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ABSTRACT 
Microalloyed steels can achieve a good combination of 

strength and toughness through appropriate alloy design and 

thermomechanical controlled processing (TMCP). However, 

the mechanical properties can deteriorate as a result of the high 

heat input and thermal cycles that the steel experiences during 

welding. It is generally accepted that the portion of the heat 

affected zone (HAZ) adjacent to the fusion line, i.e., the coarse 

grain heat affected zone (CGHAZ), which is characterized by 

coarse grains and martensite-austenite (M-A) constituents, is 

the region with poorer toughness relative to the rest of the steel. 

In the present research work, modification to the conventional 

tandem submerged arc welding (TSAW) process is carried out 

by the addition of a cold wire during welding (CWTSAW), 

which induces changes to the geometry and properties of the 

weld joint. Microstructural analysis, mechanical property 

investigation and geometry analysis indicate overall 

improvement in the weld and the HAZ properties after cold 

wire addition. These improvements are explained in terms of an 

increase in the deposition rate and a decrease in the amount of 

heat introduced to the weldment. An X70 microalloyed steel 

was welded using both TSAW and CWTSAW processes. 

Charpy-V-notch impact testing and microhardness testing 

showed improvement in the HAZ mechanical properties for 

CWTSAW samples relative to TSAW samples. Microstructural 

analysis, using both optical microscopy and scanning electron 

microscopy (SEM), indicated the formation of finer prior 

austenite grains (PAG) and less M-A constituent within the 

CGHAZ of the CWTSAW samples. These improvements are 

due to lower actual heat introduced to the weldment and a 

relatively faster cooling rate.  

 

INTRODUCTION 
 During processing of high strength low-carbon low-alloy 

steels, a good combination of strength and toughness is 

obtained by appropriate alloying design and thermomechanical 

controlled processing (TMCP) [1,2]. However, this strength and 

toughness combination can be deteriorated by the heat input 

and the thermal cycles that the steel experiences during welding 

[3-5]. Since welding is an unavoidable stage in pipe 

manufacturing, it is essential to produce welded pipe with as 

low a heat input as possible while retaining adequate joint 

geometry and properties [4-6]. Submerged arc welding (SAW) 

has been preferred over other welding process in the pipeline 

industry due to its inherent properties, such as deep penetration, 

high deposition rate and capability of welding thick sections 

[7]. To improve welding productivity in a global economy, 

many fabricators have resorted to tandem submerged arc 

welding (TSAW), which is SAW with two to five electrodes [8-

10]. Nevertheless, heat input in the TSAW process is increased 

due to the increase in the overall welding current and voltage 

needed for a higher deposition rate, resulting in some adverse 

effects on the microstructure and toughness of the weld joint. It 

is generally accepted that the portion of the base metal which is 

affected by the heat of welding, the heat affected zone (HAZ), 

and particularly the zone adjacent to the fusion line, the coarse 

grain heat affected zone (CGHAZ), has lower toughness 

relative to the rest of the steel. The deterioration in toughness in 

the CGHAZ is attributed to the formation of large prior 
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austenite grains (PAG) and martensite-austenite (M-A) 

constituents, which are localized brittle zones (LBZ), as a result 

of the high peak temperature and relatively fast cooling rate in 

the CGHAZ [3,4,11-13]. 

In the present research work, cold-wire TSAW 

(CWTSAW) is developed to improve the microstructure and the 

mechanical properties of the HAZ, while maintaining 

appropriate weld geometry. The process involves two 

electrodes with arcs and one electrically cold electrode. In 

CWTSAW, the additional cold wire can be fed into the tandem 

weld pool, resulting in a higher deposition rate and better 

productivity for the welding process without increasing heat 

input compared with the TSAW process [14-16]. Furthermore, 

incorporating a cold wire in TSAW moderates the heat input by 

consuming the heat energy of the trail electrode, leading to a 

lower amount of heat introduced to the weldment. Accordingly, 

better quality welds are expected at lower heat inputs per mass 

of deposited material and with a substantial reduction in arcing 

time leading to the formation of a smaller and shorter weld pool 

(compared with TSAW without a cold wire). As such, 

CWTSAW technology is a promising technique for pipe seam 

welds commonly used in the pipeline industry. The results of 

the present research work show that the reduction in the overall 

heat input by cold wire addition causes some improvement in 

microstructure and, consequently, properties of the HAZ. Full 

metallographic examinations are carried out using optical 

microscopy and scanning electron microscopy (SEM). Charpy-

V-notch impact testing and microhardness testing are performed 

to investigate and correlate the properties changes with 

microstructure alterations in the HAZ of samples prepared by 

CWTSAW. 

