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Metallurgical Characterization of API X65 Steel Joint Welded by MIG Welding Process 
with Axial Magnetic Field1
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In this work, API X-65 pipeline steel non-conventionally heat treated, to enhance its mechanical 
resistance, was welded using the Metal Inert Gas (MIG) process with and without the application of 
low intensity axial magnetic fields (6 mT). Microstructural and mechanical characterization of the 
welds revealed that the use of the magnetic field during welding improved the toughness of the welds 
and therefore increased their mechanical strength. Failure of the welds occurred far from the weld 
beads. The electromagnetic stirring of the weld pool significantly reduced the levels of porosity in 
the weld beads and favored columnar grain growth due to the ferromagnetic nature of the base metal 
and filler wire. Impact toughness was also improved from 120 to 266 J. Hardness values measured 
across the welds indicate that the use of the magnetic field during welding yields welds suitable for 
withstanding sulphide stress cracking.
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1. Introduction 

The pipe grades available for energy pipelines have 
been steadily increasing over the last few decades in virtue 
of the demand for oil and natural gas as a primary energy 
source. Many high-grade pipelines have been developed 
for offshore and onshore applications1-8, through adding 
microalloying elements, thermomechanically controlled 
process (TMCP) and other processes9,10, inducing a higher 
capacity for hydrocarbon transportation and significant cost 
savings by reducing the pipe wall thickness X65 grade steel 
is commonly used for manufacturing pipe for transporting 
hydrocarbons11-16. Recently, the authors demonstrated that 
X65 grade steel may reach similar tensile strength to that 
presented by the X80 grade steel via a non-conventional 
heat treatment17. However, preliminary welding trials of this 
heat treated steel exhibited low mechanical resistance as a 
result of significant levels of porosity in the weld bead. An 
alternative to overcome this problem is the application of a 
magnetic field during welding.

It is known that the application of magnetic fields during 
the welding process improved the mechanical and corrosion 
properties of stainless steels18-24, aluminum alloys25,26 and other 
steels27-29 and  alloys30-32. While high magnetic fields have 
been employed to modify solid phase transformations24,29, 
magnetic fields in the order of a few mT are used during 
arc welding in order to modify the grain structure of the 
weld bead22,23,25,27. In principle, an external magnetic field 

applied to the weld pool induces electromagnetic stirring 
and changes the convective patterns within the weld pool. 
This perturbation modifies the solidification mode and may 
leads to a grain refinement effect in the weld bead22,23,25. The 
mechanisms by which these changes occur are dependant 
on the chemical nature of the alloy. The effect of applying 
magnetic fields for welding microalloyed steels has been little 
studied. García et al.27,28 studied an API X-65 microalloyed 
steel welded under the action of an axial magnetic field by 
fitting a MIG torch into electrogas process to weld plates 
of 12.5 mm in thickness. Microstructural characterization 
of the welds revealed an extensive grain refinement due to 
heterogeneous nucleation in the weld metal produced by 
an extended undercooling. Besides, the electromagnetic 
stirring also minimised and suppressed extensive epitaxial 
and columnar growth, respectively27,28.

The aim of this study is to assess the effect of applying 
an axial magnetic field during MIG welding of API X-65 
steel plates hardened by a non-conventional heat treatment17 
in order to improve the mechanical properties by modifying 
its microstructure and preventing defects. 

2. Experimental 

The material used in this study was API 5L X65 steel 
pipeline (outside diameter 609.6 mm and wall thickness 14.27 
mm) and a filler wire ER70S-6, 1.5 mm in diameter, was 
employed to deposit the weld beads. The chemical composition 
of both materials is given in Table 1. Specimens of 12mm 
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Table 1: Chemical composition of API X65 steel and filler metal (wt.%).

