(b)

108

(c)

(d)

Figure 4.58. SEM fractographs of fractured Charpy X1, X2, X3, and X4 WM at 100 oC.
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•

(a)

At temperature close to DBTT (-45oC)

(b)

X1

(d)

(c)

Figure 4.59. SEM fractographs of fractured X1, X2, X3, X4 WM at -45oC and 500X.
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(a)

X1

(b)
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(c)

(d)

Figure 4.60. Typical SEM fractographs of fractured Charpy X1, X2, X3, X4 WM at 45oC.
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•

At low temperature (-196oC)

(a)

X1

(b)
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(c)

(d)

Figure 4.61. Typical SEM fractographs of fractured X1, X2, X3, X4 WM at -196oC.
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At 100oC (Figure 4.58), the fractograph of the impact fracture surfaces reveals an
image of a ductile fracture surface (dimples), in the form of void coalescence. At -45oC
(Figures 4.59 and 4.60), a great amount of cleavage type fracture was recorded. There is
a combination of void coalescence and cleavage fracture mode in all the samples. This
mode is known as quasi-cleavage fracture or ductile-brittle fracture. If we compare the
mount of the void coalescence in X1, X2, X3, and X4 in these figures, we can see
greater void coalescence in X3 than in X1 and X2. The greatest percentage was recorded
in X4 due to its fine grain structure. Hence, it can be deduced that increasing the weld
speed resulted in more ductility, and shifted the DBTT to low temperatures. At a low
temperature of -196oC (Figure 4.61), all the fracture surfaces are predominantly cleavage
fracture. In Figure 4.61 (a and c), the ductile micro-void coalescence (pointed by the
arrows) link the cleavage fracture at different levels.
In the ductile fracture, the void coalescence was nucleated at a second phase
particle (non-metallic inclusion) such as sulfides, oxides and nitrides. An example of
these inclusions is indicated by the arrows in Figure 4.58 (c and d). These voids grew,
and linked at the crack tip, making the crack propagate, thus eventually causing fracture
[10, 23]. On the other hand, in a cleavage fracture, no voids were formed, and the
cracking occurred through the particles or at the particle matrix interface, and
propagated by cleavage due to stress concentration at the tip of the cracks. This kind of
fracture does not require high energy [10, 23]. The above results agree with the tensile
testing results and impact energy observation of the Charpy-V notch test as well as the
lateral expansion values.
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4.4.3 Heat Affected Zone (HAZ)

(a)

(b)
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(c)

Figure 4.62. SEM fractographs of fractured Charpy X2, X3, and X4 HAZ at 100 oC.

Charpy V-notch HAZ specimens have shown similar behavior to the parent
metal speciemens. Most of them did not break at high temperatures (e.g. 100oC), and the
ones which broke showed ductile-brittle fracture (quasi-cleavage). This is because the
fracture surface contains mostly parent metal; therefore, the fractures surfaces
manifested parent metal behavior.

4.5

Effect of Welding Speed on Inclusions Composition
The chemical composition and morphology of the inclusions was investigated

using EDAX system in the weld metal, HAZ and parent metal. SEM micrographs
revealed that most of the inclusions in the weld metal, HAZ and parent metal were
spherical. Some showed irregular shapes as shown in Figure 4.57 (a and b), 4.58 (c and
d), 4.60 (b), 4.62 (a and c) and 4.63.
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X1

X1

Figure 4.63. SEM micrographs of inclusions in WM, parent metal and HAZ.
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From EDAX analysis, S, Al, Ti, Ca, Fe, Mg, Mn, O and Zr were verified to be
present in most of the weld metal and parent metal (Figure 4.64 - 4.68) inclusions
regardless to their different morphology. The parent metal analysis showed high
percentage of Mg, and good amount of Ti, Mn and Fe. Oxygen content was low,
revealing that low oxides inclusions were present.
In all the welds and HAZ samples, almost the same inclusions were mostly
observed which consisted mainly of Al, S, Si, Ca, Mg, Ti, Mn, O. Therefore only
inclusions in WM were presented. The oxygen content was low in the weld metal, due to
the use of a semibasic flux (with a basicity index of 1.29), except for X3 weldment
(Figure 4.67), which showed surprisingly strong peak of oxygen indicating the presence
of oxide inclusions, such as Al2O3, TiO, TiO2, MnO, and SiO2. These oxides probably
resulted from the fast cooling rates the weld metal experienced in X3 weldments,
resulting in trapped oxygen inside the metal, and the formation of inclusions. The Ti and
Mn content is responsible for the high toughness and strength properties through the
formation of AF structure [10, 19, 45, 54, 57]. This observation agrees with the
microstructural investigation’s results. In X1 and X3 weld metal (Figures 4.64 and 4.66),
the presence of good amount of Zr was observed, which probably came from the flux
material. In X2 and X3 weld metal (Figures 4.65 and 4.66), EDAX indicated strong Fe
peaks associated with the inclusions. These particles are assumed to be the un-melted
Fe-rich compounds [52]. Carbide precipitates tend to be very small, due to the low
carbon content in the steel, indicating good toughness properties as was discussed in
chapter 2 [25].
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Count

Energy (keV)

Figure 4.64. EDAX spectrum for inclusions in parent metal.
Count

Energy (keV)
Figure 4.65. EDAX spectrum for inclusions in X1 weld metal.
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Count

Energy (keV)
Figure 4.66. EDAX spectrum for inclusions in X2 weld metal.

