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Abstract
Super 304H austenitic stainless steel tubes containing 2.3 to 3 (%wt) of Cu is mainly used in superheaters and 

reheater of ultra-supercritical boilers. Welding high alloyed steels such as stainless steels can result in local variation 
of alloying elements within the weld metal and such segregation may affect the high temperature properties of the 
weld joint. It is preferable to control the solidification structure of the weld by altering the prevailing thermal gradients 
in the weld pool during welding. The effect of current pulsing on microstructure and hot tensile properties of filler added 
gas tungsten arc welding (GTAW) of super 304H is studied. Current pulsing is found to be beneficial in improving the 
hot tensile properties of super 304H GTAW joints at all test temperature, which is attributed to the grain refinement, 
increase in frequency of high angle grain boundaries, reduced segregation and finer carbonitrides precipitation. 

Keywords: Super 304H; Gas tungsten arc welding; Pulsed current;
Hot tensile properties; Microstructure

Introduction
The need to increase the efficiency of the power plants and thereby 

to achieve, reduction in Co2 emissions can be attained by increasing 
the parameters of steam cycles. The main challenge in building power 
plants with advanced steam cycles is the availability of construction 
materials. Newer alloys are being developed and identified for the 
requirement of such power plants with advanced steam cycles. In such 
effort, super 304H stainless steel is proposed for use in super heater 
and reheater tubings of ultra-supercritical boilers [1]. Super 304H 
is capable of operating in steam temperatures of about 600°C, with 
excellent resistance corrosion and creep. Super 304H with addition of 
2.3 to 3 (% wt) of Cu results in increased creep strength of the alloy, 
offered by the fine, stable, coherent Cu-rich precipitates evolve during 
exposure to creep conditions [1-3]. 

In terms of weldability, Cu may slightly increases the hot cracking 
sensitivity and with regard to weld metal the effect of Cu needs to be 
investigated [4]. Austenitic stainless steels welded by constant current 
gas tungsten arc welding (CC-GTAW) produce coarse columnar grains 
in the fusion zone of welds and such microstructure’s can result in 
inferior mechanical properties than the parent metal [5]. Welding high 
alloyed steels, such as stainless steels result in inhomogeneous weld 
metal with local compositional variations within the microstructure, 
and which can attributed to segregation of alloying elements during 
weld metal solidification. Segregation may result in weld joint with 
inferior room and high temperature properties than the parent metal. 

It is preferable to control the solidification structure of the fusion 
zone in weld by altering the prevailing thermal gradients in the weld 
pool during welding [6]. In pulsed current gas tungsten arc welding 
(PC-GTAW) process the welding current is pulsed between high and 
low value for different time intervals at a pulsing frequency. The high 
current pulse will bring the weld zone above the melting point while 
the low current period in the pulse allows the weld pool to partially 
solidify and maintain a consistent arc. The weld bead is observed as 
a series of over lapped spot weld in which the overlap depends on the 
pulsing frequency [5,7]. 

Sen et al. [8] reported that Cu addition to 304H stainless steel 

does not embrittle the alloy during exposure to high temperature. Ha 
and Jung [9] reported the suitability of the steel for ultra-supercritical 
application. Works carried out by Yang et al. [10], Li et al. [11], Bai et 
al. [12] on super 304H boiler grade austenitic stainless steel revealed 
its good microstructural stability during high temperature exposure. 
However, the work on PC-GTAW of super 304H in open literature is 
very scant. Hence in this investigation it is planned to study the effect 
of current pulsing on microstructure and hot tensile properties of filler 
added GTAW joints of super 304H austenitic stainless steel.

Experimental Details
Super 304H austenitic stainless steel tubes of outer diameter 57.1 

mm and wall thickness of 3.5 mm was used in this investigation. The 
chemical composition of the tubes in as-received condition and filler 
metal are given in Table 1. Joints with single V butt edge preparation 
were welded with filler addition using CC-GTAW and PC-GTAW 
processes. Argon was used as shielding and purging gas with flow rate 
of 12 and 10 liters per minute respectively, to prevent oxidation of the 
welds. The welding parameters used to fabricate the joints are shown 
in Table 2. 

The photograph of the joints welded by CC-GTAW and PC-
GTAW is shown in Figure 1a. Joints are inspected for defects and 
tensile specimens were extracted using wire-cut electric discharge 
machining, as per the dimensions shown in Figure 1b. Tensile tests 
were carried out using universal testing machine (UTM) under the 
constant crosshead speed mode for a nominal strain rate of 1×10-3 S-1 at 
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test temperatures of room temperature (RT), 550°C, 600°C and 650°C. 
The UTM system was equipped with a three-zone resistance heating 
furnace and a computer with data acquisition system for obtaining 
digital load-elongation data. The photograph of hot tensile specimens 
of CC-GTAW and PC-GTAW joints after test are shown in Figures 1c 
and 1d respectively. The hardness was measured along the weld center 
line using Vickers micro hardness tester with a load of 500 g and dwell 
time of 15s. The volume percentage of delta ferrite in cross section 
of the weld joint and on the face of the welds were determined using 
(make: Fischer) ferrite scope.

