
1. Introduction

Austenitic stainless steel sheets are largely used in many

applications of automobile, chemical and food processing

industries requiring good resistance to corrosion. Welding

is largely used in fabrication of various components of this

steel mostly by employing gas tungsten arc welding

(GTAW) process. However, due to it’s comparatively higher

production rate and better compatibility to process automa-

tion the gas metal arc welding (GMAW) is often preferred

by the industry over the GTAW.1–3) But, the application of

GMAW in sheet metal joining is quite critical due to diffi-

culties in precise control of heat input. For sheet metal

welding a low heat input is always preferred, where the use

of pulsed current gas metal arc welding (P-GMAW) instead

of the conventional gas metal arc welding (GMAW) may be

more useful due to its ability to operate at low heat input in

producing a sound weld.

During welding of austenitic stainless steel the formation

of chromium carbide, especially in HAZ lying in the tem-

perature range4) of about 650–850°C, adversely affects the

corrosion properties of the weld joint. The reduction in for-

mation of chromium carbide requires welding at low heat

input. The use of P-GMAW not only allows welding at

comparatively low heat input but also provides further mod-

ification in thermal behaviour of weld joint by a control

over the pulse parameters affecting the super heating of

metal deposition.5–10) However, the involvement of large

number of simultaneously interactive pulse current parame-

ters in P-GMAW, that includes pulsed current (Ip), base cur-

rent (Ib), pulse time (tp), pulse off time (tb) and pulse fre-

quency (f), introduces certain degree of complexity in con-

trolling the process for desired welding.5–10) It is reported

with ample justification that the complexity of the process

primarily arising due to criticality in selection of pulse pa-

rameters can be largely solved with the help of correlation

of the weld characteristics with a summarized influence of

pulse parameters defined by a dimensionless hypothetical

factor f�[(Ib/Ip)ftb] derived from the energy balance con-

cept of the process, where tb is expressed as [(1/f)�tp].
8–10)

In spite of its great potentialities hardly any systematic

work has been reported so far on the joining of stainless

steel sheet by controlled use of P-GMAW process in con-

sideration of a summarized influence of pulse parameters.

In view of the above an investigation has been carried out

to weld thin sheet of stainless steel at extra low heat input

by employing P-GMAW with respect to that conveniently

used in GMAW process. The superiority of using P-GMAW

over P-GTAW in case of sheet metal welding has been ana-

lyzed at a low heat input where the latter has been found3)

to fail to produce consistent result with respect to weld

geometry satisfying the DIN 8563 class AS standard. The

control of weld thermal behaviour in P-GMAW has been

further made by suitable modification of metal transfer

through variation in pulse parameters. The weld joints have

been characterized by studying the weld geometry, mi-

crostructure of weld deposit, behavior of HAZ and their

mechanical properties.

2. Experimental

2.1. Welding

Square butt-welding of commercially available 2.5 mm

thick austenitic stainless steel sheet has been carried out by
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the GMAW and P-GMAW processes using a joint set-up as

shown in Fig. 1. The welding was performed by semiauto-

matic process with the welding torch mounted on a carriage

trolley having provision to regulate the travel speed. Both

the welding processes were carried out under a gas shield-

ing of commercial (99.98%) argon at a flow rate of

18 L/min and using 1.2 mm diameter 308L filler wire with

direct current electrode positive (DCEP) at an electrode ex-

tension of 12 mm. During welding all the parameters were

recorded with the help of transient recorder and WMS 4000

software installed in a computer connected to the circuit of

the welding power source. The chemical compositions of

the base metal and filler wire were analyzed under spark

emission optical spectroscopy at a spot size of 3 mm on

solid specimens as depicted in Table 1. The GMAW was

carried out by lowering the heat input in steps of about

2 kJ/cm by varying the welding current and welding speed

where the arc voltage was kept constant at 26 V. The heat

input was lowered up to a value similar to that used by

other workers3) in P-GTA welding of thin SS sheets. For the

P-GTA welding the heat input was estimated by assuming

its arc voltage as 12 V which is lying within the usual range

of the GTAW process as reported earlier.11,12) The pulsed

current welding, as it is schematically shown in Fig. 2, was

performed at a low heat input with a variation in f from

0.12 to 0.41 to further favourably manipulate thermal be-

haviour8–10) of the weld producing a sound joint. The low

heat input of the P-GMAW process was decided in refer-

ence to the successfully tried lowest heat input of the con-

ventional GMAW to produce flawless sound weld joint.