Count

Energy (keV)

Figure 4.67. EDAX spectrum for inclusions in X3 weld metal.
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Count
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Figure 4.68. EDAX spectrum for inclusions in X4 weld metal.

4.6

Effect of Welding Speed on Inclusions Distribution and Size
Observing metallographic samples revealed that most of the non metallic

inclusions were spherical, and were located in the AF grains in the weld metal (Figure
4.69). Because of that, the inclusion statistics were compiled based on diameter. The size
and distribution of the inclusions were characterized. A sample of the software analysis
output and calculation is given in Appendix B, and a summary of the results of the
statistical analysis of the inclusions is illustrated in Table 4.4. The size distributions are
plotted in Figure 4.70- to -4.74.
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(a)

100 µm

(b)

25 µm

(c)

100µm
Figure 4.69. Examples of PM, WM and HAZ inclusions morphology and location. (a)
PM (200X), (b) X3-WM (500X) and (c) X2-HAZ (500X).
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Table 4.4. Inclusion summary statistics
Weldment

Average

Maximum

Total Area

Diameter (µm)

Equivalent

Occupied by

Diameter (µm)

Inclusions (µm2)

% Inclusions

X1

0.336

2.050

477.54

0.00245

X2

0.378

5.288

579.10

0.00297

X3

0.399

3.899901

363.27

0.00186

X4

0.362

5.139

901.14

0.00463

PM

0.387

3.893

348.18

0.00179
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Figure 4.70. Inclusion size distributions for parent metal.
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Figure 4.71. Inclusion size distributions for X1 weld metal.
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Figure 4.72. Inclusion size distributions for X2 weld metal.
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Figure 4.73. Inclusion size distributions for X3 weld metal.
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Figure 4.74. Inclusion size distributions for X4 weld metal.
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From Table 4.5, it was found that the biggest average inclusions diameter on the
order of 0.399µm was measured in X3 weld metal, while in X1, the inclusions were
found to be smaller in size than inclusions in the rest of the samples, having the smallest
average diameter on the order of 0.336µm, and the lowest record of 2.050µm for
maximum equivalent diameter. At the same time, the maximum equivalent diameter of
inclusions was found to be 5.288µm in X2 weld metal. X4 weld metal showed the
largest area occupied by inclusions (901.14µm2), and biggest inclusions percentage in
the tested area (% Inclusion) having 0.00463%, while parent metal was found to have
the smallest area occupied by inclusions (348.18µm2), and the lowest % Inclusion of
0.00179%. In general, the average diameters of all the inclusions were very small (less
than 0.4µm)
The Figures (4.70-to-4.74) demonstrate that broad inclusion distribution peaks
were recorded at the parent metal (PM), in which the greatest number of inclusions fell
in the 0.15-to-2.1µm range. On the other hand, X1, X2, X3 and X4 weld metal revealed
narrower inclusion distribution peaks, due to the smallest range of inclusion diameter
falling in the range of ~ 0.15-to-1.4µm. The highest frequency of inclusions was found
to be almost 2200 in X4 weld metal for 0.25µm inclusion size, and the lowest frequency
of almost 550 was found on the parent metal for 0.55µm inclusion size.
Because the above results, did not fall in a good sequence, and were changing
from weldment to

weldment, it was not possible to develop a direct relationship

between the inclusions morphology and distribution, and change in welding speed,
although X1 weld metal, which exhibited the low welding speed, showed the minimum
inclusions size. This may be the result of the slow cooling rates, which allowed the
inclusions to melt and combine with the weld metal rather than forming its precipitates.
It also allowed gases such oxides to evaporate, while fast cooling trapped gases inside
the molten metal [10]. Comparing this result with the microstructure of X1 weld metal
(Figure 4.28), it can be seen that the GBF is relatively high, and the AF is low compared
to other weldments microstructures. Many investigations suggested that the slow cooling
rates might fail to activate the fine inclusions as nucleation sites for ferrite
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transformation and the formation of AF. It is known that the inclusion size has an effect
on weld metal transformation [7, 48, 52, 53].
X3 weld metal had the largest average diameter for inclusions, most likely
because this weld underwent a relatively high heat input. This high heat input might
bring the non-metallic inclusions into liquid state, allowing them to combine with each
other [10], forming large inclusions. On the other hand, the largest area covered by
inclusions, and with a high inclusion percentage, were found in the X4 weld metal. This
sample experienced the highest welding speed during the welding process, thus resulting
in very fast cooling rates, which solidified the molten metal more quickly, thus
prevented mixing of the compound altogether, resulting in a large amount of inclusions.
Since the microstrucutre of X4 revealed high percentage of AF grains, and the average
inclusions diameter in X4 was notably small (~ 0.387 µm), these inclusions might be
initiation sites for AF grains. Further study on the relationship between inclusions size
and AF formation might be useful.
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CHAPTER 5