MATERIALS & EXPERIMENTAL PROCEDURE 
X70 microalloyed steel plates, 12.4 mm in thickness and 

fabricated by Evraz Inc. NA, were used as the base metal. The 

weld samples were prepared by both CWTSAW and TSAW 

processes using two 4 mm diameter EA2 electrodes (according 

to the ASME standard) and one cold wire with the same 

diameter and composition as the electrodes. The flux was 

chosen according to EN 760 (BF6.5, Bavaria, Germany). The 

chemical compositions of the microalloyed steel and 

consumable electrode are indicated in Table 1. 

 

 

A 90 V-shaped bevel, 5 mm in depth, was machined in the 

steel plates prior to welding. 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, respectively. In previous 

papers [17,18], the CWTSAW process parameters were 

investigated and optimized in terms of geometry, dilution and 

microhardness of the weld and the HAZ. The present 

CWTSAW process setup has been developed based on the 

optimized welding parameters. More details of the welding 

procedure have been discussed elsewhere [17,18]. The welding 

conditions to fabricate the microalloyed steel joint are 

presented in Table 2. The fabricated welds were visually 

inspected 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.  Figure 

1 depicts the steel plate geometry and the CWTSAW process 

setup employed to fabricate weld samples. The heat input for 

both welding processes was constant and set at 22.2 kJ/cm. All 

welding parameters were the same for both processes other than 

the additional cold wire to investigate the effect of cold wire 

addition on microstructure and mechanical properties of the 

HAZ. 

 
Table 2. Welding process parameters  

Process Parameter Unit 
CWTSA

W 
TSAW 

Current- Lead Electrode A 1040 1040 

Current- Trail Electrode A 830 830 

Voltage- Lead Electrode V 30 30 

Voltage- Trail Electrode V 34 34 

Welding Travel Speed mm/s (in/min) 26.67 (63) 26.67 (63) 

Cold Wire Position -- Lagging NA 

Cold Wire Angle  63 NA 

Cold Wire Feed Speed mm/s (in/min) 4.23 (10) NA 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. CWTSAW process setup. (a) Schematic view of 

joint configuration along with the positioning of the 
electrodes and cold wire and (b) welding setup designed at 

Evraz Inc. NA  
 

Charpy impact tests were performed on subsize Charpy-V-

notch (CVN) bars, 5 mm x 10 mm x 55 mm in size, at room 

temperature (RT) and -30C. The Charpy specimens were 

machined in the transverse orientation relative to the welding 

direction according to ASTM E23-12c [19]. Due to the bulbous 

shape of the weld metal (WM) and the HAZ and the small size 

of the HAZ, it was not possible to fabricate full size Charpy 

specimens of the HAZ.  As such, subsize specimens were 

extracted as close to the top metal surface as possible to ensure 

that half of the notch was located in the CGHAZ and half was 

Table 1. X70 steel and electrode compositions (key 
alloying elements) 

 

X70 composition (wt%)  

C S Mn N Ni Nb Ti Pcm 

0.04 0.001 1.76 0.0098  0.1 0.078 0.017 0.175 

Electrode and cold wire composition (wt%)  

BA- C Mn Mo Cu Cr Si Ni 

S2Mo 0.1 1.04 0.56 0.03 0.03 0.1 0.02 

Weldment  

Welding Direction 

Cold 

Wire 

Lead Electrode Trail Electrode 

Lead Trail 
Cold 

Wire 

CWTSAW 

HSLA X70 

90
o

 

5mm 

12.4mm 

b 

a 
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located in the fine grain heat affected zone (FGHAZ). Figure 

2(a) illustrates the location of the notch for the toughness 

investigation. two transverse samples of each weld were 

mounted, ground and polished according to the ASTM E3-11 

standard [20] for microhardness analysis (ASTM E384 [21]). 

