Influence of Cold-Wire Submerged-Arc Welding on Toughness of Microalloyed Steel
A detailed analysis of fracture toughness indicated that the addition of an electrically cold wire to the

TSAW process improved the toughness in the HAZ of welded X70 microalloyed steel
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Abstract

The structural performance of microalloyed steel weld joints is essentially dependent on the microstructural
characteristics of the heat-affected zone (HAZ). However, the microstructure is adversely impacted by the
heat input of the welding process. As such, an X70 microalloyed steel was welded via a recently developed
welding process, i.e., tandem submerged arc welding (TSAW) with an additional cold wire (cold-wire
TSAW), and compared with the conventional TSAW process in terms of the HAZ microstructure and
toughness. The heat introduced to the weldment is essentially reduced by addition of a cold wire in the
welding process, which changed the properties in the HAZ. The results of fracture toughness testing using
single-edge notched tension (SENT) testing, a recently developed test method, and Charpy V-notch (CVN)
impact testing showed an improvement in the toughness of the HAZ of the cold-wire TSAW weld. This
improvement was attributed to the formation of a lower fraction of M-A constituents and smaller
ferrite/bainite grains with higher boundary misorientation angle, due to the reduced heat input by cold wire
addition. Furthermore, the microstructural analysis indicated that the morphology and inter-spacing of the

M-A constituents within the CGHAZ play a significant role on the toughness of the HAZ.
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1. Introduction

In developing microalloyed steel structures, such as pipelines, pressure vessels and automotive, the steel is
subjected to welding/joining, which results in the formation of a relatively narrow region adjacent to the
fusion zone known as the coarse grained heat-affected zone (CGHAZ). The CGHAZ is generally believed

to exhibit the poorest fracture toughness relative to the rest of the steel structure [1]. Several methods have



been commonly used to assess the fracture toughness in the CGHAZ [2-5], however, during the past
decade, several endeavors have been devoted to developing a fracture toughness test method which is less
conservative relative to the conventional methods according to engineering critical assessment (ECA) [4,5—
8]. An ECA, also known as a fracture toughness analysis, is a fitness-for-service procedure that uses fracture
mechanics principles to determine the defect tolerance of critical safety items, such as pipelines and pressure
vessels. An ECA is used to decide whether a given flaw is safe from brittle fracture, plastic collapse, creep
and fatigue crack growth under certain loading conditions. According to the loading conditions that steel
pipelines are exposed to, the single-edge notched tension (SENT) test method has been developed to
investigate the toughness of the steel pipelines [6-10]. The fracture toughness in the HAZ is controlled by
by several microstructural factors, such as grain size, types of phases and morphology of secondary phases
which are directly influenced by the heat input of the welding process [11-13]. During the past several
decades, the relationship between microstructure and mechanical properties of high strength microalloyed
steels has been extensively studied in an effort to improve the fracture toughness and strength of this type
of steel without substantially increasing the costs of steel production and structure manufacturing, i.e.,
welding/joining. However, although an excellent combination of strength and toughness can be achieved
by thermomechanical controlled processing (TMCP) and alloying design, the fracture toughness
deteriorates in the heat-affected zone (HAZ), particularly the CGHAZ, due to the high welding heat input.
This properties deterioration is caused by the microstructural changes, i.e., the formation of large prior
austenite grains (PAGs) and the M-A constituents in the CGHAZ [14-16], as a result of the thermal cycle
and peak temperatures (above ~1300°C) that the steel experiences during welding. The studies done by
Moeinifar et al. [17,18] showed that fraction and morphology of martensite-austenite (M-A) particles as
well as the PAG size influence the Charpy impact toughness in the CGHAZ. Gharibshahiyan et al. [19]
have reported that the coarser PAGs formed in the CGHAZ adversely affect the toughness of the HAZ.
Davis et al. [20,21] and Reichert et al. [22] found that cleavage crack initiation and transgranular fracture
take place in the HAZ due to the formation of a network of enlarged M-A constituents along and within the
PAGs in the CGHAZ. Li et al. [23] showed that the formation of a lower fraction of small M-A islands did
not cause a detrimental effect on the HAZ toughness. However, the fraction and size of M-A constituents
were essentially dependent on the PAG size. The work done by Yu et al. [24] concluded that more M-A
constituents with larger size were formed by coarsening the PAG in the CGHAZ. It was also found that a
microstructure comprised of a mixture of the coarse PAGs and coarse M-A constituents resulted in the
promotion of brittle fracture in the CGHAZ. The temperature and kinetics of phase transformations taking
place during cooling are influenced by the PAG size [25,26]. The martensite start temperature (Ms)
increases with an increase in the PAG size, which results in a higher volume fraction of martensite [27,28].