5. Conclusions and Recommendations

5.1 Conclusions
In this study, API-5L X80 steel supplied by IPSCO Inco., Regina, was submerged
arc welded using single and double wires at different speeds (16.93, 19.69, 25.4, 29.63
and 33.87mm/s). The effect of the welding parameters on the weld quality, mechanical
properties and microstructure was investigated using NDT (visual inspection,
radiography and ultrasonic testing),

weld

geometry measurements,

hardness

measurements, SEM, EDS, image analysis, tensile testing, Charpy V-notch testing, and
lateral expansion measurements. Based on the results obtained, the following
conclusions could be made:
1. Better weld quality was obtained by increasing welding speed but this had a
limit. For single-wire SAW, it was 16.93mm/s while, for two-wire SAW, it was
29.63 mm/s. Increasing the welding speed beyond these limits resulted in severe
welding defects such as lack of penetration and undercut.
2. The microstructure of the welded joint revealed acicular ferrite (AF) grains with
an interlocking nature and a small amount of “veins” of grain-boundary ferrite
(GBF), whereas the HAZ showed a bainite grain structure with prior ferrite
grains. In the weld overlap region, the microstructure consists of AF, GBF, and
polygonal ferrite (PF). This was due to retransformation in the second pass. The
microstructure of the second pass showed finer grain structure in the weld metal
compared to the first pass.
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3. Increasing the weld speed from 16.93mm/s to 33.87mm/s resulted in reductions
in weld width, reinforcement, penetration depth, contact angle, deposition area,
total area of the weld, and HAZ size in most of the weldments. It produced finer
grains in the weld metal and CGHAZ regions, and a lower amount of grain
boundary ferrite, and more acicular ferrite in the weld metal. It also resulted in a
better impact toughness, hardness, tensile strength, and ductile properties, and
shifted the DBTT to lower temperatures for the weld metal due to an increase in
the amount of fine AF grains. The impact toughness was reduced with the
presence of misalignment between the weld beads.
4. The highest hardness values were recorded at the interface between the fusion
zone and CGHAZ. This was due to the presence of a hard phase structure
(bainite) and the narrow size of the interface region and its grain interlocking
nature, which hindered the indentation propagation. The hardness differences are
not large.
5. The fractured surfaces at high temperatures exhibited ductile fractures in the
form of void coalescence, while at low temperatures the fracture surfaces
revealed a brittle (cleavage) fracture. At temperatures close to the DBTT (-45oC),
the fractured surfaces revealed a combination of void coalescence and cleavage
fracture (quasi-cleavage fracture). Comparing the amount of voids in each
fractured surface at -45oC indicated that increasing the speed resulted in a more
ductile fracture at this temperature.
6. The inclusions had different morphology, but were mostly spherical. The oxygen
content in most of them was probably due to the use of a semibasic flux, and the
presence of Ti and Mn content in the weld metal was responsible for the high
toughness and strength properties through the formation of AF structure. All
inclusions are very small (less than 0.4µm) and relatively few in number.
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7. All the welds overmatch the parent metal and the HAZ toughness exceeds that of
the weld metal.
8. Of the five speeds studied, 33.87mm/s (two wires SAW) was the most feasible
due to the combination of a relatively reasonable weld quality, good mechanical
properties, and satisfactory microstructure.

5.2 Recommendations
1. A further evaluation of the weldment samples by means of chemical analysis of
weld metal and TEM analysis could be conducted to find out the microalloying
elements content. This could be used to develop a relationship between the
changing weld speed and the alloying elements picked up during the welding
process. The use of Multiphase-multicomponent thermodynamic equilibrium
calculations as was suggested by Quintana, et al. [52], can provide an estimation
of chemical compositions, volume fraction, and the initial temperatures of
formation of the nonmetallic phases in the weld metal.
2. A further evaluation of the weldments samples by means of chemical analysis of
weld metal and TEM analysis could be conducted to find out the microalloying
elements content and develop a relationship between changing welding speed
and alloying elements picked up during the welding process. The use of
Multiphase-multicomponent thermodynamic equilibrium calculations as what
was suggested by Quintana, et al. [52], can provide estimation of chemical
compositions, volume fraction, and the initial temperatures of formation of the
nonmetallic phases in the weld metal.

