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Abstract

The addition of a cold wire in conventional tandem submerged arc welding (TSAW), i.e., the CWTSAW process, is
proposed to improve the productivity of pipeline manufacturing by increasing welding travel speed and deposition rate,
while retaining adequate joint geometry without increasing the welding heat input. In addition to increasing productivity,
incorporating a cold wire in the TSAW process improves the fracture toughness by refining the microstructure of the
weld heat affected zone (HAZ). In the present work, the influence of cold-wire addition on the heat input, productivity
and properties of an X70 microalloyed steel welded by CWTSAW is investigated. Charpy impact testing and
microhardness testing were utilized to investigate the mechanical properties of the HAZ. Scanning electron microscopy
(SEM) and tint etching optical microscopy (TEOM) were used to correlate the microstructure alterations with the
properties. The low-temperature fracture toughness of the HAZ was improved by 38% when a cold wire was fed at 25.4
cm/min in the conventional TSAW process with a heat input of 22.1 kJ/cm. This improvement was attributed to a
reduction in the prior austenite grain (PAG) size and martensite-austenite (M-A) constituent fraction as a result of the
reduction in the effective heat input (7.5% reduction) by cold wire addition. The amount of heat input reduction is a
function of the cold wire addition rate and the nominal welding heat input. The increase in travel speed and deposition
rate of welding by addition of a cold wire at 58 cm/min in the TSAW process with a heat input of 23.2 kJ/cm was 26%
and 12%, respectively.
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1 Introduction

Due to the inherent properties of submerged arc welding (SAW), such as high deposition rate, deep penetration and
capability of welding thick sections, SAW has been preferred over other welding processes to manufacture pipelines
and pressure vessels [1, 2]. To improve welding productivity in a global economy, many fabricators have resorted to
various techniques to increase the SAW deposition rate. The commonly used techniques to improve welding deposition
rate are increasing the electrode stick-out [3], twin-wire SAW [4], tandem SAW (TSAW) [5, 6], applying a metal-cored
wire [4, 7], varying electrode polarity [8] and addition of a cold-wire to a single electrode SAW [9] or in twin-wire
SAW [10]. Some applications, such as pressure vessels, girth welds in pipes and spiral pipe mills, can benefit from the
techniques employed to improve the deposition rate and, consequently, the productivity of the SAW process [11].
TSAW is a common process employed by industry to improve the welding deposition rate. However, in the TSAW
process, heat input is increased as the number of electrodes increases because of the increase in the overall welding
current and voltage to generate a higher deposition rate. Although TSAW provides higher productivity due to the high
heat input, some adverse effects can be produced in terms of the microstructure, properties and geometry of the weld
joint. The weld metal (WM) and particularly the heat-affected zone (HAZ) are affected by welding heat input as the
weldment experiences higher peak temperatures and cools down more slowly after welding [6, 12, 13]. The addition of
a cold wire to the one electrode SAW process was initially proposed by Mruczek [14]. However, it has been found that
the addition of a cold wire in one electrode SAW resulted in shallower weld penetration due to the consumption of the
lead electrode heat by the additional cold wire.

Tandem submerged arc welding with an additional cold-wire (CWTSAW) has been developed in our previous work
[15]. The addition of a cold wire at the lagging position (close to the trail electrode) in TSAW does not reduce the
penetration depth, unlike cold wire addition in SAW [14]. Since an appropriate understanding of the welding conditions
is essential in the development of a welding process to guarantee requisite weld geometry, appearance and mechanical
properties, the CWTSAW process was initially optimized in terms of the welding parameters (i.e., heat input, voltage
and travel speed and cold wire feed speed, position and angle) and presented in [15]. The influence of cold wire
addition to TSAW on the properties was also studied [16]. The coarse grain heat affected zone (CGHAZ) area and weld
dilution were reduced and the mechanical properties of the HAZ were improved due to an improvement in the
microstructure. These improvements, as a result of cold wire addition, were attributed to changes in the actual heat
introduced to the weldment, the peak temperature and the cooling rate in the HAZ. In the current research work, a
methodology for analyzing the actual heat input of the CWTSAW process is proposed and, subsequently, a detailed

study on the correlation between the HAZ properties and the welding heat input is conducted. The influence of cold



wire addition to TSAW on welding deposition rate and travel speed (i.e., welding productivity) is also investigated.
Microstructural characterization is carried out using tint etching optical microscopy (TEOM) and scanning electron
microscopy (SEM). Charpy V-notch (CVN) impact testing and microhardness testing are performed to investigate the

property changes in the HAZ of samples prepared by both TSAW and CWTSAW.