However, the PAG size and the fraction of the M-A constituents are greatly influenced by the welding heat



input. Shome [29] and Ying et al. [30] studied the dependency of the PAG size on the local thermal cycle
in the HAZ. They reported that the PAG size increased by increasing the welding heat input. Refining the
PAG size in the HAZ influenced the transformation products, particularly the M-A constituents, and
consequently the toughness [23,31,32]. However, there has only been limited work devoted to the
correlation of the PAG size and M-A constituents in the HAZ with the welding heat input [31-34].

With the above in mind, due to the adverse effect of high welding heat input on the properties of the HAZ,
this study evaluates the microstructure and the fracture toughness of the HAZ when the welding heat input
is reduced through the addition of a cold wire in the tandem submerged arc welding (cold-wire TSAW)
process. It is possible to reduce the heat input by reducing the current and voltage of the electrodes.
However, this type of reduction can result in substantial adverse effects on the penetration depth and
macrostructure of the weld and, consequently, the properties of the weld. The penetration depth and width
of the weld decrease as the welding current and voltage are reduced, which result in the formation of defects
(due to the lack of fusion) through the weld and the formation of crack initiation sites. Accordingly, the
weld specimens were fabricated in two-pass welding condition (i.e., one inner-diameter (ID) and one outer-
diameter (OD) welding runs) using the recently developed cold-wire TSAW process [35] and compared
with the conventional TSAW process. The developed process improves the throughput of the welding
process by addition of an electrode which is electrically cold, i.e., no current and voltage, while retaining
appropriate weld appearance characteristics. In the TSAW process, welding deposition rate is increased by
increasing the current and voltage of the electrodes (i.e., heat input) which affectes the properties in the
HAZ. However, in cold-wire TSAW, the additional cold wire fed into the weld pool increases the deposition
rate with no increase in the welding heat input [35-37]. In addition, the heat input is moderated by the cold
wire due to consumption of some of the excess energy of the trail electrode, which lowers the amount of
the heat introduced to the weldment. As such, a weld with smaller dilution and a narrower HAZ is achieved
due to the lower welding heat input [35,38]. Moreover, since heat input directly influences the HAZ
microstructure and properties, lowering the welding heat input results in a refinement of the microstructure
with a corresponding effect on the properties, which are discussed in detail in this paper. Microstructural
alterations in the CGHAZ are characterized using tint-etching optical microscopy (TEOM), scanning
electron microscopy (SEM) and electron backscattered diffraction (EBSD). The CVN testing and SENT

testing were conducted to evaluate the toughness changes in the HAZ by cold wire addition.

2. Experimental Procedure

2.1. Materials and welding procedure
Cold-wire TSAW and the conventional TSAW processes were conducted on beveled X70 microalloyed

steel plates with a thickness of 13.4+0.3 mm, manufacturedthrough thermo-mechanical controlled



processing (TMCP) [39]. A typical X70 microalloyed steel has a yield strength (oys) and ultimate tensile
strength (ous) of 480 MPa and 610 MPa, respectively, with a CVN impact energy as high as 150 J. Two 4
mm diameter BA-S2Mo electrodes and one cold wire with the same diameter and composition as the
electrodes were chosen according to AWS-A5.23 for arc generation and filling of the bevel. The BA-S2Mo
electrodes are mainly used for welding of X70 microalloyed steels to provide a slightly higher carbon
content in the weld pool. The higher carbon content in the weld retards the transformation of austenite to
ferrite in the weld until the austenite to ferrite transformation starts in the CGHAZ. The delay in the
austenite to ferrite transformation in the weld due to the slight higher carbon content results in the formation
of low temperature transformation products, particularly acicular ferrite in the weld, which lead to higher
fracture toughness of the weld. The BA-S2Mo electrode with the specified composition is also widely used
by many pipe manufacturers,The granular flux BF 6.4 was selected according to EN 760 (Bavaria,
Germany) with a basicity index of 1.7, which is typically used for welding X70 and X80 microalloyed
steels. Table 1 indicates the chemical compositions of the microalloyed steel and consumable electrodes.
Pcm, the welding crack susceptibility index, for low carbon microalloyed steels given in Table 1 was
calculated according to the Ito-Bessyo equation [40].

