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ABSTRACT  

API steel gas pipe of 812.8 mm diameter and 15.9 mm wall thickness was investigated to characterize the steel grade and assess 

weldability for fourteen-consecutive passes of TIG arc welding technology. The parent Metal (PM) contains 0.02% C in addition to 

0.02% Nb. A steel electrode for TIG process was used containing 5.6% Cr and 0.56% Mo. Standard V-groove was mechanically 

prepared to suite butt welding. The microstructure of the PM was containing mainly fine acicular ferrite satisfying the essential re-

quirements of API specifications for grade X60. The weld metal (WM) was containing very fine acicular ferrite and showing the 

maximum hardiness values. Heat affected zone (HAZ) structure still contains acicular ferrite but it became coarse, possessing lower 

hardness than that of WM. HAZ does not exceed 2-2.5 mm adjacent to the welded V-groove. The fractured tensile welded specimens 

were necked and failed at the HAZ. The impact transition temperature (ITT) was detected as -35 °C. However, the mechanical prop-

erties of the WM did not negatively affected by the welding process and still fair satisfying the requirements of API X60. 
 

Keywords: steel pipes; Weldability; Tungsten inert gas (TIG); Acicular ferrite; Impact transition temperature (ITT). 
 
 

 

INTRODUCTION 
 

Exploration of gas and oil is accompanied by extensive devel-

opment of steel pipe processing for transportation purposes from 

wells for refining and storing places. Efforts have been directed 

towards enhancement of steel properties to cope with the API 

specifications [1]. Enhancement is dealing with the tensile prop-

erties as well as the impact toughness even at lower tempera-

tures. Special attention was paid to the micro-alloying elements; 

in addition to thermo-mechanical treatment during the steel pro-

cessing. Weldability of steel and welding technologies are 

highly concerned. 

Recently, low carbon micro-alloyed steels are developed 

through microstructure refinement to improve both strength and 

toughness. Great attention has been taken to attain ultra-fine fer-

rite grain structure for creation strain induced ferritic transfor-

mation (acicular ferrite) and/or dynamic recrystallization of aus-

tenite during deformation [2, 3]. However, for pipeline steel, 

acicular ferrite microstructure is favorable, as it would have bet-

ter properties such as high tensile strength, good toughness, ex-

cellent corrosion resistance and superior weldability [4-6]. The 

previous properties were leading to the application of the acicu-

lar ferrite steel plates in the manufacturing of large diameters 

pipes for gas and oil transportation at the low temperature areas 

[7, 8].  

Microalloying  elements such  as  Nb,   V   and  Ti  have  a 

controlling  influence  on  the  recrystallization  behavior  of  

austenite in steel,  either  while  in solid  solution  or  as  second  

phase  precipitates. Microalloying affects   the   critical temper-

ature   for onset   of   grain   coarsening   during   reheating   and   

subsequent hot deformation [9]. The principal advantage of the 

micro-alloyed steels   is   not   only   their   good   combination   

of strength and toughness, but also their good weldability [10, 

11]. Large diameter API steel pipes demand WM with superior 

properties i.e., a combination of high strength and high tough-

ness. These properties are usually secured by both micro-alloy-

ing [12] and a thermo- mechanical processing during steel pro-

cessing for acicular ferrite creation to secure the high strength in 

combination with high toughness [13]. 

An important and essential requirement for weldability at the 

API specification is the carbon equivalent (CE) term which, was 

formulated by the International Institute of Welding (IIW) [14], 

as stated in equation (1). 
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Weldability is a complex concept, which depends on different 

factors. Chemical composition is important factor, in addition to 

steel processing route, welding technology applied, temperature, 

air humidity, and wind intensity in an open air [15]. Low CE 

steels were assessed as high weldability steels. However, sus-

ceptibility for occurrence of cracks, or other failures in the 

welded joint, or at the HAZ are also important to consider. 

Therefore, it is important to mention that the CE is only an in-

dicative parameter for assessing the weldability and should 

never be based on its values to ensure the integrity of the welded 

joints [15].  

However when high strength steel is welded, care would be 

taken, where non-uniform heating and cooling in WM and par-

ent metal generating harder HAZ, cold crack susceptibility and 

residual stress in weldments [13]. On the bases of a previous 
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work, it was stated that in the high API steel grades (≥ X60), the 

HAZ is prone to failure due to the possibility of hydrogen in-

duced cracking and the only way to weld such steels is to use 

low hydrogen ferritic steel filler wire [16]. The WM microstruc-

ture of fusion welded joints is greatly influenced by both chem-

ical composition of filler metal and the heat input of the process. 