2 Materials and Welding Procedure

In TSAW, the lead electrode is positioned to generate sufficient penetration depth of the weld and the trail electrode(s)
provide filling of the bevel, resulting in adequate joining of the metal pieces of interest [3]. Accordingly, in the
CWTSAW process, DCEP (direct current electrode positive) and ACSQ (square wave alternating current) polarities
were selected for the lead and trail electrodes, respectively, since DCEP on the lead electrode causes deeper penetration
and ACSQ on the trail electrode provides increased deposition rate relative to DCEP polarity. The cold wire was fed at a
lagging position close to the trail electrode and consumed some of the heat of the trail electrode. Seven weld samples
were prepared by CWTSAW and TSAW of 13.44+0.1 mm thick plates sectioned from X70 microalloyed steel. The
geometry of the V-shaped bevel machined in the steel plates, along with the CWTSAW process set-up, are illustrated in
Fig. 1. The compositions of the microalloyed steel and the consumable electrode are indicated in Table 1. The 4 mm
diameter wires for the electrodes and cold wire were selected based on EN756/EN14295 (BA-S2Mo, Bavaria,
Germany) and AWS AS5.17/A5.23 (EA2). The BF6.5 consumable flux was chosen according to EN 760 (Bavaria,
Germany).

The welding conditions to fabricate the microalloyed steel joints are presented in Table 2. Sample T1 was welded
by TSAW and then compared with the welds fabricated by the CWTSAW process (i.e., samples C1-C6) in terms of
productivity and properties. To determine the maximum travel speed that can be employed by cold wire addition, while
maintaining adequate HAZ and weld geometry, appearance and properties, relatively high current, voltage and cold
wire feed speed were employed. Visual inspection was conducted on the prepared welds prior to any further
investigation to ensure that the welds were free from the macro-level defects, such as surface porosity, hot-cracking,
undercutting and burn-through.

Due to the bulbous shape of the weld metal and the HAZ and the relatively small size of the HAZ, it was not
possible to fabricate full size Charpy specimens of the HAZ. As such, subsize Charpy-V-notch (CVN) specimens (5
mm x 10 mm x 55 mm) were machined along the transverse welding direction according to ASTM E23-12¢ [17]. These
were extracted as close as possible to the top metal surface to ensure that half of the notch was located in the CGHAZ

and half was located in the fine grain heat affected zone (FGHAZ). In order to position the V notch in the HAZ, the



specimens were firstly macro-etched with 5% Nital to outline the HAZ boundaries. Charpy impact tests were then
performed at room temperature (RT), -30°C and -45°C, and at least five specimens per weld condition and test
temperature were tested. To analyze the microhardness variation along the weld samples (ASTM E384 [18]), a
transverse sample from each weld was extracted according to ASTM E3-11 [19] and then tested using a
Wilson-VH3300 microhardness machine (Buehler, Germany). In total, forty test points were examined per weld, with
an average of 14-18 indents across each of the FGHAZ and CGHAZ. Optical microscopy (Olympus BX61) and
scanning electron microscopy (Tescan Vega-3 SEM) were utilized to analyze the microstructural alterations along the
HAZ. Freshly polished weld specimens were then tint etched through a separate process using modified LePera’s
etchant [20] for 30-50 s to reveal different microstructural features. Microstructural analysis indicated a high sensitivity
for phase identification to etchant composition and etching time. Quantitative analysis of the M-A constituent was done

using ImageJ commercial image analysis software according to ASTM E562 [21].
3 Results and Discussion

3.1 Heat input analysis

Earlier studies done by Rigdal [22] and Mruczek [9] have reported that the addition of a cold-wire produces a heat input
which is less than the nominal heat input of a conventional SAW process, since the wire absorbs heat from the weld
pool and/or electrode during its melting. Given the fact that the weld/HAZ microstructure and properties are directly
influenced by welding heat input, a reduction in the heat input as a result of cold wire addition causes some alteration in
the microstructure and mechanical properties in the HAZ [16, 23]. The term “effective heat input” [22] has been used to
describe the reduced heat input, which is based on the relative volume of the electrode and cold wire melted to produce
a heat input reduction factor. Mruczek et al. [9] used hardness readings and Charpy results to verify the heat input
reduction. In the present study, the Mruczek’s approach is modified (Equation 1) according to the current CWTSAW
process design. In our approach, it is assumed that the cold wire consumes heat of the trail electrode since the cold wire
is positioned adjacent to the trail electrode. Accordingly, the cold wire solely reduces the trail electrode energy (does
not affect the lead electrode); therefore, the correction factor (Equation 2) only applies to the heat input produced by the