The welding parameters used in the GMAW and P-

GMAW processes are shown in Table 2 and Table 3 re-

spectively. Heat input of the GMA welding was estimated

as follows whereas in case of the P-GMAW the heat input

was estimated by using the mean current.

........(1)

2.2. Corrosion Studies

The transverse sections of the base material and weld

joints were polished by standard metallographic procedure

using diamond paste of 0.25 mm size particles. Inter granu-

lar corrosion test was carried out on the metallographic pol-

ished section of the base metal and weld joint by dipping

them in the electrolytic solution of 100 g reagent grade ox-

alic acid (H2C2O4 · 2H2O) in 900 mL distilled water using a

current density of the order of 1�0.1 A/cm2 according to

the specification ASTM A262. The susceptibility to IGC

was studied in reference to the sensitization of HAZ defined

by average grain boundary thickening (T) measured at dif-

ferent locations of HAZ starting from the region close to

fusion line. After identifying a region showing severity of

sensitization, its location in HAZ was also characterized

(Fig. 3) by its average distance (d) from the weld fusion

line measuring it at both sides of the weld joint. For a com-

parative understanding of the severity of grain boundary

�
�Welding current (A) Arc voltage (V)

Welding speed (cm/s)

Heat input (J/cm)
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Table 1. Chemical composition of the base material.

Table 2. Welding parameters and characteristics of

GMA welds.

Table 3. Welding parameters and characteristics of

P-GMA welds.

Fig. 1. Macro photograph showing joint set-up for preparation of

weld joints.

Fig. 2. Current waveform for pulsed current gas metal arc weld-

ing.

Fig. 3. Schematic characterization of sensitized zone with re-

spect to its location, width and position from weld fusion

line.



thickening in HAZ the same measurement was also carried

out in base material and in HAZ within 0.02 mm adjacent

to fusion line along with sensitization of HAZ at a magnifi-

cation of �500 on at least 20–25 random locations with the

help of the standard micro scale of image analysis facility

available in the microscope. The microstructures of base

metal and the sensitised region of HAZ of the weld joints

prepared by GMAW and P-GMAW processes are also stud-

ied under scanning electron microscope (SEM) to reveal

more clearly the morphology of grain boundary.

2.3. Studies on Weld Characteristics

The weld geometry, as it was clearly revealed by the

etching in oxalic acid solution under IGC test, was also

studied by optical microscopy. The weld geometry espe-

cially with respect to its top and root reinforcement (Fig. 4)

was measured and compared as per DIN 8563 class AS

standard to further justify the soundness of the weld joint.

The area of weld joint (WJ) including the top and root rein-

forcements was measured by graphical method. The

amount of weld metal deposition (WM), base metal fusion

(BF) and dilution of weld deposit (D) were also estimated

in terms of geometric solution of the graphic area, in con-

sideration of the joint gap (G) used during welding (Fig.

5(a)) and estimated areas of the top (T) and root (R) rein-

forcements (Fig. 5(b)), as stated below.

WM (mm2)�[T�G�R] .......................(2)

BF (mm2)�[(T�G�R�2B)�(WM)].............(3)

WJ (mm2)�[BF�WM]........................(4)

D (%)�[(BF/WJ)�100] .......................(5)

2.4. Microstructure Studies

The studies on microstructure under optical microscope

were also carried on the IGC test specimens as it was

clearly revealed by the etching in oxalic acid solution. The

studies were carried out at the regions of different morphol-

ogy primarily to compare the dendrite growth during solidi-

fication of weld deposit prepared by varying heat input and

f in the cases of GMAW and P-GMAW respectively.

2.5. Tensile Testing

Tensile testing of the base metal and axial weld joint hav-

ing weld at its centre was carried out by using the flat ten-

sile specimens as shown in Figs. 6(a) and 6(b), conforming

the British Standard—B.S. 18: 1950. The tests were carried

out at a crosshead speed of 1 mm/min. The tensile test was

performed with the help of analytical software Q-Mat Don-

gle Version 3.83 and the yield strength was estimated at

0.2% offset strain.

