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Abstract: The present work has been focused on the investigation of tensile strength and hardness of specimens 
prepared with TIG welded process under the influence of externally applied electromagnetic field. The influence of 
input parameters (such as welding current, welding speed and magnetic field) on responses have been studied by 
full factorial experimental design and other process parameters remains constant throughout the experimentation. 
The results highlights that, the influence of magnetic field (in lateral or transverse direction of application) effect 
solidification process which in turn influence mechanical properties. Additionally, the micrographs visualized the 
structural changes at different input conditions.
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field lines. The magnetic field exerts the force on 
the electrons and ions with in the arc which causes 
the arc to be deflected away from the normal path, 
it can be deflected forward, backward or sideways 
with respect to electrode and welding direction, 
depending upon the direction of external magnetic 
field. A transverse magnetic field deflects the arc in 
the welding direction whereas longitudnal magnetic 
field deflects the arc prependicular to the magnetic 
field, if a unidirectional magnetic field is applied to 
an AC arc, or an alternating field is applied to a DC 
arc, then the arc can be oscillated in position normal 
to the direction of the welding [1]. An alternating 
parallel magnetic field causes the arc to oscillate in 
a position normal to the direction of welding, which 
has an effect like mechanical weaving and when 
magnetic field is applied to the welding arc in parallel 
to the welding direction the arc is deflected side ways 
with respect to welding direction. Width of an arc 
oscillation is dependent upon the flux density of the 
applied magnetic field, the arc current and the arc 
length [2]. The application of electromagnetic field 
were observed in term of surface quality, decreases 
penetration depth, reduces porosity, decreasing 
surface roughness, undercuts welding defects were 
reduced etc in welding process. Brodnicka et. al., 
[3] investigated the influence of an axial magnetic 

IntroductIon1. 

The development of gas tungsten arc welding 
(GTAW), also popularly known as tungsten inert 
gas (TIG) welding was introduced to the industry 
in early 1940’s mainly for all metals (aluminium, 
magnesium, stainless steels etc.) and generally uses 
a non-consumable tungsten electrode along with 
an envelope of inert shielding gas around it. The 
shielding gas commonly use are argon, helium and 
their mixture protects both the tungsten electrode 
and the weld pool from the detrimental effects of 
surrounding atmospheric gases. Presently TIG 
welding is most well established process cannot 
only weld all metal but also gives the best quality 
welds among the arc welding process. TIG welding 
has become indispensable tool for many industries 
because of the high quality welds produced at 
relatively low equipment cost and is used in 
aerospace and nuclear industries also often used for 
small jobs, maintenance and repair work because of 
its flexibility and ease of control, however it requires 
great care and skill from the welder to execute the 
process in effective way.

A magnetic field externally applied to a 
welding arc deflects the arc by electromagnetic 
force (Lorentz force) in the plane normal to the 
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field on weld properties of gas tungsten arc welding 
of austentic steel, with special emphasis on weld 
bead shape and weld metal structure. It was found 
that the magnetic field has a significant effect 
on the shape and solidification structure of weld. 
Villafuerte and Kerr [4] studied the effects and 
mechanism of imposed magnetic fields in stainless 
steel welds using various orientations. The result 
realized that austenitic grain structure remained 
essentially columnar in both 304 and 321 stainless 
steel. Maximum equiaxed grain fraction in ferrite 
steels was observed in wavy pattern at weld surface 
when longitudinal fields of less than 1Hz frequency 
were applied. Mallya and Srinivas [5] demonstrated 
the effect of an oscillating magnetic field used 
to stir the arc in submerged arc strip cladding 
with varying magnetic flux intensity and dwell 
time. The result highlights that magnetic stirring 
reduces dilution and corrosion rate and increase 
productivity. Na and Kang [1] demonstrated the arc 
and bead characteristics in narrow groove GMAW 
using electromagnetic arc oscillation. Magnetic arc 
results in sufficient penetration to the groove face. 
The penetration increased slightly with increased 
arc oscillation frequency, increased magnetic flux 
density caused increased oscillation width. Magnetic 
arc oscillation resulted in change of arc length which 
in turn caused welding current signals to change 
periodically. Zhou and Tsai [6] demonstrated the 
effectiveness of the electromagnetic force on porosity 
prevention and to determine the desired strength and 
duration of the electromagnetic force to achieve weld 
quality. The electromagnetic force is very effective to 
prevent porosity formation and a good quality welds 
can be achieved for a high depth-to-width aspect 
ratio laser key hole welding process. Kore et. al., [7] 
studied the application of electromagnetic impact 
technique for welding of stainless steel sheets. The 
tensile shear strength of the electromagnetic weld 
was stronger than parent metals, metallographic 
examination of the weld interface showed metal 
continuity. Hardness values near interface were 
found greater than base metal due to compression of 
grains near the weld interface. Yoa et. al., [8] studied 
the electromagnetic stirring on the microstructure 
and mechanical properties of Mg-Li-Al-Zn and found 
that tensile strength was improved from 172 to 195 
Mpa with the increasing electromagnetic stirring 
and the elongation was increased from 10.65% to 