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

X65 0.04 1.4 0.25 0.01 0.002 0.04 0.04 0.09 0.02 0.5 0.06 0.01

ER70S-6 0.105 1.63 0.10 0.025 0.035 - - 0.5 0.15 0.15 0.03 -

x 70 mm x 150 mm were heat treated at 1050°C for 30 min 
and cooled in water17. This non-conventional heat treatment 
was performed to provide a microstructure composed of 
fine acicular ferrite and increased the mechanical strength 
of the steel. Subsequently, the specimens were machined to 
form a double V joint. Welding was carried out by using the 
MIG process with the mixture 98% Ar + 2% O2 as shielding 
gas, flowing at 23.59 L/min. The filler wire was fed at 125 
mm/s whereas voltage (25 V) and current (300 A) were 
adjusted to maintain an approximate heat input of 1.74 kJ/
mm considering an efficiency of 75% for the MIG welding 
process. The welding torch was displaced at 3.2 mm/s with a 
stick out of 12 mm. For the sake of comparison, the API 5L 
X65 plates were plainly welded and with the application of 
an axial external magnetic field of 6 mT. The experimental 
set up for the latter case is shown in Figure 1.

Figure 1: Experimental set-up for the application of axial magnetic 
field20.

Microstructural characterization of the welds was performed 
in transverse cuts from the welds. Standard metallographic 
procedures were followed to obtain polished samples of the 
welds by grinding with silicon carbide papers and polishing with 
diamond suspensions. Specimens were etched with a solution 
of Nital diluted 2.5% to reveal the different regions of the welds 
and its microstructure. Analysis of the welds was performed in 
an optical microscope (OM) equipped with a digital camera.

The mechanical characterization of the welds comprised 
microhardness measurements, tensile and impact testing. 
Vickers microhardness profiles of the welds were obtained 
applying a load of 100g during 15 seconds. The distance 
between measurements was of 250 mm. Tensile tests were 
performed in dog bone shape specimens according to the 
ASTM E8/E8M standard33, with a cross head speed of 
0.016 mm/s. Impact tests with Charpy V-notch specimens 
(CVN) of dimensions 10x10x55mm were carried out at 0°C 
according to ASTM E2334. The fracture of the specimens 
was observed in the scanning electron microscope (SEM) 
equipped with an energy dispersive X-ray (EDX) detector.

3. Results and discussion 
Figure 2a shows a transverse view of the plain weld. 

Chemical etching clearly revealed the weld beads, heat affected 
zones and non heat affected base material. To the naked eye, 
the weld seems to be sound; however, lack of lateral fusion 
was seen in the OM at the mid height of the weld. Figure 
2b exhibits the typical columnar grain growth following the 
heat source in the weld bead (WB). The interface between 
the WB and the heat affected zone (HAZ) is shown in Figure 
2c. Besides the usual epitaxial and columnar grain growth, 
significant levels of porosity are observed in the WB. In 
fact, pores were seen throughout the WB. Observation of 
the reheated zone (RHZ), Figure 2d, revealed the presence 
of some levels of very fine porosity in the base metal.

Figure 2: Microstructures obtained by optical microscopy of API 
X65 weldment without application of magnetic field.

Macro and microstructural characteristics of the welds obtained 
with the application of the axial magnetic are presented in Figure 
3. Fully penetrated welds were produced without problems of 
lateral fusion. In comparison to the plain welds, the high levels 
of porosity in the weld bead were significantly reduced with the 
application of the axial magnetic field. This effect is explained 
in terms of the electromagnetic stirring of the weld pool and the 
direction of the magnetic flux lines that favor rejection of the 
gas within the weld pool toward the top19,27. Another distinctive 
microstructural feature is that the columnar grains are larger 
in length but shorter in width for the weld with magnetic field 
as compared to the plain weld. Electromagnetic stirring of the 
weld pool is expected to induce a grain refinement effect, this is 
not, however, the case. This phenomenon is also ascribed to the 
direction of the flux lines of the axial magnetic field. Columnar 
grain growth is caused by the thermal gradient within the weld 
pool and is enhanced in this instance due to the ferromagnetic 
nature of the base metal and filler wire.
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Figure 3: Microstructures obtained by optical microscopy of API 
X65 weldment with application of magnetic field