Two 85+5° V-shaped bevels, 4.0+0.2 mm and 2.5+0.2 mm in depth, were machined in the steel plates
prior to welding (Fig. 1a). One ID and one OD weld runs were conducted for each welding process in order
to ensure full penetration and complete filling of the joint gap between the two pieces of steel (Fig. 1b).
Any gap between the steel sheets would act as a crack during fracture toughness testing. In this study, the
aim was to specifically evaluate the influence of cold wire addition to the OD welding pass on welding heat
input and, consequently, the microstructure and toughness of the HAZ. Accordingly, the welding
parameters for the ID weld run (performed via TSAW) were similar for all the weld samples; only the OD
welding parameters varied (Table 2). Direct current electrode positive (DCEP) and square wave alternating
current (ACSQ) polarity were employed, using constant current type power sources to operate the lead and
trail electrodes in the OD weld run, respectively. Both the lead and trail electrodes in the ID weld run were
operated in ACSQ polarity. As stated earlier, the additional wire is electrically cold with no current and
voltage. The OD welding parameters and the welding process setup were developed based on the optimized
welding parameters, which are discussed elsewhere [35,38]. The fabricated welds were visually inspected
prior to further investigation to ensure that no macro-level defects, such as undercutting, burn-through,
surface porosity and hot-cracking, were formed in the weld region and the HAZ. The nominal heat input
for both welding processes was constant and set at 22.2 kJ/cm; however, as stated earlier, cold wire addition
results in a reduction in the welding heat input. All welding parameters were the same for both processes

other than the additional cold wire.

2.2. Fracture toughness testing



From the eight welding runs conducted by the TSAW and cold-wire TSAW processes, eight weld coupons
were cut in the transverse direction relative to the weld direction to examine the HAZ fracture toughness
via SENT testing. Prior to machining, the SENT specimen blanks were straightened through a bend
flattening procedure (described in Part 2 of the BS7448 Standard [41]) in order to compensate for weld
distortion and to preserve as much specimen thickness as possible. The specimens were then machined to
a final thickness (B) and width (W) of 10.8+0.05 mm as proposed by Shen et al. [42]. The specimen length
(L) was ~108 mm (L=10W), plus additional length to accommodate gripping of the ends with hydraulic
wedges. The specimens were surface notched by electrical discharge machining (EDM) from the OD
surface and then fatigue pre-cracked (according to 1SO 12135:2002 / ISO 15653:2010) to target the
microstructure of the HAZ, particularly CGHAZ. The desired initial crack depth was a,=0.25W (W=B).
Due to differences in the constraints at mid-thickness (towards plane strain) and at the sides (plane stress)
of the specimen, crack tunneling is expected [43]. Tunneling degrades the accuracy of the crack growth
measurements [44]. Accordingly, following fatigue pre-cracking, the SENT specimens for J-R curve
development were side grooved to a depth of approximately 0.8 mm on each side (for a total reduction of
up to 15% of the thickness) with a groove radius of approximately 0.25+0.05 mm and an angle of 45°. As
such, the net thickness, Bn, was equal to 0.85B. Side grooving was conducted to minimize final crack
curvature by generating relatively uniform constraints across the crack tip. The geometry of the SENT
specimen is shown in Fig. 2b. Fig. 3 a and b show the macrograph of the samples welded by cold-wire
TSAW and TSAW processes, respectively, indicating the position of the initial crack. Fig. 3 ¢ and d depict
a side and top macroview, respectively, of the final notched SENT specimen including side grooves. The
SENT tests were conducted at three different temperatures, i.e., room temperature (RT), -5°C and -30°C.
For the colder temperatures, the specimens were cooled by circulating ethanol through a small chamber
containing the specimen length between the grip faces. The flow rate of ethanol was varied within the
chamber to control the testing temperature at -5°C and -30°C. The instantaneous temperature at the vicinity
of the crack tip was measured using a thermocouple. For testing at low temperature, the temperature was
kept at -30+3°C according to E1820 Standard through a distance of at least +2B from the notch. To restrict
all rotational degrees of freedom during SENT testing, the specimens were clamped using hydraulic grips.
A SENT specimen was then loaded/unloaded/reloaded under displacement control with a displacement rate
of 0.01 mm/s, representing quasi-static conditions. The methodology of the loading/unloading cycles has
been adopted from the recommended practice by CanmetMaterials [7].