25.75%. Cruiel et. al., [9] investigated the effect of 
application of an axial magnetic field (mT) during 
fusion welding of cooled rolled plates of stainless 
steel on electrochemical behavior of the heat affected 
zone (HAZ) in terms of degree of sensitization (DOS).
The application of an axial magnetic field of low 
intensity during GMA welding of cold deformation 
of stainless steel seems to be viable alternative to 
prevent sensitization of the HAZ. Bachmann et. 
al., [10] investigated the influence of externally 
applied magnetic field on weld quality in laser beam 
welding. The investigation revealed that oscillating 
and steady magnetic fields can have a significant 
positive effect on the quality as well as the stability 
of high power laser beam welding, improvements 
in melt sagging, decreasing surface roughness 
and the reduction of pore was demonstrated. Dar 
et. al., [2] studied the changes obtained by the 
deflection of welding arc in the presence of external 
magnetic field. In transverse direction welding, 
there was considerable effect on the weld bead 
while in longitudinal direction, the weld bead width 
increased and depth of penetration reduced with 
different grain structure. Senapati and Mohanty [11] 
applied the magnetic field from various orientation 
(longitudinal or transverse) upon the weld bead. As 
the magnetic field is increased both tensile strength 
and hardness increases. Moreover, the longitudinal 
magnetic field improves the weld quality and weld 
geometry. In last two decades, considerable research 
work has been carried out in the field of arc welding 
under the influence of external magnetic field. The 
literature revels that welding arc deflects under the 
influence of external magnetic field. This is due to 
the development of electromagnetic force (Lorentz 
force) in the plane normal to the field lines and 
deflects the arc away from its normal arc path. 
The deflection of arc depends upon the direction of 
external magnetic field (longitudinal, transverse 
and oscillatory). The deflection of arc changes the 
solidification structure and properties of weld bead 
[2,10,12-13] The present work has been carried out to 
investigate the influence of external magnetic field 
on the TIG weld pool in terms mechanical strength 
and hardness. The interaction between the input 
process factors (magnetic flux density, welding 
speed and welding current) have been studied by 
full factorial experiments design and the rest process 
parameters like voltage, electrode work piece gap 
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and gas flow rate remains constant throughout the 
experiment.

experIMentatIon2. 