Both CVN and microhardness samples were then etched with 

4% Nital to reveal the boundary between different zones of the 

steel weld. A 500 g load was applied for a dwell time of 14 s 

per indentation. In total, 20 test points were examined per weld 

sample, with an average of 7-9 indents across each of the 

FGHAZ and CGHAZ. Three sets of indentations were used for 

each weld at different locations to increase the number of the 

data sets. Figure 2(b) depicts the hardness measurement 

mapping for a typical welded sample using CWTSAW. 

 

 Figure 2. (a) Schematic view of extraction of CVN specimen 
from the weld sample. (b) Microhardness mapping along 

the BM, HAZ and WM of a typical weld prepared by 
CWTSAW. The micrograph in the inset shows an 

indentation in the CGHAZ 
 

Microstructural analysis was carried out on weld samples 

using optical microscopy (Olympus BX61) and scanning 

electron microscopy (Tescan Vega-3 SEM). The formation and 

fraction of M-A constituents is dependent on the cooling rate 

and the prior austenite grain (PAG) size [12,13,22]. Revealing 

PAG boundaries and M-A constituents in microalloyed steels 

and their relevant welds can be difficult to achieve and depends 

very much on the etchant type and time. As such, several 

etching procedures, using various etchants with different 

solution concentrations and etching times, were employed. 

After the etching trials, a chemical solution containing 4 g of 

picric acid in 96 ml ethanol along with a few drops of HCl acid 

was selected to clearly reveal the PAG boundaries. The PAG 

size was analyzed using the mean lineal intercept method 

according to ASTM E112 [23]. Freshly polished specimens 

were then color etched through a separate process using 

LePera’s etchant for 30-50 s to reveal different microstructural 

features. Microstructural analysis indicated a high sensitivity of 

phase identification to etchant composition and etching time. 

Quantitative analysis of the M-A constituent was done using 

ImageJ commercial image analysis software. The fraction of 

other microstructure features was examined according to 

ASTM E562 standard [24]. Fractography of the CVN 

specimens was performed by SEM. 

RESULTS & DISCUSSION 
Impact Toughness: 

The HAZ Charpy impact toughness results at two different 

temperatures for samples welded by CWTSAW and TSAW are 

presented in Fig. 3. The average of nine Charpy tests and the 

minimum impact energy for each weld are presented. The 

minimum Charpy absorbed energy represents the lowest 

toughness that was measured and may be important from an 

engineering perspective. According to Fig. 3, there is a slight 

increase in the impact energy (both the average and minimum 

values) through the addition of a cold wire to the conventional 

TSAW process, with a corresponding reduction in the actual 

heat introduced to the weldment. The large error bars for the 

HAZ weld samples at -30C are most likely due to the ductile-

to-brittle transition temperature (DBTT) for this steel, which is 

close to -30C. In this regard, Graham [25] reported that the 

Charpy absorbed energy data for ferritic steels commonly 

exhibits large scatter in the DBTT region. Additional Charpy 

tests will be done at lower temperatures to determine the DBTT 

for both welding processes. Since toughness is influenced by a 

number of microstructural factors, such as grain size, matrix 

microstructure and the shape, size and distribution of M-A 

constituents, microstructural alterations within the HAZ are 

evaluated and discussed below. 

  

 
Figure 3. Charpy impact toughness of the HAZ for steel 

samples welded by CWTSAW and TSAW processes (error 
bars: the standard deviation) 

 
Microhardness: 

In addition to the Charpy impact testing, the weld samples 

fabricated using the CWTSAW and TSAW processes were 

evaluated in terms of HAZ geometry and microhardness. In the 

CWTSAW process, the resultant CGHAZ area was narrower 

compared with the CGHAZ area for the TSAW process due to 

lower actual heat introduced to the weldment by cold wire 

addition and corresponding faster cooling rate [17,18]. Figure 4 

depicts macrographs of two weld samples prepared via the 

CWTSAW and TSAW processes. The results of four geometry 

measurements of the fabricated welds indicated that there was a 
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reduction from 21.56±0.63 mm2 to 20.03±0.50 mm2 in the 

CGHAZ area. However, the influence of cold wire addition on 

the dilution and geometry of the weld and HAZ is increased by 

increasing the feeding speed of the cold wire, which has been 

discussed in detail elsewhere [17]. The weld deposition rate 

was increased by 6%, when the cold wire was fed at a rate of 

4.23 mm/s (10 in/min). 