trail electrode.
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where Hlerr, HI and HIr are the effective welding heat input, lead heat input and trail heat input, respectively. Volr
Volcw are the volumes of the electrode and cold wire melted during welding. Since the electrode and cold wire have
similar diameters and chemistry in this study, the feed speed of the trail electrode (FSt) and the cold wire (FScw) can be
used to calculate the correction factor (7). For the conventional TSAW process (without additional cold wire), # is equal
to 1. The WM and CGHAZ microhardness, CVN results and prior austenite grain (PAG) size were analyzed to
investigate the CWTSAW heat input. For this reason, two weld samples were prepared using CWTSAW (R1 and R3)
and the correction factor was calculated for each weld and applied to the heat input equation to evaluate the effective
heat input of the CWTSAW process. Subsequently, the calculated effective heat input was used to prepare two weld
samples by conventional TSAW (R2 and R4). Various welding parameter configurations were employed to verify the
correction factor in Equation 1, as shown in Table 3. The trail electrode feed speeds for the R1 and R3 welds were
measured at 201 and 212 cm/min, respectively. Accordingly, the # values for the R1 and R3 samples were calculated as
0.80 and 0.73, respectively, which means 20% and 27% of the trail electrode heat was consumed by the cold wire. As
such, the effective heat input employed to prepare the R2 and R4 samples (without a cold wire addition) were 20.0 and
20.7 kJ/cm, respectively.

Table 4 shows the CVN results, average microhardness values and PAG size for weld specimens R1-R4. As
indicated, the measured properties for the R2 are similar to those for the R1 and, likewise, the measured properties for
R4 are similar to those for R3, respectively. These results confirm that the effective heat input of the CWTSAW process
is as a function of the trail electrode and cold wire feed speed and can be accounted for by the correction factor #.

In addition to the electrode/cold-wire relative volume method for the effective heat input assessment, a heat balance
analysis is also conducted to approximate the portion of the heat loss in the CWTSAW process as a result of the cold
wire addition relative to the conventional TSAW process. Our experimental observations show that addition of a cold
wire in the TSAW process has a two-fold effect on the reduction in the heat introduced to the weldment. When the cold
wire is fed into the weld puddle/electrode arc, it consumes some portion of the weld heat to be melted (AH gysion-cw)
(Equation 3). During welding runs, the current and voltage of electrodes were recorded every 0.5 s to ensure that the
recorded values are equal to the nominal values, which were initially set. However, the data recorded during the
welding runs indicate that the additional cold wire slightly influenced the arc stability of the electrodes, particularly the
trail electrode. As such, the average values of recorded current and voltage for the electrodes were slightly reduced
compared with the nominal values, resulting in an overall reduction in the welding heat input. No significant reduction
in the current and voltage of the TSAW runs was observed. This reduction is calculated based on Equation 4

(AHAarc-instabitity)- Our observations show that the amount of reduction in the electrode current and voltage increased as the



cold wire feed speed increased. Equations 5 and 6 represent the heat input correction factor (1) and the effective heat
input calculated from the heat balance analysis done for the CWTSAW process, respectively. In this method, the

correction factor applies to the nominal heat input of both lead and trail electrodes.
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where A, p and TS are the cold wire cross-section area and density and welding travel speed, respectively, and C; and
C{, are the specific heat capacities of the solid and molten wire. AH, is the latent heat of fusion for the cold wire. The
physical properties of the cold wire were assumed to be similar to those of a structural steel [24]. The recorded values
of I and V represent the changes in the electrode current and voltage as a result of slight instability in the arc, due to the
addition of a cold wire during CWTSAW. Hlweiding is the nominal welding heat input calculated according to the initial
set of current and voltage used to conduct the welding process. The variation in arc current and voltage, along with the
electrode characteristics, are indicated in Table 5. According to Equation 5 and 6, the correction factor, 1, for the R1
and R3 weld samples is calculated as 0.92 and 0.88, respectively, which means that the nominal welding heat input is
reduced by 8% and 12% by the additional cold wire. Accordingly, the CWTSAW effective heat input for R1 and R3
weld samples is 20.4 and 21.0 kd/cm, respectively.