3. Results and Discussion

3.1. Base Material

The chemical composition of base metal (Table 1) shows

that it is not a stabilized grade stainless steel and hence it is

significantly sensitive to the weld thermal cycle for precipi-

tation of chromium carbide adversely affecting the proper-

ties of weld joint. Microstructure of the base material has

been shown in Fig. 7. Figure 7 shows the typical mi-

crostructure of heavily rolled austenitic stainless steel sheet

having twins in equiaxed grains along with considerable

flow lines in the matrix. Thus, it may facilitate a thorough

study concerning the influence of thermal behaviour on the

characteristics of weld joint with respect to varying heat

input and f in the cases of GMAW and P-GMAW respec-

tively. Besides heat input the variation in f more precisely

controls the thermal behaviour of weld joint through regula-

tion of heat built up in weld pool due to its significant influ-

ence on energy distribution in the welding process dictated

by the interactive pulse parameters8–10,13)

3.2. Inter Granular Corrosion (IGC)

The effect of heat input on susceptibility of HAZ to IGC,

characterised in terms of (Fig. 3) grain boundary thickening

(T), and the distance (d) of the significantly sensitized re-

gion from the fusion line, in GMA weld joints has been
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Fig. 4. Schematic diagram of weld bead profile as per DIN 8563

class AS.

Fig. 5. Schematic diagram of graphical method used for estimat-

ing (a) weld deposit (WM), base metal fusion (BF) in

consideration of the joint gap (G) used during welding

and (b) areas of top (T) and root (R) reinforcements.

Fig. 6. Schematic diagram of tensile specimen used for testing

of (a) base metal and (b) weld joints.

Fig. 7. Microstructure of base material.



shown in Table 4. Similarly at a given heat input of

4.44 kJ/cm the effect of f on susceptibility of HAZ to IGC

in P-GMA weld joints has been shown in Table 5. Grain

boundary thickening under the IGC test was also measured

in base material for comparative study and was found as

0.82�0.16 mm. In weld joints it has been assumed that the

grain boundary thickening is a function of IGC attack to the

sensitised grain boundary which results from the precipita-

tion of significant amount of chromium carbide within a

specific range of temperature (650–850°C) prevailing for

sufficient time.4) Thus, more grain boundary thickening in

comparison with that observed in base metal may be con-

sidered to be primarily attributed to larger sensitisation of

HAZ. During welding the weld thermal cycle with respect

to the heating rate, peak temperature and cooling rate of

different location of HAZ in reference to fusion line varies

significantly affecting its extent of sensitisation. In each

weld joint (Tables 4 and 5) it is observed that the most sen-

sitised region of HAZ, characterised by its comparatively

larger grain boundary thickening than that of the HAZ

close to the fusion line (FL), lies away from the FL and the

d of this region also varies with the change in weld thermal

behaviour dictated by the heat input and f . The f influenc-

ing the thermal behaviour of P-GMA weld has been re-

ported earlier.7–9) In case of GMAW it is observed (Table 4)

that the decrease in heat input reduces the d and grain

boundary thickening. The typical microphotographs depict-

ing decrease in grain boundary thickening of the GMA

weld joints with reduction of heat inputs from 8.84 to

4.22 kJ/cm have been shown in Figs. 8(a) and 8(b) respec-

tively. The typical scanning electron micrograph of the base

metal has been shown in Fig. 9. The scanning electron mi-

crographs of the sensitized region of HAZ in GMA weld

joints of different heat inputs of 4.22 and 8.84 kJ/cm have

been shown in Figs. 10(a) and 10(b) respectively. The sen-

sitized region of HAZ in P-GMA weld joint of low heat

input of 4.22 kJ/cm as revealed under SEM has also been

shown in Fig. 11. The SEM micrographs presented in Figs.

9–11 show that the revealing of grain boundary is possibly

a function of degree of sensitization in this steel which is

suppose to be lowest in the base metal as justified in Fig. 9.

In agreement to this fact the micrographs presented in Figs.

10(a) and 10(b) clearly show that over all thickening of

grain boundary in the sensitized region of GMA weld joint

is relatively less at the lower heat input of 4.22 kJ/cm and it

is further reduced in P-GMA weld joint (Fig. 11) of the

similar low heat input. The SEM studies also reveal that the

thickening of grain boundary may have primarily caused by
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Fig. 8. Typical microphotograph showing IGC attack in HAZ of the GMAW at a heat

input of (a) 8.84 kJ/cm and (b) 4.22 kJ/cm.