3. Measuring the grain size of weld metal and HAZ grains and identifying the AF
and GBF percentage precisely in the weld metal could be used to study the effect
of welding speed on the microstrucutre and grain size. This could then be related
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to the change in mechanical properties and this might support the results of this
study. In addition, studying the relationship between inclusion size and AF
formation will be interesting.

4. Having a finer grain structure in the second pass than the first pass is not clearly
understood. This requires further investigation.
5. Recording high hardness values in the HAZ might raise a concern about HAZ
softening, this deserves further study.
6. Performing bending test may be a good way to understand the quality of the weld
through ductility analysis. These tests should be performed at each speed and the
results compared.
7. Performing three (or more) wire welding and studying the effect of yet higher
speeds on the mechanical properties and microstructure of the weld will be a
natural continuation of this study.
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Appendix A
A. Hardness Testing Results

The curves of hardness measurements for X1, X2, and X4 weldments are
represented in figure A.1, A.2, and A.3, respectively. A comparison between X2 and X4
hardness measurements in the second pass is illustrated in figure A.4
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Figure A1. Vickers Microhardness measurement for X1 weldment in the first pass,
second pass, and mid wall
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Figure A2. Vickers Microhardness measurement for X2 weldment in the first pass,
second pass, and mid wall
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Figure A3. Vickers Microhardness measurement for X4 weldment in the first pass,
second pass, and mid wall.
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Figure A4. Vickers hardness measurement for X2 and X3 weldments for second pass.
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Appendix B
B. Sample of Inclusion Distribution and Size Calculations

Table B.1 shows a sample output generated from Clemex Image analysis
software for inclusion distribution and size calculations.

Table B.1: Sample output of the inclusion analysis for the X1 weldment*.
Field No Filled Area
N
µm²
8
3.298216
8
3.074355
5
2.328153
1
2.283381
7
2.178912
8
1.895355
3
1.641646
8
1.552102
8
1.432709
7
1.358089
5
1.253621
1
1.238697
3
1.134228
5
1.119304
2
0.999912
10
0.970064
Total area analyzed*
(µm²)
Total Area filled with
Inclusions* (µm²)

Length
µm
3.420593
2.366928
1.924084
3.176265
3.054101
2.565445
2.657068
1.756108
1.908813
2.076789
1.404887
2.214223
1.49651
1.847731
2.611257
1.389616

Width
µm
1.893543
2.076789
1.756108
0.977312
2.550174
1.603403
1.145288
1.343804
1.343804
1.343804
1.22164
0.977312
1.145288
0.977312
0.855148
1.038394

Aspect Ratio

194848.459929
477.5399
140

1.806452
1.139706
1.095652
3.25
1.197605
1.6
2.32
1.306818
1.420455
1.545455
1.15
2.265625
1.306667
1.890625
3.053572
1.338235

* This table is a sample of a much larger table consisting of 4284 rows. The data for the
total area analyzed and total area filled with inclusions were calculated for the original
table and not for the section indicated above.
The inclusion diameters were calculated using the following equation (surface area of
sphere, equation 3.4):
Diameter (d) =

4A

π

Each diameter was given a pin number as indicated in Table B.2

Table B.2: Sample of inclusion diameter calculations.
Filled Area
µm²
3.298216
3.074355
2.328153
2.283381
2.178912
1.895355
1.641646
1.552102
1.432709
1.358089
1.253621
1.238697
1.134228
1.119304
0.999912
0.970064

Diameter
µm
2.049768
1.978984
1.72215
1.70551
1.666038
1.553855
1.446122
1.406129
1.350965
1.315314
1.263712
1.256168
1.20203
1.194096
1.128615
1.111643

Bin
Range
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
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The maximum inclusion diameter was recorded and the mean inclusion diameter was
calculated. The inclusion percentage in the tested area (% Inclusion) was calculated as
follows:
% Inclusions = Total area filled with inclusions/ Total area analyzed
In this sample it was
% Inclusions =

477.5399
194848.4559929

= 0.002451

B.1

Histograms of the inclusions were built to draw the inclusion distribution curves. Table
B.3 gives a histogram sample.

Table B.3: Sample histogram for inclusion distributions.
Bin

Frequency

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5

0
0
1274
320
1319
964
175
96
67
23
20
4
4
3
2
2

Cumulative
%
0.00%
0.00%
29.77%
37.25%
68.08%
90.61%
94.70%
96.94%
98.50%
99.04%
99.51%
99.60%
99.70%
99.77%
99.81%
99.86%
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