Table 6 indicates the n values and the effective heat input for the R1 and R3 weld samples calculated using both
methods. As discussed earlier, the n value calculated from the relative volume method only applies to the trail electrode
heat input, whereas the n value calculated from the heat balance analysis is employed for the entire nominal welding
heat input. As such, both heat input analysis methods were in a good agreement, giving similar reductions in the
nominal welding heat input by cold wire addition. The heat input analysis also confirms that cold wire addition lowers
the welding heat input. However, the percentage of the heat input reduction in the CWTSAW process is a function of
the cold wire feed rate.

To study the improvement of the HAZ toughness by the cold wire addition, initially three weld samples, T1, C1 and
C2, were prepared (with an increase in the welding travel speed and productivity). According to the properties discussed
in next section, the C1 sample showed an improvement in mechanical properties, whereas no improvement for the C2

sample (with additional cold wire) was observed relative to the T1 sample. The cold wire in the C1 sample had



desirable effects on welding heat input and, consequently, cooling rate, which resulted in property improvement;
however, the heat input was significantly decreased for the C2 sample, which resulted in a faster cooling rate and,
therefore, no improvement in HAZ toughness. The microstructure and mechanical property changes are discussed in the
next sub-sections. The relative volume method was used to calculate the effective welding heat input and the heat input
analysis results were employed to prepare the C3-C6 weld samples (Table 2) to investigate welding productivity

improvement by cold wire addition to the conventional TSAW process (CWTSAW).

3.2 Mechanical properties

To evaluate the mechanical property changes in the HAZ when a cold wire was added to the TSAW process, weld
specimens prepared by CWTSAW (C1-C6 — Table 2) were subjected to impact testing (CVN) and microhardness
analysis. Figure 2 depicts the CVN results for the HAZ of the weld samples.
The impact toughness of the C1 sample was increased when a cold wire was fed at 25.4 cm/min compared with the T1
sample at the same welding heat input. This improvement is attributed to the formation of a lower fraction of finely
distributed martensite-austenite (M-A) constituents in the CGHAZ. However, the Charpy impact toughness value for
the HAZ of the C2 weld was slightly reduced, relative to the T1 sample. This reduction in toughness is attributed to the
formation of slender shaped M-A constituents, which formed mostly along the PAG boundaries as a result of the faster
cooling rate in the CGHAZ of the C2 sample due to faster cold wire addition and lower nominal welding heat input.
The microstructural alterations in the CGHAZ of the weld samples are discussed in detail in the next subsection. Given
that the mechanical properties of welded microalloyed steels are directly influenced by the heat input of the welding
process, the actual heat introduced to the C1 sample was calculated (according to the methods discussed in the previous
subsection) and, accordingly, weld samples C3-C6 were prepared. By taking into account the heat input correction
factor, n, for the C1 sample, the actual welding heat input of the C1 sample was calculated (using relative volume
method) as 20.62 kJ/cm. Since the actual welding heat input of the C1 sample (due to the cold wire addition) resulted in
a beneficial effect on the HAZ toughness compared with the T1 sample, the nominal welding heat input and the cold
wire addition rate used to prepare the C3 to C6 weld samples were essentially selected to achieve the same actual
welding heat input as for the C1 sample. Accordingly, the HAZ toughness of C3 and C4 weld samples (with higher
nominal heat inputs and higher cold wire feed rates) was slightly increased relative to the T1 sample.

Although the actual welding heat inputs for the C5 and C6 weld samples were the same as for the C1 sample, a
significant reduction in the toughness of the C5 and C6 weld samples was observed. Macro and microstructural
investigation indicated the formation of relatively large weld defects along the fusion line, which led to deviation of the

crack during testing and a brittle response for the C5 and C6 welds. The granular flux used to shield the arcs during



welding was entrapped in the weld metal along the fusion line. The phenomenon of flux entrapping in the weld metal is
attributed to the arc force produced during welding. Rokhlin et al. [25] have found that the arc force is directly
proportional to the arc current. This phenomenon is also confirmed through the work done by Adonyi et al. [26].
Electrical current flow generates magnetic fields that interact with current carriers and produces body Lorentz forces.
Halmoy [27] formulated a simple approximate relation between arc force and current from the magnetohydrodynamic
theory of an ideal conducting liquid with a homogeneous distribution of current across the arc. However, this model
does not take into account the arc shape during welding. A welding arc force model was developed by Converti [28]
using a cone geometry, which is a better approximation to the real arc shape. The conical shape is caused by the
constriction of the current at the cathode and arc expansion at the anode. The arc expansion is related to the welding
current distribution and, therefore, to the arc force. According to his model, arc force has a quadratic dependence on the

arc current. The relation between arc force (Far), current (1) and arc expansion (R2/Ry) is given by Converti [28] as:

Hol? R;
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where R, and R; are the radius of the arc at the base plate and at the electrode, respectively, and o is the magnetic
permeability in vacuum [28]. Although the current was significantly increased for the C5 and C6 welds to increase
travel speed (i.e., productivity), the arc current was not sufficient to produce enough arc force to remove all the
shielding flux while welding. However, our observations indicate that increasing the arc current resulted in a negative
effect on the weld properties due to an increase in the overall welding heat input as well as some welding technical
challenges such as arc blowing, arc sparking and burn-through. These welding challenges as a result of high welding
current are also discussed elsewhere [29]. Figure 3 depicts the formation of weld defects and x-ray microanalysis of the
defects. The defect composition is a combination of Al,O3, MgO, SiO, and CaF,, which are the components present in
the shielding flux [30]. Macroanalysis of the C5 and C6 samples showed consistent formation of these defects
throughout the weld.

The variation in the HAZ toughness and the microstructural alterations are attributed to changes in the actual heat
introduced to the weldment and, consequently, the cooling rate in the CGHAZ, when the cold wire is added to the
TSAW process. Table 7 indicates the actual welding heat input calculated according to Equation 1. It is generally
accepted that cooling rate is inversely proportional to the heat input of welding; therefore, the cooling rates in the C
samples are higher than that for the T1 sample, due to lower effective welding heat input of the C welds. Although the
following equations developed by Easterling [31] and Poorhaydari [32] estimate the cooling rate (CR) of the weld, the
equations, in this work, are employed to compare the approximate cooling times from 800 to 500°C (Ats-s) and the

cooling rates for the fabricated welds according to their effective heat inputs.
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As shown in Table 7, the cooling rate of the C1 sample was increased by 9.5% compared with the T1 sample. The
cooling rates of the C3-C6 samples were fairly close to that of C1 sample. However, due to the lower effective heat
input of the C2 weld, its cooling rate was substantially increased by 21%. The variation in the welding heat input and,
consequently, the cooling rate by cold wire addition governed the microstructural alterations and mechanical properties
changes in the HAZ of the weld samples.

In addition to the Charpy impact testing, the weld samples were evaluated in terms of microhardness variation
along the HAZ (Fig. 4). The microhardness value of the as-received microalloyed steel plate was measured as 228+4
HV. The average microhardness in the HAZ of the C1 weld was reduced when a cold wire was fed at 25.4 cm/min
compared with the T1 weld. However, an increase in the microhardness for the C2 sample was observed. This is due to
the lower nominal welding heat input and faster cold wire addition rate during welding, which resulted in a decrease in
the effective welding heat input and, consequently, a 21% increase in the cooling rate relative to the T1 weld (Table 7).
However, by proper tuning of the nominal welding heat input and cold wire addition rate in the C3 and C4 welds,

resulting in an effective welding heat input the same as the C1 weld, the average microhardness in the HAZ was close

to that of the C1 sample.

3.3 Welding productivity

The potential advantage of adding a cold wire in the conventional TSAW process is to increase the deposition rate to
achieve a proper joint without increasing welding heat input. Moreover, to join thick sections, fewer beads are needed
for a given joint, thereby increasing productivity. Given the fact that cold wire addition increases the deposition rate, we-
have-investigated the possibility of the increasing welding travel speed using CWTSAW while retaining weld geometry,
appearance and properties has been investigated. In this work, the T1 weld was prepared by conventional TSAW;
however, a cold wire was fed during the process (i.e., C1, C3 and C4 welds) to increase the deposition rate and travel
speed without property deterioration and without the use of additional heat input. Figure 5 depicts the increased travel

speed and deposition rate by additional cold wire compared with the TSAW process.