At the initial stage of the test, some loading/unloading cycles were carried out to calculate the initial
crack size prior to the initial elastic part of the load-CMOD (crack mouth opening displacement) test. Then,

the calculated value was compared with the measured initial crack size, ao. The load varied between 0.25Py



and 0.5Pv for the initial load/unload cycles. Afterwards, six unloading cycles were performed in the elastic

regime with an applied force, Py, equal to:

_ Oys + Ouss
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where oys and ous are the yield strength and ultimate tensile strength of the specimen, respectively. W and
B. are the specimen width and the effective specimen width, respectively, and a is the crack length of the

SENT specimen. The effective specimen width, Be, is calculated from Equation 2:
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where By is the net thickness of the side grooved specimen (0.85B). The oys and ous values of the CGHAZ
were determined using micro-hardness testing. According to Cheng [45], the relationship between the
hardness and the yield strength is empirically determined based on analysis of the dimensions of the
indentations. In addition, one empirical equation is widely used in the literature, oys=HV/0.3, which
approximates the relationship between the hardness HV and the yield strength. A relationship has been
developed for welded C-Mn steels (ISO 15653 Standard [46]) that can be used to estimate the oys (in the
range of 160 HV to 495 HV) and oys (in the range of 100 HV to 400 HV) of the steel based on the Vickers
hardness (HV) value, as follows:

oys(MPa) = 3.28HV — 221  (3)

oyrs(MPa) = 3.3HV — 8 (€))

According to Equations 3 and 4, the oys and ous values of the CGHAZ of the TSAW and cold-wire
TSAW weld specimens are 559 and 776 MPa, and 520 and 737 MPa, respectively, for the corresponding
micro-hardness values of 237.8 HV0.5 (TSAW weld) and 225.9 HV0.5 (cold-wire TSAW weld). After the
elastic unloading cycles, plastic unloading cycles were performed with the CMOD intervals of 0.02 mm
and 0.04 mm for the first five unloading cycles and the subsequent unloading cycles, respectively. In the
unloading compliance method, a monotonically increasing relation between crack depth and compliance is
assumed. Accordingly, the specimen is initially unloaded and reloaded at predefined intervals of CMOD,
as described above, to evaluate the compliance during the test. The compliance is defined as the slope of a
linear regression line through the unloading data set.

In addition to SENT fracture toughness testing, CVN tests were performed on subsize bars extracted
from the weld specimens, with dimensions of 5 mm x 10 mm x 55 mm, at RT, -30°C and -45°C. At least
five Charpy specimens per test condition were machined in the transverse orientation relative to the welding
direction according to ASTM E23-12c [47]. Because of the small size of the HAZ and the bulbous shape
of the weld metal (WM) and the HAZ, it was not possible to extract full size Charpy specimens from the

HAZ, as such, subsize specimens were extracted as close to the specimen surface as possible to ensure



positioning of half of the notch in the CGHAZ and the other half in the fine grained heat-affected zone
(FGHAZ). Fig. 2c illustrates the location of the notch for the Charpy samples.

2.3. Microstructural analysis

The TEOM technique was utilized to analyze the formation of microstructural features, particularly PAG
size and M-A constituents, in the HAZ of the weld samples [48]. For this purpose, a chemical solution
containing 4 g of picric acid in 96 ml ethanol along with a few drops of HCI acid was prepared to clearly
reveal the PAG boundaries. The mean lineal intercept method (ASTM E112 [49]) was used to investigate
the PAG size in the CGHAZ. Freshly polished specimens were then tint etched through a separate process
using modified LePera’s etchant for 30-50 s to reveal different microstructural features. Quantitative
analysis of the various phase fractions formed during welding in the FGHAZ and the CGHAZ was
conducted using ImageJ commercial image analysis software according to ASTM E562 [50]. To evaluate
the ferrite/bainite (a/B) grain size variation by cold wire addition, electron backscattered diffraction (EBSD)
analysis was conducted on the CGHAZ of the weld samples using a Zeiss Sigma field emission gun SEM,

operating at 20 kV and equipped with an HKL EBSD system.