The work material used was mild steel (MS) 
having composition as shown in Table I The MS is 
commonly used in various industrial applications, 
also sometime it can be referred as carbon steel or 
plain carbon steel. The work piece samples of mild 
steel (MS) having dimensions (150 ¥ 100 ¥ 2.5) mm 
were prepared by automatic hacksaw followed by 
chamfering of 1mm ¥ 45º. Polishing is then conducted 
with the help of emery papers of appropriate 
specifications. The polishing with the help of emery 
paper set is done by rubbing the specimen surface on 
the emery paper only in one direction so as to have 
surface flow lines only in one direction and to have 
minimum crust and trough distance.

table 1 
composition and proportions of MS

Elements C Mn Si S P Al Fe

Percentage 
(%)

0.050 0.250 0.006 0.006 0.020 0.060 0.608

The welding equipment used for  this 
experimentation, consisted of a welding machine, 
shielding gas, tungsten arc torch, wire feed 
attachment with electronic governors for wire feed 
and carriage motors as shown in Figure 1. The power 
supply was 500 amp transformer-rectifier constant 
current type and current recorders were used. The 
equipment was automatic and welding consisted of 
pre-selecting the welding variables, initiating the 
arc with high frequency and manually starting the 
carriage and wire feed motors. The welding torch 
was held stationary and the work piece traversed 
below the torch.

figure 1: tIg welding setup with electromagnets

The work piece was transverse with the help 
of motorized controlled fixture. The fixture has a 
provision to move work piece with a feed of range 
0.05 - 2.0 mm/sec. The work piece was clamped 
firmly in the position so that weld should take place 
exactly at the mating edges of two pieces as well as 
parallel to the length of the work piece. As already 
mentioned earlier, the filler wire can be feed with 
motorized controlled with the provision to control 
the welding speed. The MS wire having diameter 
0.5mm was used as filler metal for the welds on MS 
work piece. Different type of filler rods can be used 
for different welding materials. Argon or helium 
gas can be used for protection from atmospheric 
contamination. TIG welding possesses high integrity 
as well as has an aesthetic surface finishing. The 
process input parameters and their levels are shown 
in Table 2.

table 2 
analytical parameters for welding process

S.No. Level

Magnetic 
field intensity 

(gauss)
(B)

Welding speed
(mm/sec)

(F)

Welding 
current (Amp)

(I)

1 –1 0 1.131 85

2 0 116 1.244 89

3 1 156 1.348 94

table 3 
full factorial experimental log

Set 
order

Magnetic field 
Intensity (gauss)

Welding speed
(mm/sec)

Welding current
(Amp)

1 0 1.131 85

2 0 1.131 89

3 0 1.131 94

4 116 1.131 85

5 116 1.131 89

6 116 1.131 94

7 156 1.131 85

8 156 1.131 89

9 156 1.131 94

10 0 1.244 85

11 0 1.244 89

12 0 1.244 94

13 116 1.244 85

14 116 1.244 89

15 116 1.244 94

16 156 1.244 85
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Set 
order

Magnetic field 
Intensity (gauss)

Welding speed
(mm/sec)

Welding current
(Amp)

17 156 1.244 89

18 156 1.244 94

19 0 1.348 85

20 0 1.348 89

21 0 1.348 94

22 116 1.348 85

23 116 1.348 89

24 116 1.348 94

25 156 1.348 85

26 156 1.348 89

27 156 1.348 94

Experiment is designed by using full factorial 
design (Table 3). It is a combination of statistical 
and mathematical techniques which are used for 
developing, improving and complete analysis of 
the process. Accuracy and effectiveness in this 
method depends upon the selection of parameters 
and their level. A cross section was cut from the 
welded mild steel plate as shown in Figure 2 and 
the hardness of three different zones (fusion zone, 
heat affected zone and base metal) were measured. 
Initially, the specimens were polished on double disc 
machine with different grades of emery paper. The 
process remained continue until it gets the mirror 
finished.

figure 2: Hardness measurement on specimens

A tensile specimen had standardized cross-
section (Table 4), it had two shoulders and gauge 
section in between. Shoulders were large so that 
they can be easily grip whereas gauge section had 
smaller cross-section area so that the deformation 
and failure can occur at that area. Shoulders were 
gripped in the two cross heads and tensile force was 
applied which slowly extends the specimen until it 
fracture. During this process elongation of the gauge 
section, tensile strength and area from where the 
specimens fracture was measured.