3.4 Microstructure analysis

During welding, the region of the base metal affected by the heat of welding, the HAZ and the CGHAZ in particular,



tends to weaken in terms of fracture toughness (relative to the base metal of the microalloyed steel) due to the high heat
input and thermal cycles that the steel experiences during welding. The deterioration in toughness of the CGHAZ is
essentially attributed to the formation of large PAGs and martensite-austenite (M-A) constituents, which are
characterized as localized brittle zones (LBZ), as a result of the high peak temperature and relatively fast cooling rate in
the CGHAZ [2, 33-36]. Davis et al. [37, 38] and Reichert et al. [39] found that the formation of a network of enlarged
M-A constituents resulted in cleavage crack initiation in the HAZ. However, the fraction and size of M-A constituents
are dependent on the PAG size. Yu et al. [34] and Li et al. [35] showed that the fraction of coarse M-A constituents was
increased by coarsening the PAG size in the CGHAZ. They found that a coarse PAG size, associated with coarse M-A
constituents, is the dominant factor in promoting brittle fracture in the CGHAZ. Gharibshahiyan et al. [40] have
reported that the formation of coarser PAGs in the CGHAZ has a detrimental effect on the toughness of the HAZ. Yang
and Bhadeshia [41] and Garcia-Junceda et al. [42] showed that the martensite start temperature (Ms) increased with an
increase in the PAG size, which resulted in a higher volume fraction of martensite. The work done by Lee et al. [43] led
to a linear relation between the martensite temperature (Ms) and the ASTM gain size number (G) for low alloy steels.
M,(°C) = 542.3 —30.0 X G (10)

Figure 6 indicates the variation of the Ms temperature as a function of the PAG size for T1 and C1-C4 welds. The
PAG size reduction in the CGHAZ of the C welds relative to T1 weld is due to a reduction in the effective welding heat
input and, consequently, a decrease in the peak temperature and an increase in the cooling rate. According to Equation
(10), as the PAG size increases (the ASTM number decreases), the Ms temperature increases. The coarser PAGs in the
CGHAZ of the T1 weld compared with the other weld samples resulted in a higher fraction of martensite. Furthermore,
Bhadeshia [44], Yan et al. [45] and Matsuda et al. [46] have suggested that, in addition to the PAG size, cooling rate
affects the morphology of the M-A constituents, which also affects the toughness of the welded steel. Kim et al. [47]
have reported that M-A islands are the main metallurgical factor, which contribute to local embrittlement of
microstructures of welded microalloyed steels. The Charpy impact toughness of the CGHAZ of high strength
low-carbon steels is a function of the fraction, morphology, carbon content and distribution of the M-A islands. As such,
there is a concurrent effect of PAG size and cooling rate on the characteristics of the transformation products, in
particular the M-A constituents, in the HAZ of microalloyed steels.

To evaluate the toughness variation in the T1 and C1-C4 welds, microstructural analysis was conducted using the
TEOM method [20] (Fig. 7) and SEM (Fig. 8). The microstructure in the CGHAZ of the T1 weld (with higher heat
input — Fig. 7a) is comprised of polygonal ferrite (PF), granular bainite (GB), bainitic ferrite (BF) and a relatively high

fraction of large M-A constituents along with large PAGs. In contrast with the T1 weld, the CGHAZ microstructure of



the C1 sample is composed of finer PAGs, associated with fine, uniformly distributed M-A constituents (Fig. 7b). The
characteristics and fraction of the M-A constituents formed in the CGHAZ of the C3 and C4 welds (Fig. 7d-e) are
similar to those of the C1 weld, because of similar effective welding heat inputs and cooling rates. Due to the faster
cooling rate in the CGHAZ of the C2 weld (with the lowest effective welding heat input), smaller PAGs were formed,
resulting in a lower fraction of M-A constituents in the CGHAZ of C2. Although less M-A was formed in the CGHAZ
of the C2 weld, there were more elongated M-A constituents formed along the boundaries. This may be attributed to a
greater reduction in the actual heat introduced to the weldment and the relatively fast cooling rate of the C2 weld
compared with the C1 and T1 welds.

The PAG size influences the phase transformation products of microalloyed steels, particularly the M-A
constituents. Qiao et al. [2] and Shome [48] reported that the PAG size in the HAZ depends on the local thermal cycle
and the PAG size increases when the welding heat input is increased. To evaluate the effect of M-A characteristics on
the fracture toughness of the HAZ, mean size, inter-particle spacing (using the equation developed by Somekawa et al.
[49]) and fraction of the M-A constituents in the CGHAZ for the T1 and C1-C4 welds were measured (Fig. 9).