2.4. Fracture toughness analysis methodology
According to fracture mechanics principles, the J-integral is separated into elastic (Jeii) and plastic (Jpii)
components (Equation 5) to generate J-R curves (ASTM E1152-87 [51]).

] =]el,i +]pl,i (5)

Jeri is directly calculated from the stress intensity factor, Ki, for a plane strain crack, which is defined
in Equation 6. Equation 7 expresses the relationship for Jyii, which is a function of the plastic area under
the load-CMOD curve.

(A =v)[( Pyma, a;
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where E is the Young’s modulus, v is Poisson’s ratio, a; is the current crack size and P; is the load at the
beginning of the unload/load cycle. G(a/W) is a function of the crack size to width ratio, b; is the ligament
size (W-a;) and Ay, is the plastic area under the load-CMOD curve. The parameters n“M°P and y--P have
been defined by the finite element analyses conducted by Shen et al. [52] under a two-dimensional plane
strain assumption. These parameters are defined separately in the Appendix at the end of this paper.
Equation 8 was developed to determine the crack size based on CMOD elastic compliance (C;)

measurements via finite element analysis. The equation is valid for a/W ratios in the range of 0.05 to 0.95.
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According to ISO 12135 standard, r; is the coefficient of a polynomial least-squares fitting function
[53], which is defined in the Appendix. It is interesting to note that, according to the formulas mentioned
in ASTM E1820-11 [54,55], the changes in CMOD compliance as a function of a/W for clamped SENT
specimens (expressed as B.CiE in Equation 8) are significantly larger than for SENB specimens. The work
done by Cravero et al. [56] and Joyce et al. [57] showed that specimen rotation during SENT testing due to
the movement of the center of the remaining ligament toward the load line plays a significant role in the
crack propagation. Accordingly, the value of elastic compliance given in Equation 8 is corrected according
to Equation 9:

C
5 ©)

1-0.1657¢ (P—;)

Cc,i =

where C.; is the compliance after specimen rotation correction, which is established by means of two-
dimensional plane-strain finite element analysis for the SENT specimens with length to width ratio of 10
and ao/W between 0.2 and 0.5. P, and Py are the load at the beginning of the unload/load cycle and the load
limit, respectively.

3. Results

The average CVN impact energy (average of at least five Charpy tests per test condition) at three different
temperatures for the weld samples is presented in Fig. 4. The average impact energy was increased by the
addition of a cold wire to the conventional TSAW process, with a corresponding reduction in the heat
introduced to the weldment. Due to the proximity of the test temperature at -30°C to the ductile-to-brittle
transition temperature (DBTT) for this type of steel (i.e., ~ -30°C), large error bars for the CVN impact
energy of the HAZ weld samples were observed. Graham [25] reported that the Charpy energy for ferritic
steels commonly exhibits large scatter in the DBTT region.

Fig. 5 a and b depict typical load-displacement curves for a fully ductile specimen (e.g., RT test
specimen) and a specimen with brittle fracture (e.g., -30°C test specimen). The pop-in phenomenon (Fig.
5b) is typically observed for load-displacement curves of brittle materials (an interruption in the load-
displacement at relatively low displacements) and is due to brittle instability of the specimen [58]. The
CMOD compliance relationships developed by CanmetMaterials for SENT specimens [55,56] were used
to generate J-R curves by regression of the load-displacement data. However, prior to calculation of the J-
R curves from the load-CMOD plots, it was essential to assess the straightness of the initial fatigue pre-
crack and the final crack during SENT testing for a sufficient estimation of the toughness. For this reason,

according to ASTM E1820-11 procedures, the assessment of the initial and final crack straightness was



conducted and the specimens were sectioned to ensure the crack was propagated in the HAZ, particularly
CGHAZ. According to the standard, the SENT specimens were sectioned at cryogenic temperatures and
heat tinted and then nine physical crack measurements were performed. The crack straightness was
evaluated based on the maximum difference of the nine crack length measurements from the average value.
As per Section 9.1 of the standard, the crack straightness was considered valid if the maximum difference
was <0.05B. Fig. 6 shows the macrographs of the fracture surface of the SENT tested weld samples
indicating the EDM notch, the length of initial crack and final crack. The crack straightness assessment and
average length of initial and final cracks are summarized in Table 3.