table 4 
dimensions of specimen for tensile testing

S.No. Width Gauge length Parallel length Overall length

1 12.5 50 75 150

reSultS and dIScuSSIonS3. 

a. effect of electromagnetic field on tensile 
Strength

The Full factorial experimental log was applied for 
this experimental work in order to investigate the 
effect of input parameters (magnetic field intensity, 
welding speed and current) on tensile strength. From 
the tensile testing, it is clear that tensile strength 
was highly influenced with the variation of input 
parameters.

figure 3: tensile strength with the variation in welding 
speed at the current of 85a

From Figure 3 it is clear that initially the tensile 
strength of specimens welded without magnetic 
field were high. As the intensity of magnetic field 
increased to 116 gauss their strength decreases. 
Further increase of magnetic field intensity to 156 
guess, their strength again reduced. The data shows 
the 19% reduction in tensile strength. This is due 
to the whirling or arc deflection effect of weld pool 
under the influence of magnetic field at low welding 
speed. Due to this penetration depth of weld reduces 
and width increase which causes reduction in weld 
strength. As the welding speed increase, the whirling 
effect goes on dismisses and shows the improvement 
in weld strength. At the welding speed of 1.348 mm/
sec, the weld strength increases up to 28% with the 
magnetic field of 156 gauss than without magnetic 
field. The current value was kept at 85A during this 
experimentation.
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As the current value increased to 89A (Figure 4), 
the tensile strength shows large improvement. In 
case of weldment without magnetic field, its value 
increases up to 15% than the current of 85A. More 
over the tensile strength increased up to 25% when 
the magnetic field is 116 guess and it decreased as 
the magnetic field increased to 156 gauss. Further 
with the increase of welding speed its value again 
reduced but after the welding speed of 1.244 mm/
sec there is greater improvement in tensile strength. 
In case of specimen welded without the use of 
magnetic field, the tensile strength increase with 
the increase of welding speed but after the welding 
speed of 1.244 mm/sec it shows decrease in tensile 
strength.

figure 4: tensile strength with the variation in welding 
speed at the current of 89a

figure 5: tensile strength with the variation in welding 
speed at the current of 94 a

Further increase of current to 94A decreases the 
tensile strength as compare to previous cases but 
as the magnetic field increased its value increased. 
With the welding speed of 1.131 mm/sec it shows 
an improvement of 28%. The increase in welding 
speed increases the tensile strength. It should be 
noted that rate of increase of tensile strength for 

the specimens welded without magnetic field is 
more than the other cases. In case of magnetic field 
of 156 gauss, the tensile strength first decreased as 
the welding speed increase but after the welding 
speed of 1.244 mm/sec its value increased as shown 
in Figure 5.

The application of electromagnetic field had 
significant effect on weld pool and weld bead, weld 
pool becomes skewed and it creates asymmetry in 
the weld bead cross section as it appears that width 
of the weld increases with increase in magnetic 
field from 0 to 156 gauss and penetration depth 
decrease due to which melted fluid does not cross 
the welded joint and makes the bead on the back 
side of work piece, it results because of the rotation 
of the liquid weld metal in the weld pool due to 
magnetic field. As the work piece moves on with 
given welding speed on the movable fixture with 
fixed arc torch, liquid metal is formed by melting 
the front side of the work piece and filler rod. The 
weld metal will start to rotate around the axis of 
welding arc with applied magnetic field, under the 
action of electromagnetic forces the hot liquid will 
be pushed backward and give rise to the weld pool 
and result in a better quality weld bead. It was 
formed due to rotation of arc and annular flow of 
the liquid in pool. Arc rotation widens the weld bead 
and obtains round shape bead and annular flow due 
to increased heat flow in backward direction due 
to stationary arc increase weld bead quality and 
appearance.