As shown in Fig. 9a, the M-A fraction in the CGHAZ was reduced in the C1 and C2 samples relative to the T1
sample, as a consequence of PAG size reduction due to the lower effective welding heat input. However, the formation
of slender shaped M-A constituents with large inter-particle spacing in the C2 sample, as a result of the relatively faster
cooling rate, resulted in a reduction in the HAZ toughness compared with the C1 weld sample. This phenomenon has
also been confirmed by the work done by Davis et al. [37], Kim et al. [47] and Lan et al. [50], who have suggested that
the morphology of martensite changes and the carbon content of martensite increases in the M-A constituents as the
cooling rate in the CGHAZ increases. The characteristics and fraction of M-A constituents in the CGHAZ of C3 and C4
welds were similar to those of the C1 sample; M-A was finely distributed within the PAGs with smaller inter-particle
spacing relative to that of the T1 and C2 samples (Fig. 9b). According to the Charpy results and the microstructural
analysis, the fracture toughness in the HAZ of C1, C3 and C4 welds was increased due to a decrease in the M-A size
and inter-particle spacing in the CGHAZ. Accordingly, the formation of finely distributed M-A constituents in the
CGHAZ resulted in a beneficial effect on the fracture toughness.

4 Conclusions

The addition of a cold-wire in conventional tandem submerged arc welding (TSAW)), i.e., cold-wire tandem submerged
arc welding (CWTSAW), has a two-fold effect on the characteristics of the welded microalloyed steels; increased
welding productivity and improved properties. The additional cold wire resulted in a higher deposition rate and travel

speed for welding (productivity), while retaining adequate weld appearance and properties. In this work, a 12% and



26% increase in the deposition rate and travel speed, respectively, was achieved by addition of a cold wire at 58 cm/min
in the TSAW process with a heat input of 23.2 kJ/cm. Moreover, cold wire addition resulted in an overall improvement
in the fracture toughness of the HAZ; however, it should be noted that the improvement is greatly influenced by the
cold wire addition rate and the consequent effective welding heat input. Cold wire addition at 25.4 cm/min during
TSAW with a heat input of 22.1 kJ/cm (C1 weld) showed an improvement in the fracture toughness of the HAZ due to a
reduction in the PAG size and modification in the characteristics of martensite-austenite (M-A) constituents. The
microstructural alterations are attributed to the lower effective welding heat input (7.5% reduction compared with the
TSAW (T1) sample). The C2 weld, prepared at a lower heat input of 20.5 kJ/cm and faster cold wire addition at 63.5
cm/min relative to the C1 weld, had a smaller PAG size compared with the C1 and T1 weld samples, due to the
relatively larger reduction in the effective welding heat input (17.1% reduction) and faster cooling rate in the CGHAZ
of the C2 sample; however, elongated M-A constituents were formed. The relatively large elongated M-A constituents
with large inter-particle spacing, which mostly formed along the boundaries in the CGHAZ, of the T1 and C2 welds
compared with those of the other weld samples led to inferior toughness properties for the HAZ of the former samples,

since the larger M-A constituents can stimulate the formation of microcracks leading to intergranular fracture.
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Figure Captions:

Fig. 1 CWTSAW process setup: (a) Geometry of the steel plate along with the positioning of the electrodes and cold

wire and (b) welding setup
Fig. 2 Charpy impact energy of the HAZ for steels welded at different travel speeds and cold wire feed rates

Fig. 3 (a) SEM secondary electron (SE) image representing defect formation in the weld region of the C5 and C6 weld

samples. (b) Energy dispersive x-ray (EDX) analysis of the defect at the region indicated in the inset

Fig. 4 (a) Microhardness variation within the weld samples. (b) Average microhardness, with the standard deviation, for

the FGHAZ and CGHAZ of steel samples welded by the CWTSAW and TSAW processes

Fig. 5 Percentage of increased travel speed and deposition rate as a function of the cold wire addition rate in the TSAW
Fig. 6 PAG size and Ms temperature of the CGHAZ of weld samples prepared by both CWTSAW and TSAW processes
Fig. 7 Optical micrographs of the CGHAZ of the (a) T1, (b) C1, (c¢) C2, (d) C3 and (¢) C4 welds

Fig. 8 SEM SE images of the CGHAZ for the (a) T1, (b) C1, (¢) C2 and (d) C3 samples

Fig. 9 (a) Fraction and mean size of M-A constituents in the CGHAZ and (b) M-A inter-particle spacing in the CGHAZ

for the weld samples
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Table List:

Table 1 X70 microalloyed steel and electrode compositions (wt%)