J-R curves for weld samples tested in the CGHAZ at RT, -5°C and -30°C are shown in Fig. 7. A typical
J-R curve indicating the methodology of measuring J-integral values from the J-R curve [59,60] is shown
in Fig. 7a. Initially, a construction line, with a slope that is a function of the yield and ultimate tensile
strengths of the material and the crack extension is drawn. This is followed by drawing an offset line parallel
to the construction line at 0.2 mm offset.

Jqis the J-integral at the onset of ductile tearing (0.2 mm offset) according to ASTM E1820-11 Annex
AQ9 [54,55]. Jq and Jm (J-integral at the maximum load) or Jqc (J-integral at pop-in with less than 0.2 mm of
prior ductile tearing) values for SENT testing in the CGHAZ of the weld specimens are presented in Table
4. Jq is measured as the fracture toughness for the specimens with ductile fracture; however, for specimens
with a brittle fracture mode, Jqc and/or Jm are considered as the fracture toughness values since there is not
sufficient data in the J-R curves for evaluation of Jq. The large scatter in the J-R curves for weld specimens
tested at -30°C is primarily due to the brittle behavior of the specimen at this temperature. According to the
J-integral results shown in Fig. 4, there is an increase in the J value at the three different test temperatures
through the addition of a cold wire to the conventional TSAW process, with a corresponding reduction in
the heat introduced to the weldment. The trend in the J-integral values for the CGHAZ of the cold-wire
TSAW weld samples relative to the TSAW weld samples correlates with the CVN testing results.

As stated earlier, the fracture toughness in the CGHAZ is influenced by the microstructural changes
taking place during welding as a result of the thermal cycle that the steel experiences. The microstructure
of the base X70 steel was predominantly polygonal ferrite (PF - 85.5%) and granular bainite (GB - 9.8%),
with a small fraction of bainitic ferrite (BF - 3.2%) and M-A constituents (1.5%). However, the TEOM
(Fig. 8 aand b) and SEM (Fig. 8 ¢ and d) images indicate that the microstructure is significantly altered in
the CGHAZ. The shape, size and fraction of the M-A constituents in the CGHAZ were changed by cold
wire addition and the consequent variation in the welding heat input. The phase amounts formed in the
CGHAZ and FGHAZ are shown in Fig. 9a. Since no significant changes in the microstructure of the
FGHAZ was observed, the micrographs are not shown here. In addition to the phase transformations taking

place in the CGHAZ, the PAG and o/B grain size were reduced by the additional cold wire. Micrographs



highlighting the PAG boundaries using the TEOM technique and the o/B grain boundaries via EBSD are
shown in Fig. 8e and 8f and Fig. 10a-d, respectively. Individual o/B grains were identified either as having
boundary angles greater than 10° or greater than 15°. A 10°-15° misorientation of two neighboring grains
is considered as the transition from low angle to high angle grain boundaries. The average of at least five
grain size measurements conducted on the TEOM and EBSD micrographs is shown in Fig. 9b. These
alterations in grain size and microstructural features are attributed to a reduction in the heat introduced to
the steel and, consequently, a decrease in the retention time in the austenitic region, i.e., 1100-1400°C, and

an increase in the cooling rate, which are discussed in detail in the next section.

4. Discussion

The addition of a cold wire to the conventional TSAW process resulted in an increase in the absorbed
impact energy and J-value of the CGHAZ obtained by the CVN and SENT testing, respectively. The heat
input and the thermal cycle that the steel experiences during welding essentially governs the variations in
fracture toughness values for the HAZ of welded microalloyed steel [29]. In addition, property changes in
the CGHAZ are attributed to the alterations in the PAG size and the fraction and morphology of the
microstructural features, particularly the M-A constituent, which are directly influenced by the heat
introduced to the steel. Considering the fact that the characteristics of the M-A constituents (as the key
microstructural feature formed in the CGHAZ of microalloyed steels) govern both the crack initiation and
propagation stages, similar trend was onserved in the SENT and CVN toughness test results.