B. effect of electromagnetic field on 
Hardness profile

As already mentioned that the hardness test was 
conducted to realize the strength of work piece in 
the three different zone across the weld bead. It 
was determined by the load on the surface area. 
Three points were marked at 2mm distance from 
each other namely 1, 2, 3 as shown in Figure 2. 
Maximum hardness value was obtained at the center 
of the weldment (heat effected zone) and it goes on 
decreasing as we moved away from the center or 
toward the base metal zone. From the results, it 
was realized that magnetic field had a significant 
effect on the hardness profile i.e. it increases with 
the increase in magnetic field intensity and also 
influenced by welding speed and welding current.
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Figure 6 shows the hardness profile of weldment 
when the two input parameters were kept constant 
i.e. current at 85A and welding speed at 1.131 mm/
sec. As already mentioned, hardness is maximum at 
the center of the weldment and it decrease with the 
increase of distance from the center of the weldment. 
Initially at the center of weldment, hardness has 
high value but with the increase of magnetic field 
intensity its value decreases. It should be noted 
that in case of weldment without magnetic field, its 
value decreases with faster rate as compared to weld 
joint prepared under the influence of magnetic field. 
However its rate is slightly influenced by increase 
of value from 116 gauss to 156 gauss.

figure 6: Hardness profile of specimen (85a current and 
welding speed of 1.131 mm/sec)

As shown in Figure 7, the magnetic field have a 
little effect on weldment hardness at the parameters 
set 85A current and welding speed of 1.244 mm/
sec. However under the influence of magnetic field 
the curve shows linear decrease in hardness as the 
distance moved from center towards base metal zone 
but in case of weldment without magnetic field its 
value decrease at faster rate.

figure 7: Hardness profile of specimen (85a current and 
welding speed of 1.244 mm/sec)

With the increase of welding speed to 1.348mm/
sec, the hardness value decreases (Figure 8). The 
trend remains same for all set of experiments. 
Initially under the influence of magnetic field (156 
gauss), hardness has maximum value but in base 
metal zone its value is not effected by magnetic field. 
In this case current is kept constant at 85A for all 
the experiments.

figure 8: Hardness profile of specimen (85a current and 
welding speed of 1.348 mm/sec)

Figure 9 shows the hardness profile of weldment 
when the two input parameters were kept constant 
i.e. current at 89A and welding speed at 1.131mm/
sec. As mentioned above that hardness is maximum 
at the center of the weldment and it decrease with the 
increase of distance from the center of the weldment. 
Initially at the center of weldment, hardness has 
high value and it further increases with the increase 
of magnetic field intensity. It should be noted that in 
case of weldment without magnetic field, its value 
decreases with faster rate as compared to weld joint 
prepared under the influence of magnetic field. 
However its rate is slightly influenced by increase of 
value from 116 gauss to 156 gauss. Microstructure 
change was observed on the work piece weld 
bead and base metal when electromagnetic field 
was applied during the welding of plates. Ferrite 
content was more when the welding was done 
without the effect of magnetic field and thus small 
round crystals were formed. When electromagnetic 
field of 116 gauss was applied ferrite structure 
was broken and large round crystals were formed 
and area around the welded portion got heated by 
oscillated arc temperature. When electromagnetic 
field was increased to 156 gauss, the fusion zone 
got burnt and large wide burnt round crystals 
were observed. Microstructure at small scale was 
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viewed by optical microscope. A flat well-polished 
sample shows the traces of its microstructure and 
it was seen through the optical microscope. Images 
of different samples were captured through optical 
microscopy and this was achieved by using digital 
camera through the eye piece of optical microscope. 
In welding, as the heat source interacts with 
the material, the severity of thermal excursions 
experienced by the material varies from region to 
region, resulting in three distinct regions in the 
weldment, namely the fusion zone (FZ), also known 
as the weld metal, the heat-affected zone (HAZ), and 
the unaffected base metal (BM). The FZ experiences 
melting and solidification, and certain changes in its 
microstructural characteristics. The Figure 10 (a-l) 
illustrates the microstructure changes occurred in 
fusion zone, heat effected zone and base metal zone 
at different set of welding conditions. Arc deflection 
was observed during the welding with the effect of 
electromagnetic field. Arc pressure was stable when 
there was no magnetic field applied and remain 
unaffected by varying current and welding speed 
but as the magnetic field intensity increases (116 
gauss), small deflection of arc was noticed during the 
starting of the welding, it deflects slightly towards 
electromagnets which had stronger effect during 
the start but after some time it starts oscillating 
produce stable weld. But when both current density 
and electromagnet intensity increase to 156 gauss, 
the arc was very difficult to handle and condition 
remains same with different welding current and 
welding speed and it was difficult to perform the 
weld. It takes more time to get stable as magnetic 
field was high therefore electrode tip was need to get 
sharpened to get the stable arc before the start of 
welding and due to magnetic field effect arc always 
strike at an angle and bend sideways.