X70 composition (Pcm=0.175 wt. %)

C P S Mn Si N V+Mo+Nb+Ti Cu+Ni+Cr+Sn+Al+Ca
0.043 0.013 0.001 1.73 0.28 0.008 0.21 0.57
Electrode and cold-wire composition (BA- S2Mo)
C P S Mn Si Mo Ni Cr Cu
0.10 0.007 0.01 1.04 0.1 0.56 0.02 0.03 0.03

Table 2 Welding process parameters

Process Parameter Weld sample ID
Unit T1 C1 C2 C3 C4 C5 Cé
Current-Lead Electrode A 1040 1060 1070 1200 1250 1300 1350
Current-Trail Electrode A 830 830 840 950 1000 1050 1050
Voltage-Lead Electrode \% 30 31 31 32 33 34 36
Voltage-Trail Electrode \% 34 34 34 36 37 38 39
Travel Speed cm/min 160 167 177 190 203 216 229
Welding Heat Input kJ/em 223 22.1 20.5 23.0 23.2 23.5 23.6
Cold Wire Feed Speed cm/min NA 25.4 63.5 51 58 66 71
Table 3 Welding runs performed to evaluate the effective heat input for the CWTSAW process
Process Parameter Weld Sample ID
Notation Unit R1 R2 R3 R4
Current-Lead Electrode I A 1040 980 1085 1000
Current-Trail Electrode It A 830 810 900 850
Voltage-Lead Electrode \%3 \Y% 30 28 30 28
Voltage-Trail Electrode Vr \Y% 34 32 34 32
Travel Speed TS cm/min 160 160 160 160
Cold Wire Feed Speed FScw cm/min 50.8 NA 76.2 NA
Table 4 Measured CVN, microhardness and PAG size for R1-R4 weld specimens
Weld Welding Heat Input CVN (J) PAG Size (um) Microhardness (HV0.5)
Sample  Process (kd/em) RT -30°C CGHAZz FGHAZ CGHAZz FGHAZ WM
R1 CWTSAW 22.2 86+2.3 67+x7.0 50.0+5.5 4.3£0.2 226+3.6 21015 238+25
R2 TSAW 20.0 87+4.2 67+6.1  48.5+6.3 4.240.3 225+3.0 208+1.0 23744
R3 CWTSAW 23.7 82+4.3 60+8.0 61.4+6.0 5.1+0.5 246+3.2 219+3.6  253#6.0
R4 TSAW 20.7 80£15 59+7.3 59.8+45  4.9+0.4  240+65 222421  256+3.2




Table 5 Welding parameters and physical characteristics of the electrodes and cold wire

Parameter Notation R1 R3
Set Recorded Set Recorded
Current-Lead Electrode I 1040 1039 1085 1083.5
Current-Trail Electrode It 830 828.6 900 897.6
Voltage-Lead Electrode Vi 30 292 30 28.6
Voltage-Trail Electrode Vr 34 325 34 32
Cold-wire feed speed FS 50.8 50.8 76.2 76.2
p (kg/em’) AHi (kI/kg) s (Ikg.K) c} (Ikg.K)
425+ 0.733T + 1.69 X 107*T?
(20<T<600)
Cold wire/Electrode 666 x [13002/(T — 738)]
Characteristics 7.87*%107 270 (600<T<735) 820
545 — [17820/(T — 731)]
(735<T<900)
650 (900<T<1510)

Table 6 Effective welding heat input calculated from the relative volume
method and heat balance analysis method

Weld Sample  Heat input analysis ] Effective welding heat
method input (kJ/cm)
R1 Electrode/cold-wire 0.80 20.0
relative volume
Heat balance analysis 0.92 20.4
R3 Electrode/cold-wire 0.73 20.7
relative volume
Heat balance analysis 0.88 21.0

Table 7 Calculated actual welding heat input, CR and Ats.s for the weld

samples

Weld Nominal Heat Correction Effective Heat CR Atss
Sample Input (kJ/cm) Factor (y) Input (kJ/cm) (°Csh  (sec)
T1 22.3 1.00 22.30 42.0 7.1
C1 22.1 0.87 20.62 46.0 6.5
c2 20.5 0.75 18.50 52.0 5.8
C3 23.0 0.79 20.65 46.0 6.5
c4 23.2 0.78 20.72 45.8 6.5
C5 235 0.77 20.81 45.6 6.6

C6 23.6 0.76 20.88 454 6.6