 

 

 

 

 

 

 

 

 
Figure 4. Macrographs of welds produced by: (a) CWTSAW 

and (b) TSAW. The CGHAZ is outlined in both images 

 

 
Figure 5. (a) Microhardness variation within the weld 

samples. (b) Average microhardness with the standard 
deviation for the FGHAZ and CGHAZ of the steel samples 

welded by the CWTSAW and TSAW processes 
 

Figure 5 depicts the microhardness variations along the 

HAZ and the WM. The microhardness value of the as-received 

base metal (BM) was measured as 228±4 HV. As shown in Fig. 

5, the microhardness of the CGHAZ was reduced by the 

addition of a cold wire to the TSAW process. It is generally 

agreed [11-13] that the CGHAZ of welded microalloyed steels, 

which is characterized by a coarse grained microstructure and 

M-A constituents (LBZ), is the region in the steel with 

unfavorable fracture toughness compared with the rest of the 

steel. The CWTSAW sample showed a reduction in the size of 

CGHAZ and a reduction in the CGHAZ microhardness, due to 

a reduction in the actual heat introduced to the weldment and 

the corresponding microstructural changes. The lower fraction 

of M-A constituents (LBZ) formed within the HAZ resulted in 

lowering of the microhardness in the HAZ. The microstructural 

alterations within the HAZ are discussed in the following 

subsection. 

 
Microstructure: 

The microstructure for the X70 microalloyed steel was a 

combination of 86.9% polygonal ferrite, 9.2% granular bainite, 

3.0% bainitic ferrite and a fine distribution of 0.9% M-A 

constituents; the PAG size was ~8 µm. The PAG size and the 

fraction, size and shape of the microstructural features are 

altered in the HAZ due to the heat input and thermal cycle that 

the steel experiences during welding [26]. Refining the PAG 

size influences the transformation products, particularly the M-

A constituents, within the HAZ, which results in beneficial 

effects on toughness [12,13,22]. However, there has only been 

limited work done to correlate the PAG size and M-A 

constituents [12,13,22]. Optical micrographs of the HAZ, 

revealing the PAGs and M-A constituents are shown in Figure 

6(a)-(f). The PAG size in the CGHAZ (Fig. 6(a)-(b)) and the 

FGHAZ was decreased by addition of the cold wire. The PAG 

size in the CGHAZ and FGHAZ for TSAW and CWTSAW 

samples was measured as 68 µm and 5.5 µm, and 55 µm and 

4.7 µm, respectively. The reduction in the PAG size in the 

CGHAZ is attributed to a reduction in the actual heat 

introduced to the weldment, lowering of the peak temperature, 

reduction in the retention time in the austenitization 

temperature range (1100-1400C) and an increase in the 

cooling rate by adding the cold wire. The M-A constituents 

along with other microstructural features in the CGHAZ and 

FGHAZ of the two samples are shown in Fig. 6(c)-(f). The M-

A constituents are revealed as white regions using LePera’s 

etchant [27]. SEM micrographs of the CGHAZ of the weld 

samples are depicted in Fig. 7(a)-(b). The CGHAZ 

microstructure of the TSAW sample (with higher heat input) 

has large PAGs, polygonal ferrite (PF), granular bainite (GB), 

bainitic ferrite (BF) and large M-A constituents, which are 

mostly formed along the PAG boundaries. In contrast with the 

TSAW sample, the CGHAZ microstructure of the CWTSAW 

sample (with lower heat input) is composed of finer PAGs, PF, 

GB and BF associated with fine, blocky shaped M-A 

constituents. However, less M-A is formed along the CGHAZ 

of the CWTSAW weld sample compared with the TSAW 

sample. The microstructure of the FGHAZ of the CWTSAW 

sample is composed of PF and less GB and BF with smaller M-

A constituents compared with the FGHAZ of the TSAW 

sample. Phase fraction analysis of the transformation products 

in the CGHAZ and FGHAZ of the welded samples is indicated 

in Fig. 8. 