Fig. 9. Typical SEM micrograph of base metal.

Fig. 10. Typical SEM micrograph showing IGC attack in HAZ of the GMAW at a heat

input of (a) 8.84 kJ/cm and (b) 4.22 kJ/cm.

Fig. 11. Typical SEM micrograph showing IGC attack

in HAZ of the P-GMAW at a constant heat

input of 4.44�0.19 kJ/cm with f�0.41.

Table 4. Effect of heat input on inter granular corrosion of

GMA weld joints.

Table 5. Effect of heat input and f on inter granular corrosion

of P-GMA weld joints.



the more significant corrosion attack on the lined up precip-

itation of carbides (arrow marked) at the grain boundaries

which are more clearly revealed in the micrograph of the

GMA weld joint prepared at relatively higher heat input of

8.84 kJ/cm.

In case of using P-GMAW at a given heat input

(4.44 kJ/cm) it is found (Table 5) that the increase of f also

reduces d by getting it similar to that found in case of

GMAW at f of 0.41. However, a comparison of the results

presented in Tables 4 and 5 interestingly depict that at a

given heat input of similar order (4.22–4.44 kJ/cm), the use

of P-GMAW reduces the grain boundary thickening in

comparison to that observed in case of GMAW and the in-

crease of f (Fig. 12) further reduces the same which may

be considered beneficial to the corrosion susceptibility of

the weld joint. This may have primarily attributed to the ef-

fect of f on temperature of the weld metal deposition that

reduces with an increase in it.8–10) This distance d primarily

depends upon weld isotherm and thermal cycle of any loca-

tion of HAZ leading to significant amount of sensitization

in the temperature range of 650–850°C. The variations in

welding parameters of GMAW and P-GMAW processes,

primarily related to current and voltage, significantly affect

the geometries of the arc and weld. Thus, it influences the

weld isotherm and thermal cycle of any location of HAZ

with respect to its distance from weld centre and conse-

quently affecting the d.

3.3. Studies on Weld Characteristics

Typical geometry of the GMA weld prepared at different

heat input of 8.84, 6.66 and 4.22 kJ/cm, as shown in Figs.

13(a)–13(c) respectively, has been given in Table 2. Simi-

larly typical geometry of the P-GMA weld prepared at 

different f of 0.12, 0.23 and 0.41, as shown in Figs.

14(a)–14(c) respectively, has also been given in Table 3,

where the heat input has been kept constant of the order of

4.44�0.19 kJ/cm. The Tables 2 and 3 depict that all the

weld beads satisfy DIN 8563 class AS standard (Fig. 4),

which indicates that thin stainless steel sheets can be effec-

tively welded by GMAW or P-GMAW processes at a low

heat input (4.22 kJ/cm) similar to that used in P-GTAW

process.3) However, in case of GMA weld it is observed that

at the said low heat input the root penetration (Fig. 13(c))

has been reduced to an extent practically minimum for the

requirement of a full penetration sound weld. Thus it possi-

bly indicates as the limiting level of heat input for carrying

out GMAW of a 2.5 mm thick stainless steel. Whereas in

case of using P-GMAW at a similar order of low heat input

(4.22–4.44 kJ/cm) with different f , an appreciable root re-

inforcement (Fig. 14) has been marked in comparison to

that found in GMA weld joints. It is further observed that

the increase of f in P-GMAW considerably reduces the root

reinforcement of the weld joints primarily due to decrease

in temperature of weld metal deposition.8–10) An apprecia-

ble penetration in P-GMA weld at a low heat input of using

small Im is achieved also due to metal transfer primarily at a

high IP causing increased velocity of depositing droplet.8)

These aspects may be considered as a further advantage of

P-GMAW over the GMAW to use it for thin sheet welding

at extra low heat with appropriate control of f which may

be studied further in detail as it is beyond the scope of pres-

ent investigation.