figure 9: Hardness profile of specimen (89a current and 
welding speed of 1.131 mm/sec)

The microstructure in the fusion zone of 
TIG welding joint was observed with the help of 
microscope. As shown in Figure 10 there is clear 
boundary observed between the fusion zone, HAZ and 
base metal. This is composed structure formed in the 
processing of weld metal solidification. The structure 
close to the weld metal is columnar crystals, which 
grow into the weld metal, the microstructure near 
the fusion zone is obviously different from the weld 
metal and HAZ. The columnar crystals close to the 
weld metal were shown regularly and the length of 
the crystals is almost a half of fusion zone width. The 
microstructure close to the fusion zone was largely 
affected by the welding thermal cycle, and crystals 
were small. However, the effect of the welding 
thermal cycle on HAZ far from the fusion line was 
lesser, and the microstructure was invariant by 
and large. The weld metal was mainly composed of 
dendrite crystals, which were eutectic in structure 
formed during the TIG welding. The Fusion zone 
may be induced by precipitation hardness effects, 
residual stresses or microstructure refinement due 
to the rapid solidification of the weld pool.

B = 0, I = 85,
F = 1.131

B = 156, I = 85,
z = 1.131

B = 0, I = 85,
F = 1.348

B = 156, I = 94,
F = 1.131

B = 0, I = 89,
F = 1.348

B = 156, I = 85,
F = 1.348

B = 0, I = 94,
F = 1.348

B = 156, I = 94,
F = 1.348

B = 0, I = 89,
F = 1.244

B = 0, I = 89,
F = 1.244

B = 116, I = 85,
F = 1.244

B = 156, I = 94,
F = 1.248

figure 10: SeM micrographs of specimens at different 
welding conditions
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concluSIonS4. 

From this investigation, the following conclusions 
are reported hereunder:

The tensile strength and hardness were highly 
influenced with the variation of input parameters 
such as welding current, welding speed and 
magnetic field intensity. Initially at lower values 
of input parameter, magnetic field has adverse 
effect of both tensile properties and hardness but 
at higher values from the selected range the results 
shows remarkable improvement in above said 
responses as compared to specimen welded without 
the application of magnetic field. The micrograph 
images illustrates that the ferrite content was more 
when the welding was done without the effect of 
magnetic field, small round crystals were formed. 
When electromagnetic field of 116 gauss was applied 
ferrite structure was broken and large round crystals 
were formed and area around welded portion got 
heated by oscillated arc temperature and when 
electromagnetic field increased to 156 gauss fusion 
zone got burnt and large wide range burnt round 
crystals were observed. The arc deflection was 
stable when there was no magnetic field applied 
and remain unaffected by varying current and 
welding speed but as the magnetic field intensity 
increases (116 gauss), small deflection of arc was 
noticed during the starting of the welding, it deflects 
slightly towards electromagnets which had stronger 
effect during the start but after some time it starts 
oscillating produce stable weld. With the further 
increase of electromagnet intensity, the arc was very 
difficult to handle and condition remains same with 
different welding current and welding speed.
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