5 mm 5 mm 

a b 
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Figure 6. Optical micrographs of the CGHAZ and FGHAZ for the CWTSAW (CW5) sample (a,c,e) and the TSAW (TS8) sample 
(b,d,f). Images (a-d) and (e-f) are from the CGHAZ and FGHAZ, respectively 
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Figure 7. SEM secondary electron (SE) images of the CGHAZ. (a) the CWTSAW (CW5) sample and (b) the 
TSAW (TS8) sample 

 

 
Figure 8. Microstructural constituent analysis in the FGHAZ 

and CGHAZ for the microalloyed steel welded by the 
CWTSAW (CW5) and TSAW (TS8) processes 

 

The M-A fraction in the CGHAZ, determined from the optical 

micrographs, was 4.1% and 3.0% for the TSAW and CWTSAW 

samples, respectively, indicating a reduction in the fraction of 

M-A as a consequence of PAG size reduction [11,12] by cold 

wire addition. The M-A fraction in the CGHAZ of TSAW and 

CWTSAW samples, calculated from the SEM micrographs, was 

5.4% and 3.3%, respectively. The trend is the same and the 

actual values are quite similar for both techniques, which 

confirms the validity of the M-A identification in the optical 

images. The M-A fraction in the FGHAZ of the TSAW and 

CWTSAW samples was 3.6% and 2.7%, respectively. 

Quantitative analysis of the M-A regions indicates that the 

fraction of M-A constituents in the CGHAZ with the size larger 

than 2 µm for TSAW and CWTSAW samples is 3.5% and 

0.9%, respectively. The low toughness in the CGHAZ of 

welded microalloyed steels is highly influenced by the shape, 

size, distribution and fraction of M-A constituents in the 

CGHAZ [11,12]. The larger M-A constituents in the CGHAZ of 

the TSAW sample are due to the higher martensite start 

temperature (Ms) for samples with larger PAGs [12,28-30]. 

Bhadeshia et al. [28,29], Heinze et al. [31] and Guimaraes [32] 

suggested that a decrease in Ms temperature happens with a 

decrease in the PAG size, which results in a lower volume 

fraction of martensite. According to the classical Koistinen-

Marburger (KM) equation [33] and the geometrical partitioning 

model by Fisher et al. [34], the fraction of martensite is a 

function of the amount of undercooling below the Ms 

temperature. Based on the proposed models, the martensite 

volume fraction formed in the early stages of the transformation 

is proportional to the PAG size cubed; hence, “the fraction of 

the transformation needed to detect Ms is reached at a smaller 

undercooling when the PAG size is larger” [28]. Therefore, a 

coarser PAG size increases the fraction and size of the M-A 

constituent. Yu et al. [11] and Li et al. [12] showed that a coarse 

PAG size, associated with a coarse M-A constituent, is the 

dominant factor in promoting brittle fracture in the CGHAZ. 

Accordingly, there is a concurrent effect of both grain size 

refinement and M-A transformation, which plays a significant 

role in the strength and toughness of the HAZ. Due to the 

formation of the M-A constituent, there is a higher proportion 

of LBZs in the CGHAZ of the TSAW sample compared with 

the CWTSAW sample. This shows up as higher microhardness 

values in the CGHAZ for the TSAW sample relative to the 

CWTSAW sample. Also, a narrower distribution of fine M-A 

constituents (LBZs) inside the ferritic matrix in the CGHAZ of 

the CWTSAW sample resulted in a slightly higher fracture 

toughness for the HAZ. However, coarser PAGs with large M-A 

constituents, which are mostly formed along the PAG 

a b 

PAG boundary 

M-A 
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PAG boundary 
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boundaries, lead to inferior toughness properties in the HAZ of 

the TSAW sample. This inferior toughness, due to formation of 

M-A constituents along PAG boundaries, is confirmed by the 

research work done by Davis et al. [35,36] and Reichert et al. 

[37]. They found that the combination of an elongated shape 

and the formation of a network of M-A constituents along the 

PAG boundaries is most detrimental to fracture properties. The 

improved microstructural alterations and consequent 

mechanical property changes in the HAZ of the CWTSAW 

sample are attributed to the lower actual heat introduced to the 

steel and the lower peak temperature along the HAZ by the 

addition of the cold wire during welding.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. SEM SE fractographs of specimens welded by (a,b) CWTSAW and (c,d) TSAW processes. Micrographs showing the 

fracture surfaces in the CGHAZ of specimens welded by (e,f) CWTSAW and (g,h) TSAW. The insets in (e) and (g) show the 
boundary between FGHAZ and CGHAZ in the weld specimens. Micrographs (a,c,e,g) and (b,d,f,h) are at RT and -30C, 

respectively. 
 