In GMA weld joints (Fig. 13) along with root reinforce-

ment, the area of weld joint (WJ) has also been found to re-

duce considerably with the decrease in heat input. However

in P-GMA weld joints (Fig. 14) at a given heat input the in-

crease of f up to 0.41 has been found to relatively reduce

the area of weld joint. The effect of heat input and variation
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Fig. 12. Typical microphotograph showing IGC attack in HAZ of the P-GMAW at a constant heat input of

4.44�0.19 kJ/cm with (a) f�0.12 and (b) f�0.41.

Fig. 13. Typical geometry of the continuous current GMA weld

joints at the heat inputs of (a) 8.84 kJ/cm, (b) 6.66 kJ/cm

and (c) 4.22 kJ/cm.

Fig. 14. Typical geometry of the pulsed current GMA weld

joints at heat input of 4.44�0.19 kJ/cm by varying the f

from (a) 0.12 (b) 0.23 and (c) 0.41.



of f at a given heat input (4.44 kJ/cm) on the area of weld

joint (WJ), area of weld metal deposition (WM) and dilu-

tion (D) in case of GMAW and P-GMAW has been shown

in Figs. 15 and 16 respectively. The Fig. 16 shows that in P-

GMA weld joint the increase in f at a given heat input

(4.44 kJ/cm) reduces WM along with WJ but enhances D

significantly. However, in GMA weld joints (Fig. 15) the

decrease of heat input up to 6.6 kJ/cm enhances D followed

by a reduction in it with the further decrease in heat input to

4.22 kJ/cm while the WM and WJ reduces continuously as

it was observed in case of P-GMAW. A comparison of the

results presented in Figs. 15 and 16 interestingly depict that

at a given heat input of similar order (4.22–4.44 kJ/cm), the

use of P-GMAW produces significantly large WJ and WM

in comparison to that observed in case of GMAW. This may

have primarily attributed to comparatively larger rate of

metal deposition8–10) in P-GMAW than that occurs in

GMAW at a given energy input. It may also be considered

as an advantage of using pulsed current over the continuous

current in sheet metal welding by GMAW process with

proper control of pulse parameter with respect to f . Ac-

cording to dilution the chemical composition of the weld

with respect to its carbon content has been estimated sto-

chiometrically. The carbon content being the primary crite-

rion affecting the weld properties has been found to be rela-

tively lower than that of base material in both the cases of

GMAW and P-GMAW as shown in Tables 2 and 3 respec-

tively. This has primarily happened due to significantly low

carbon content of the filler wire as shown in Table 1.

3.4. Microstructure

The weld deposit has been found to have two distinctly

different regions of microstructure largely marked as a band

of equiaxed cellular dendrite along the region adjacent to

the fusion line (FL) and co-axial or columnar dendrite in

rest of the matrix. The equiaxed cellular dendritic region

adjacent to fusion line primarily resulted from the low de-

gree of constitutional super-cooling4) in this location of the

weld. The width of equiaxed cellular dendritic region ob-

served in the GMA and P-GMA weld joints has been

shown in Tables 6 and 7 respectively. In GMA weld joints

it is primarily observed that the width of cellular dendritic

region increases with the reduction of heat input indicating

higher constitutionally super-cooled zone in the weld adja-

cent to fusion line. The width of cellular dendritic region

observed in GMA weld joints at a heat input of 8.84 and

4.22 kJ/cm have been typically shown in Figs. 17(a) and

17(b) respectively. However during P-GMAW it has been

interestingly observed that at a similar heat input

(4.22–4.44 kJ/cm) as that of GMAW, the increase of f up to

0.41 further enhances the width of cellular dendritic region

in the weld metal adjacent to the fusion line.

The typical microphotographs of co-axial dendrite exists
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Table 6. Effect of heat input on width of cellular dendrite re-

gion in GMA weld joints.

Table 7. Effect of heat input and f on width of cellular den-

drite region in P-GMA weld joints.

Fig. 17. Typical microphotograph showing the band of cellular zone adjacent to FL of the GMA weld at a heat input of

(a) 8.84 kJ/cm and (b) 4.2 kJ/cm.

Fig. 16. The effect of heat input on the area of weld metal depo-

sition and its dilution in P-GMA weld joints.

Fig. 15. The effect of heat input on the area of weld metal depo-

sition and its dilution in GMA weld joints.



in rest of the matrix of weld metal deposited by GMAW at

the heat input of 8.84 and 4.22 kJ/cm has been shown in

Figs. 18(a) and 18(b) respectively. Similarly the typical mi-

crophotographs of the co-axial dendrite observed in rest of

the matrix of the weld metal deposited by P-GMAW at dif-

ferent f of 0.12, 0.22 and 0.41 has been shown in Figs.