Generally speaking, the type of microstructure obtained 
in the welds optimizes the strength and the toughness of the 
weld beads8,14. Figure 4a shows representative stress-elongation 
curves for welds obtained with and without application of 
magnetic field and Table 2 lists the result of tension and 
impact tests. The weld with the application of magnetic field 
exhibited a larger tensile strength as compared with the plain 
weld. Whereas welds with magnetic field failed under tensile 
stress in the base metal far from the WB, the specimens of the 
plain welds broke in the WB as shown in the macrographs b 
and c, respectively, of Figure 4. This behavior was expected 
on basis of the microstructural findings. Figure 4c suggests 
that failure initiated at the lack of fusion defect observed at 
the mid height of the weld and probably propagated across 
the pores in the WB close to the fusion line. Suppression 
and minimization of defects when welding with the external 
axial magnetic field led to failure of the weld in the base 
metal with superior strength and ductility. The mechanical 
strength of the welds is, however, well below the values 
registered for the steel plates with the non-conventional 
heat treatment17 and more work needs to be done aiming 
to increase the mechanical efficiency of the welded joint. 
From the impact results, it is observed that toughness was 
enhanced twice by the application of magnetic field. This is 
also the result of the improvement in the soundness of the 
weld with the electromagnetic stirring.

In the fracture surfaces analyzed by SEM, it is evident the 
weld without magnetic field exhibited a mix ductile-brittle 
fracture, which is shown in Figure 5. Figure 5a shows a region 
of the fracture with a brittle and transgranular appearance. 
The micrographs of Figures 5b and c present the typical 
features of a ductile fracture characterized by micro plastic 
deformation and extensive presence of microvoids nucleated 
at some metallic inclusions. At the bottom of large microvoids 
there are big globular or irregular inclusions. Figure 5d 
shows the EDX spectra corresponding to these inclusions, 
which could be SiO2, TiC and Al2O3 mainly. Figure 6 shows 

Figure 4: (a) Stress-elongation curves obtained from API X65 
weldments and macrographs from fractured samples: (b) with 
magnetic field and (c) without magnetic field.

Table 2: Summary of mechanical properties obtained for API X65 
steel weldments with and without magnetic field.

Steel 
(X-65)

UTS 
(MPa)

YS 
(MPa)

σRUPTURE 
(MPa)

EL 
(%)

EA 
(J)

Failure 
Zone

With axial 
magnetic 
field

625 537 324 26 266 Base 
Metal

Without 
magnetic 
field

465 454 175 11 120 Fusion 
Line

UTS: Ultimate tensile strength, YS: Yield strength, σRUPTURE: Fracture 
stress or rupture strength, EL: Elongation, EA: Energy Absorbed.

Figure 5: SEM micrographs of sample fractured after tensile tests 
without magnetic field; (a) brittle fracture zone, (b) ductile-brittle 
zone, (c) globular inclusions and (d) EDS from inclusions.

fracture micrographs obtained from the weld with magnetic 
field. The features of this fracture are similar to the plain 
weld but with signs of major plastic deformation. EDX data 
of the inclusions revealed that these were mainly composed 
by Fe, Mn, Al, S, Mg and Ca. These compounds can form 
iron manganese (MnS) globular inclusions or Fe-Mn-S as 
reported in the literature35,36.

Finally, Figure 7 shows microhardness profiles obtained 
from both welds at two positions; root pass and top bead. 
Obviously, the width of the second weld bead (top) is larger 
than the first (root) pass due to the greater dilution favored 
by preheating of the plates as a result of the heat input of 
the first pass. In general, the microhardness values obtained 
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Figure 6: SEM micrographs of sample fractured after tensile tests 
with magnetic field, (a) ductile fracture, (b) ductile zone, (c) globular 
inclusions and (d) EDS from inclusions

Figure 7: Microhardness profiles measurements in (a) top bead 
and (b) root pass.

for the welds with the application of magnetic field were 
smaller than those obtained without magnetic field. These 
values remain below the acceptable hardness limits for welds 
to withstand sulphide stress cracking (SSC)37,38. Hardness 
control may be an acceptable parameter in order to determine 
suitability for SSC resistance37.

4. Conclusions

Applying an external axial magnetic field during welding,  
the defects (porosity and lack of lateral fusion) produced by 
welding without application of magnetic field was eliminated. 
Therefore, the mechanical properties of the welds were 
improved. Welded samples without magnetic field subjected 
to tensile test failed in WB. With the application of magnetic 
field during welding, the toughness was improved more than 
twice, from 120 to 266 J. This was due to grain refinement 
of the microstructure in the weld bead and significant 
reduction in porosity. Hardness values obtained for welds 
with magnetic field are lower than values measured for plain 
welds. These values remain below the acceptable hardness 
limits for welds to withstand SSC.
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