According to the TEOM and SEM micrographs of the CGHAZ, shown in Fig. 8, the PAG size in the
CGHAZ was decreased by addition of the cold wire. The reduction in the PAG size in the CGHAZ from
68 pum (TSAW weld) to 55 pum (cold-wire TSAW weld) is attributed to a reduction in the heat introduced
to the weldment and, consequently, a reduction in the retention time in the austenitization temperature range
(1100-1400°C) and an increase in the cooling rate by feeding a cold wire to the welding process. An analysis
of the heat input, based on the thermodynamic principles, which is discussed in [61], indicated that the heat
input of the cold-wire TSAW process was reduced by 9% relative to the TSAW process with a
corresponding increase in the cooling rate by 10%. According to Fig. 8, the CGHAZ microstructure of the
TSAW sample (with higher heat input) is made up of large PAGs, PF, GB, BF and large M-A constituents.
In contrast, the CGHAZ microstructure of the cold-wire TSAW sample (with lower heat input) is composed
of finer PAGs, PF, GB and BF associated with fine, blocky shaped M-A constituents. Phase fraction
analysis (Fig. 9) showed that less M-A is formed within the CGHAZ of the cold-wire TSAW weld sample
compared with the TSAW sample. However, in addition to the fraction and shape, the size and inter-spacing
of M-A constituents in the CGHAZ of the weld samples play a significant role in the fracture toughness.

Table 5 indicates the characteristics of the M-A constituents formed in the CGHAZ of the two weld



specimens. The fraction of M-A constituents in the CGHAZ is reduced as a consequence of PAG size
reduction [23,24] by cold wire addition. Quantitative analysis of the M-A regions indicated that the fraction
of M-A constituents in the CGHAZ with sizes larger than 2 um for the TSAW and cold-wire TSAW
samples is 3.2+0.2% and 1.0+0.1%, respectively. The size analysis indicates that there is a reduction in the
M-A size with a corresponding reduction in M-A spacing upon the addition of a cold wire. The M-A
interparticle spacing was determined using the equation developed by Somekawa [62].

The larger M-A constituents in the CGHAZ of the TSAW sample are due to the higher martensite start
temperature (Ms) which correlates with the larger PAGs [28,63]. Bhadeshia [64], Heinze et al. [65] and
Guimaraes [66] suggested that a decrease in Ms temperature correlates with a decrease in the PAG size,
which results in a lower volume fraction of martensite. According to Koistinen-Marburger [67] and Fisher
et al. [68], the fraction of martensite is a function of the amount of undercooling below the Ms temperature.
As such, the volume fraction of martensite which is formed in the early stages of the austenite
transformation is proportional to the PAG size cubed. As such, “for a larger PAG, the fraction of the
transformation needed to detect Ms is reached at a smaller undercooling” [63]. Therefore, the fraction and
size of formed M-A constituent increase for a coarser PAG size. In this regard, the work done by Li et al.
[23] and Yu et al. [24] showed that a microstructure comprising of coarse PAGs and coarse M-A
constituents promotes brittle fracture in the CGHAZ. As such, both grain size refinement and the M-A
transformation concurrently play a significant role in the HAZ toughness of welded microalloyed steels.
Due to the increased transformation of austenite to the M-A constituent, a higher proportion of localized
brittle zones, i.e., the M-A constituents, was formed in the CGHAZ of the TSAW sample relative to that of
the cold-wire TSAW sample, which resulted in higher micro-hardness values in the CGHAZ for the TSAW
sample (237.8+5.5 HV0.5) relative to the cold-wire TSAW sample (225.9+4.5 HV0.5). Moreover, a finer
distribution of fine M-A constituents within the ferritic matrix of the CGHAZ of the cold-wire TSAW
sample resulted in higher J-integral values and Charpy energies at different test temperatures. The M-A
constituent is significantly harder than the internal grain microstructure, so that cracks initiate easily at the
M-As. However, large slender shaped M-A constituents formed in the CGHAZ of the TSAW sample can
contribute more as the crack initiation sites and promote the propagation of microcracks due to the relatively
higher stress concentration at the elongated M-A constituents. Whereas, the fine M-A constituents with
small inter-spacing formed in the CGHAZ of the cold-wire TSAW sample can slow down, if not arrest, the
crack that was primarily initiated at one of the M-A constituents from further propagation. The work done
by Davis et al. [21] and Reichert et al. [69] also confirm that the slender M-A constituents are the most
detrimental to fracture toughness.