High heat input is leading to longer time for cooling which re-

sults in coarse grains in WM. On the other hand, lower heat input 

leads to fast cooling which results in fine microstructure [17].  

It was found that in gas metal arc welding of HSLA naval grade 

steel joints that the parent metal microstructure contained mainly 

ferrite and few amount of pearlite. The microstructure was trans-

formed into acicular ferrite, little amount of retained austenite 

and martensite as a result of heat input and chemical composi-

tion [13]. A previous study stated that microstructural stability 

is more in acicular ferrite compared to bainite in higher temper-

atures [18].  

The current work aims at investigation the metallurgical and me-

chanical characterization of API 812.8 mm diameter gas pipe. 

Weldability assessment for TIG arc welding process is also in-

vestigated. Not only CE but also experimental measurements for 

mechanical properties and metallographic characteristics of the 

welded joints are used. 

 

MATERIAL AND METHODS 
 
The parent metal (PM) under investigation is a steel sample pipe, 

with 812.8 mm diameter and 15.9 mm wall thickness. For the 

steel alloy characterization; chemical analysis as well as tensile, 

impact, and bending specimens were mechanically cut and suit-

able tests have been carried out. Steel plates were prepared for 

TIG welding process as V- grooves by milling in accordance 

with ISO 9692.  The V- grooves dimensions are shown in Fig. 

1.  

Fig. 2 presents schematically the sequence of 14 - consecutive 

TIG welding passes for filling the V-grooves of the steel plates 

The used consumed electrodes of the TIG welding process have 

2.4 mm diameter. The electrodes were selected as low-carbon 

steel alloys containing Cr and Mo, which is complying with 

ER80S-B6 according to AWSA5.28. Table 1 states the chemi-

cal composition of the used consumable ER80S-B6 electrodes.  

 

 
Fig. 1 V-groove for butt welding from one side according to ISO 

9692 

 

 
Fig. 2 Schematic illustration of 14 - consecutive TIG Welding 

passes 

Table 1 Chemical composition of the consumable electrode 

(wt.%) 
C Si Mn Cr Ni Mo Cu P S Fe 

0.07 0.49 0.51 5.62 0.1 0.56 0.04 0.01 0.009 
Bal-

ance 

 

The standard mechanical properties of the consumed electrodes 

are 500 MPa yield strength, 620 MPa ultimate tensile strength 

and 20% elongation. The electrode-negative polarity was ap-

plied to achieve the benefits of faster melt-off and faster deposi-

tion rate. The applied current was 140 A and the argon flow rate 

was maintained 8 L/min, during the whole welding process. Fig. 

3 presents a macrograph for the 14-consecutive butt welding 

passes. Locations of 17-indentations of the Hardness Vickers 

testes are also presented in Fig. 3. 

Table 2 states the duration of each welding pass and the total 

and average welding time per pass in seconds for filling the v-

groove by TIG process.  

 

 
Fig. 3 Presentation of the 14-consecutive passes of TIG welding 

process and 17 - locations of hardness indentions 

 

Suitable hardness, tensile, impact, and bending test specimens 

were mechanically prepared, where the welding zone is passing 

at the middle of the test specimens as schematically presented in 

Figs. 3, 4. 

Hardness tests were executed using 10 Kgf and 15 sec. dwell 

time on the PM, HAZ, weld metal (WM), complying with DIN 

501333. Tensile tests were carried out according to the specs of 

DIN 50125, while the impact tests were done at room tempera-

ture as well as at lower temperatures up to -65 oC in accordance 

with DIN standard EN100045. Furthermore, bending tests was 

carried out in accordance with the requirements of DIN 50111.  

Suitable specimens were prepared from different zones for mi-

crostructure investigations. 

 

RESULTS AND DISCUSSION 

 

The chemical composition of the PM for the sample pipe is 

stated in Table 3. It is clearly noticed that the pipe is a steel con-

taining 0.022% carbon, which is lower than the maximum 

amount permitted of carbon (0.22%) in the API 5L PSL2 speci-

fications. Furthermore, the steel contains 1.65 % Mn, which sat-

isfies the requirements of API steel grades. The harmful ele-

ments, P and S are lower than 0.025 % and 0.015 % respectively. 

At the same time, the sum of Nb, V and Ti reaches to 0.035% in 

the steel sample, while the API specifications stipulate to be less 

than 0.15%. 