Fracture Analysis: 

According to the impact toughness results shown in Fig. 3, 

the HAZ toughness of the TSAW sample is lower compared 

with the CWTSAW sample. As stated in the previous 

subsection, this reduction in toughness of the HAZ of the 

TSAW sample is attributed to the formation of large M-A 

constituents inside and along the PAG boundaries as a result of 

the higher actual heat input. Lowering the heat input by adding 

the cold wire altered the size, shape, distribution and fraction of 

the M-A constituent, leading to an improvement in the HAZ 

toughness. The reduction in toughness by increasing welding 

heat input has been confirmed in the literature [6,26,38]. The 

fracture surface morphologies of the HAZ at two different test 

temperatures for the CWTSAW and TSAW samples are 

illustrated in Fig. 9(a,b,e,f) and 9(c,d,g,h), respectively. The 

boundary between the CGHAZ and FGHAZ on the fracture 

surface is shown in the inset micrographs in Fig. 9(e,g). The 

fracture in the FGHAZ and CGHAZ of the CWTSAW weld 

sample (at RT) is fully ductile and the fracture mechanism 

involves microvoid coalescence (MVC). However, the fracture 

mechanism in the FGHAZ and CGHAZ for the TSAW weld 

sample at RT is different, i.e., MVC and quasi-cleavage, 

respectively, resulting in ductile and quasi-brittle fracture in the 

FGHAZ and CGHAZ at RT. Due to the large PAG size in the 

CGHAZ of the TSAW sample, large cleavage facets are present 

on the fracture surface, which contribute to lowering of the 

Charpy energy in the HAZ of the TSAW sample. A 

combination of MVC and quasi-cleavage, along with 

intergranular fracture, is seen on the CGHAZ fracture surface 

of the CWTSAW sample at -30C. However, the CGHAZ 

fracture surface of the TSAW sample consists of a mixture of 

cleavage and intergranular facets, resulting in brittle fracture in 

the CGHAZ of the TSAW sample at -30C [39]. The M-A 

constituent is significantly harder than the internal grain 

microstructure, so that cracks initiate easily between two 

closely spaced large M-A constituents. Moeinifar et al. [8] 
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concluded from their microstructural study of multiple TSAW 

samples that the size and shape of M-A constituents are 

significant factors affecting the Charpy impact properties of the 

CGHAZ and that microcrack nucleation may occur from M-A 

islands at the intersection of PAG boundaries. Moreover, Li et 

al. [40] found that an intercritically reheated CGHAZ 

demonstrated the lowest toughness, due to the presence of M-A 

constituents with high carbon content martensite. The large 

slender shaped M-A constituents in the CGHAZ of the TSAW 

sample of this work formed mostly along the PAG boundaries 

and can promote the formation of microcracks, resulting in 

brittle/quasi-brittle fracture in the HAZ. 

CONCLUSIONS 
Tandem submerged arc welding (TSAW) with an 

additional cold wire (CWTSAW) has been compared with 

TSAW in terms of heat affected zone (HAZ) microstructure, 

mechanical properties and geometry. Microstructural evolution 

and its influence on the fracture toughness of the weld HAZ by 

cold wire addition in the TSAW process has been studied for 

the first time through this research work. Cold wire addition 

resulted in a reduction in the prior austenite grain (PAG) size in 

the coarse grained HAZ (CGHAZ). Microstructural analysis 

showed that the fraction and size of M-A constituents in the 

CGHAZ were reduced, and the distribution and shape were 

altered, when a cold wire was added to the TSAW process. The 

changes to the fraction and characteristics of the M-A 

constituents in the HAZ are attributed to the lower actual heat 

introduced to the weldment, the lower peak temperature and the 

formation of finer PAGs by cold wire addition. The relatively 

large elongated M-A constituents which mostly form along the 

PAG boundaries, along with the relatively large PAGs, of the 

TSAW samples (compared with those of the CWTSAW) led to 

inferior toughness properties in the HAZ of the TSAW sample, 

since the larger M-A constituents can stimulate the formation of 

microcracks leading to intergranular fracture. 
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