In addition to the formation of M-A constituents, the ferrite/bainite grain size affect the properties of

the CGHAZ of welded microalloyed steels. Low angle boundaries (smaller than 10°-15°) are not effective



obstacles for crack propagation and, as a result, do not significantly contribute to the toughness. High angle
grain boundaries (larger than 10°-15°), on the other hand, have a greater effect on properties [70-72].
Accordingly, 10° and 15° thresholds were chosen as the criteria for for the EBSD mapping of ferrite/bainite
grains (Fig. 10). Although the ferrite/bainite grains in the CGHAZ are significantly coarser than those in
the base X70 microalloyed steel (4.1+0.5 um), the addition of a cold wire at a rate of 25.4 cm/min reduced
the grain size (grains with boundary angles larger than 15°) in the CGHAZ from 17.6+5.0 um (TSAW
weld) to 15.3+4.5 pum (cold-wire TSAW weld). The misorientation angle distribution of the o/B boundary
(>15°) in the CGHAZ of the two welds is shown in Fig. 11. Although more grains with boundary angles
smaller than 31° formed in the CGHAZ of the TSAW weld, a relatively higher fraction of grains formed
with boundary angles greater than 31° in the CGHAZ of the cold-wire TSAW weld. Since a larger grain
boundary angle generally has a greater effect on the fracture toughness, the grains formed in the CGHAZ
of the cold-wire TSAW weld are likely to provide more barriers to crack propagation in the CGHAZ relative
to the CGHAZ of the TSAW weld. As such, in addition to the reduction in the fraction of M-A constituents
and the refinement in the morphology of M-A constituents, the addition of a cold wire (which lowers the
welding heat input) resulted in grain size refinement due to the lower peak temperature and faster cooling
rate in the CGHAZ. These two metallurgical factors provided an improvement in the HAZ fracture

toughness.

5. Conclusions

The influence of the recently developed welding process, i.e., tandem submerged arc welding with
additional cold wire (cold-wire TSAW), on the microstructure and fracture toughness of an X70
microalloyed steel was evaluated. Single-edge notched tension (SENT) and the Charpy V-notch (CVN)
impact tests indicated that the fracture toughness of the coarse grained heat-affected zone (CGHAZ) was
improved by a cold wire addition into the welding process. The cold wire addition primarily led to a
reduction in the prior austenite grain (PAG) size in the CGHAZ. However, microstructural evaluation
indicated that the fraction, size and inter-spacing of martensite-austenite (M-A) constituents in the CGHAZ
were reduced and the shape was altered from slender to blocky when a cold wire was fed into the TSAW
process. Furthermore, ferrite/bainite grains were refined in the CGHAZ by addition of the cold wire. A
combination of relatively large PAGs and ferrite/bainite grains, and large elongated M-A constituents which
were mostly formed along the boundaries in the CGHAZ of the TSAW samples, was responsible for the
inferior toughness properties in the HAZ relative to the cold-wire TSAW samples. The formation of larger
M-A constituents in the CGHAZ can stimulate the formation of microcracks, which lead to intergranular

fracture.
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Appendix

G(ai/W) parameter in Equation 6 is a function of the crack size to width ratio (a/W) as follows:

12 .
i

(@)=Y @

i=1
The coefficients of the polynomial regression (ti) based on finite element analyses conducted by Shen et al.

[55] are shown in Table Al.
Parameters n°MOP and yELP in Equation 7 are defined by the finite element analyses performed by Shen et

al. [52] under a two-dimensional plane strain assumption.

11 .
Nemop = Z (oh (%) (42)
i=1

a~ (M1
Yiep =Moo — 1 — (1 - Wl) ( LLD) (43)

NLLp

a\k
where n,.p = i, Y (Wl) (A%)

Coefficients ¢; and ysy are given in Table A2. The first derivative of 1, p, i.e., n1.p, is also defined as:

11 a; k-1
Mo = Z ke (5) (45)

iz
riin Equation 8 is the coefficient of a polynomial least-squares fitting function; values are provided in Table
A2.