The calculated CE value, according to equation (1), reaches to 

0.3 wt.% which is less than 0.43 wt.% as declared in API 5L 

PSL2 specifications [1]. The PM can be assisted as high welda-

bility steel, where CE is only an indicative parameter for as-

sessing weldability [15]. 

Fig. 5 presents fine grained ferritic microstructure of the PM as 

a result of low carbon contents and micro-alloying with Nb. 
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Table 2 Welding times for each pass and average welding time in seconds 
Pass No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total Average 

Welding time 

, Sec. 

12

2 
87 94 87 

10

1 

10

0 
69 94 73 

11

8 
93 

11

4 
66 48 1266 90.43 

 

 
Fig. 4 Locations of tensile, impact, and bending test specimens taken after butt TIG arc welding process (a) Tensile test specimens, 

(b) Impact test specimens (c) Bending test specimens  

 
Table 3 Chemical composition of the PM (wt.%) 

C Si Mn Cr Ni Mo Cu P S Nb Ti V Al Fe 

0.022 0.337 1.65 0.017 0.009 0.001 0.002 0.015 0.004 0.022 0.009 0.006 0.04 
Bal-

ance 

 

 

 
Fig. 5 Micrograph of fine grained ferritic microstructure 

 
Round longitudinal tensile test specimens were taken, where the 

thickness of the pipe is greater than 12.7 mm as in indicated the 

API specifications. Table 4 compares the actual tensile results 

of PM of the sample pipe with that of the standard API X60. It 

is clear that the yield stress as well as the ultimate strength and 

elongation results satisfy the requirements of API steel grade 

X60. 

High magnified microstructure on a prepared surface of the PM 

(Fig. 6a) reveals deformation induced ferrite (acicular ferrite) 

[15].  Fig. 6b shows the Energy-dispersive X-ray (EDX) chart, 

which ensures speared of acicular ferrite in the matrix. Transfor-

mation to acicular ferrite explains the extremely high values of 

the tensile properties presented on Table 4 despite of containing 

0.02 % carbon content of steel.  Speared of acicular ferrite in the 

steel matrix assured the use of thermo-mechanical processing 

technology by consecutive hot rolling passes followed by early 

cooling on the run out table (ROT) [12]. Acicular ferrite micro-

structure has the potential of combining high strength and high 

toughness [9]. 

The measured impact toughness on the specimens of parent 

metal at 0 °C reaches  to a value higher than 300 J (Maximum 

capacity of impact test machine) satisfying the essential require-

ment of API 5L PSL2 standard for grade X60. Fig. 7 shows the 

different impact specimens, where they are not separated frac-

tured after impact testing, but only bended.  

Table 4 Tensile properties of the sample pipe compared with 

standard API X60 steel grade 

Properties 

Yield 

stress at 

0.2% FS 

(MPa) 

Ultimate 

strength 

(MPa) 

Elonga-

tion (%) 

Sample pipe 498.56 578.99 24.07 

Standard API 

X60 
414-565 517-758 17 

 
The second phase of the current work is dealing with the welda-

bility assessment for joints on the PM. Hardness measurements 

can be a quick and accurate tool for assessing the effect of the 

welding process on the properties of the PM. Fig. 8 presents the 

hardness distribution profile around the welding axis. It is clearly 

noticed that hardness reaches maximum at the WM at the weld-

ing axis, after which hardness becomes lower at the HAZ, which 

does not exceed 2-2.5 mm adjacent to the WM. The PM pos-

sesses hardness values higher than that at HAZ. The consumed 

electrode contains 5.62 % Cr in addition to 0.56% Mo as stated 

in Table 1. Both alloying elements were intentionally added to 

the electrode alloy for enhancing the hardenability of the WM 

[19]. Reference [19] emphasizes that alloying Cr with 0.5% Mo 

is almost completely suppressing the formation of polygonal fer-

rite even at a slow cooling rate of 0.5 oC/s. High hardness in the 

WM is also attributed to the fine grain size and needle-shape of 

the formed acicular ferrite. The steep hardness gradient within 

the WM is attributed to the uncontrolled open atmospheric cool-

ing rate and the grain size gradient from the welding line [18].   

Fig. 9 presents high magnified microstructure of the WM. The 

micrograph contains very fine acicular ferrite. Suppressing of 

polygonal ferrite formation is pronounced as a result of contain-

ing Cr and Mo [19]. 