19(a)–19(c) respectively where, the heat input was kept

constant at 4.44 kJ/cm. In GMA weld deposit a consider-

able reduction in coarsening of co-axial growth of dendrites

has been marked with the lowering of heat input from 8.84

to 4.22 kJ/cm. However in case of P-GMAW the increase in

f at a given heat input of 4.44 kJ/cm has been found to con-

siderably reduce the co-axial growth of dendrites in weld

deposit along with its refinement (Figs. 19(a)–19(c)) prima-

rily due to lowering of droplet temperature at the time of

deposition along with thermal shock introduced by inter-

ruption in metal deposition under pulsed current as re-

ported earlier.8–10) The reduction in co-axial growth of den-

drites due to reduction in heat input at GMAW and the in-

crease of f at a given heat input reducing the thermal inten-

sity of weld deposition may have primarily attributed to

lowering of degree of constitutional super-cooling.

3.5. Tensile Properties

The ultimate tensile strength, yield strength and elonga-

tion of the base material are measured as 658 MPa,

298 MPa and 78% respectively. The effect of heat input on

tensile properties of the axial weld joint prepared by

GMAW has been shown in Table 8. Similarly at a given

heat input the effect of f on tensile properties of the axial

weld joint prepared by P-GMAW has been shown in Table

9. The results presented in Tables 8 and 9 shows that in

both the cases of using GMAW and P-GMAW, the weld

joint has been found to fracture from weld having compara-

tively weaker ultimate tensile strength than that of base

metal. However the yield strength and elongation of the

welds prepared by both the GMAW and P-GMAW

processes are found to be relatively higher and lower re-

spectively than the yield strength and elongation of base

material. The comparatively lower elongation of weld is

primarily attributed to its cast microstructure, whereas a

comparatively lower ultimate tensile strength of the weld

was primarily caused by its relatively lower carbon content

(Tables 2 and 3) than that of base material. The Table 8

shows that the variation in heat input in the range of 4.22 to

8.84 kJ/cm does not show any significant trend in variation

of tensile properties of the weld. At a given heat input, the

variation in f (summarized influence of pulse parameters)

also has not been found to affect ultimate tensile strength of

the weld prepared by P-GMAW process considerably as

shown in Table 9. But it may be noted that the tensile prop-

erties of the pulsed current gas metal arc welding process is

very well comparable to those of the weld prepared by

GMAW process. In view of this it may be considered that

the use of P-GMAW in welding of thin sheet of S.S is bene-

ficial over the use of GMAW in consideration of favourable

influence of P-GMAW especially on intergranular corrosion
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Fig. 19. Typical microphotograph of the P-GMA weld deposit at a constant heat input of 4.44�0.19 kJ/cm with (a)

f�0.12 (b) f�0.22 and (c) f�0.41.

Fig. 18. Typical microphotograph of the GMA weld deposit at a heat input of (a) 8.8 kJ/cm and (b) 4.2 kJ/cm.

Table 8. Tensile properties of GMA weld joints.

Table 9. Tensile properties of P-GMA weld joints.



susceptibility of heat affected zone, and the other character-

istics of weld joint as discussed above.

4. Conclusion

(1) Thin 2.5 mm thick stainless steel sheets can be ef-

fectively welded by GMAW or P-GMAW processes at a

low heat input of the order of 4.22 kJ/cm, similar to that

used in P-GTAW process by other research workers.

(2) The increase of f in P-GMAW considerably re-

duces the root reinforcement of the weld joints primarily

due to decrease in temperature of weld metal deposition

and reduction in velocity of depositing droplet.

(3) The use of P-GMAW provides comparatively better

resistance to inter granular corrosion along with higher me-

chanical properties in comparison to those of the conven-

tional GMA weld primarily due to superior control of weld

thermal behaviour at relatively lower heat input by suitable

control of pulse parameters with respect to their summa-

rized influence defined by a dimensionless factor f .

(4) In comparison to GMAW, the P-GMAW process is

more effective in producing relatively finer dendrite in the

weld deposit.
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