The total duration of 14-consecutive welding passes (Table 2) 

was reaching to 1266 sec, with 90.43 sec average welding time 

for each pass. It is considered as long time heating of the WZ 

resulting in a high amount of heat input to the HAZ. Conse-

quently, hardness at the HAZ became low even less than hard-

ness of the PM [17]. After the HAZ area, heat input has not a 

pronounced effect on the PM [20]. Fig. 10 presents the micro-

structure of the HAZ and shows the negative effects of long time 

(a) (b) (c) 
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heat input by welding passes [17-20], where the structure still 

acicular but became coarse with lower mechanical properties. 

Tensile testing is the most common and effective mechanical 

test. Usually, the tensile properties of welded specimens reflect 

cumulative effects of different zones in the specimens. Table 5 

compares the results of the tensile properties between the PM 

and welded specimens. The table shows that both electrode 

chemical composition and heat input by welding has minor ef-

fects on the yield as well as ultimate strength, while the heat in-

put by the welding passes has a pronounced effect on enhancing 

the elongation of welded test specimens [17-20]. 

The fractured tensile specimens were necked and followed by 

failing at the HAZ. Fig. 11 presents photos of the failed tensile 

specimens, where failure was happened at the HAZ. 

 

 
Fig. 6 High magnification microstructure and energy-dispersive 

X-ray (EDX) analysis of the PM, (a) High magnification micro-

structure of the PM, (b) Energy-dispersive X-ray (EDX) chart 

 

 
Fig. 7 Impact toughness specimens of the PM after testing at 0 

°C 
Impact tests were performed at room as well as lower tempera-

tures for the development of fracture criteria for the API steel 

weldment used in cold weather areas. The ductile to-brittle tran-

sition behaviour of a shielded metal-arc weld has been studied 

by measuring Charpy V-notch (CVN) impact energy. The CVN 

impact energy as a function of test temperature is shown in Fig. 

12. The specimens have considerable impact values between 

275 J at room temperature and 235 J at – 20 oC. The WM exhibits 

then a gradual ductile-to-brittle transition with a transition tem-

perature range extending from -20 °C to -50 °C [21]. A pro-

nounced ITT is found at -35 oC.  The gradual change is observed 

on the amount of brittle facet structure, as shown in Fig. 14. 

 

 
Fig. 8 Vickers hardness of the welded joints at the PM, HAZ and 

WM 

 

 
Fig. 9 High magnified microstructure of the WM 

 

 
Fig. 10 High magnified microstructure of the HAZ 

 

A representative fractograph of the impact specimens after test-

ing at the room temperature is presented in Fig. 13. The fracture 

surface contains fully dimple structure indicating ductile frac-

ture. 

However, the fracture surface of impact specimens tested at -35 

°C was changed completely to facets indicting brittle structure 

due to ITT from ductile to brittle as shown in Fig. 14 [21-23].  

Bending is a good and quick test for assessing the quality of the 

weldments. Fig. 15 represents a photo of a welded specimen, 

which was bent to 180o around the weld face. It is clear that the 

bended specimen is completely sound indicating high quality 

welding process. 

(a) 

(b) 
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Table 5 Tensile properties of both PM and welded specimens 

Sample Type 

Yield 

Strength at 

0.2% FS 

(MPa) 

Ultimate ten-

sile strength 

(MPa) 

Elonga-

tion (%) 

PM 498.56 578.98 24.06 

Welded spec-

imens 
526.03 577.19 30.37 

 

 
Fig. 11 Photo of the failed tensile specimens 

 

 
Fig. 12 Impact test results at different testing temperatures for 

the welded joints 

 

 
Fig. 13 Fracture surface of impact specimen tested at room tem-

perature 

 

 
Fig. 14 Fracture surface of impact specimen tested at – 35 °C 

 

 
Fig. 15 A welded specimen, which was bent to 180o around the 

weld face 

 
CONCLUSION 
 
 The microstructure of the PM of the steel pipe contains mainly 

fine acicular ferrite. 

 The PM was satisfying the essential requirements of API 

specifications for grade X60. 

 The WM was containing very fine acicular ferrite and show-

ing the maximum hardness values.  

 HAZ structure still acicular but became coarse, possessing 

lower hardness than that of WM. 

 HAZ does not exceed 2-2.5 mm adjacent to the welded V-

groove. 

 The fractured tensile welded specimens were necked and 

failed at the HAZ. 

• ITT was detected as -35 °C. 
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