The specimen for microstructural examination was prepared using 
standard metallographic techniques and etched with 3 parts HCL 
and 1 part HNO3 for 5-10 s to reveal the microstructural features. The 
microstructural examination of the weld joint was carried out using 
light optical microscope (OM) and scanning electron microscopy 
(SEM). Compositional variation within the weld regions were analysed 
using energy dispersive spectroscopy (EDS) attached with SEM. 
X-ray Diffraction (XRD) analysis of the weld metals were carried out 
to identify and confirm the phases. Electron back scatter diffraction 
(EBSD) was employed to analyse the grain size distrubution, grain 
orientations, and misorientations of weld metal. The fracture surfaces 
of the tensile specimens were analysed using SEM to reveal the mode 
of fracture.

Results
Microstructure

Macrographs of the CC-GTAW and PC-GTAW joints are shown 
in Figures 2a and 2b respectively, macrographs reveal the complete 
fusion of the tube joint with no macro defects. Figures 2c and 2d show 
the weld metal microstructure of CC-GTAW and PC-GTAW joints, 
consists of equiaxed austenitic grains. Figures 2e and 2f show the 
weld fusion line, consists of columnar austenitic grains preferentially 
oriented towards the weld centre, evidencing the epitaxial grain growth 
occurred in those regions. The heat affected zone (HAZ) of both CC-
GTAW and PC-GTAW joints consist of coarser grains than the parent 
metal. 

SEM micrograph of weld metal of CC-GTAW and PC-GTAW 
joints is shown in Figures 3a and 3b respectively, weld metals invariably 
consist of fully austenitic grains with no delta ferrite and the migrated 
grain boundaries in the weld metal is indicated by arrow in Figure 3b. 
SEM images of fusion line of CC-GTAW and PC-GTAW joints are 
shown in Figures 3c and 3d, which reveals the absence of delta ferrite 
near fusion line. EDS elemental mapping of weld metals shown in 
Figures 4a-4f, reveals that the precipitates in weld metal are Mo and 
Nb rich carbonitrides which were intentionally added in the filler wire 
to stabilize the higher carbon content. EDS line scan of the weld metal 
grain boundary shown in Figures 4g and 4h reveals no segregation 
of Cr and Ni to the grain boundaries. The ferrite measurement using 
ferrite scope revealed no indication of delta ferrite in the welds of both 
CC-GTAW and PC-GTAW joints. 

The XRD pattern of weld metals of CC-GTAW and PC-GTAW 

a.Joints welded b.wire-cut electric discharge machining

c. CC-GTAW d.PC-GTAW

Figure 1: Photograph of welded tubes and tensile specimen.

 

a. Macrograph                                                                       b. Macrograph 

 

c. Weld metal                                                                  d. Weld metal 

 

e. Fusion line                                                                  f. Weld metal 

Figure 2: Optical microstructure of CC-GTAW and PC-GTAW joints.

C Si Mn P S Cr Ni N Cu Nb Mo B Al

PM 0.086 0.23 0.81 0.021 0.0003 18.18 9.06 0.095 3.080 0.045 - 0.0039 0.01
FM 0.1 0.3 3.3 < 0.01 < 0.01 18.3 15.7 0.16 2.9 0.5 0.7 - -

Table 1: Chemical composition (wt%) of parent metal (PM) and filler metal (FM).

CC-GTAW PC-GTAW
Current (A) 75 -

Base current (A) - 45
Peak Current (A) - 75
Pulse on time (%) - 75

Pulse Frequency (Hz) - 10
Voltage (V) 11.3 11

Welding speed (mm/min) 75 67
Heat input (kJ/mm) 0.68 0.66

Table 2: GTAW parameters used to fabricate the joints.
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joints shown in Figures 5a and 5b reveals the absence of delta ferrite. 
The XRD patterns confirm the presence of fully austenitic weld metal 
with Nb and Mo carbonitrides in the weld metal of both joints.

EBSD analysis

The EBSD pole figures of cross section of CC-GTAW and PC-
GTAW joints are shown in Figures 6a and 6b respectively. From the 
pole figures, it can be inferred that, the dendrites in the weld metal does 
not exist as a single entity, but it is actually part of a larger grain, where 
the weld metal consists of coarse grains than the parent metal [13]. 
The interface in the pole figure reveals epitaxial grain growth, planar 
solidification and grain growth in the HAZ. The grain size distribution 
in the weld metal of CC-GTAW and PC-GTAW joints are shown in 
Figures 6c and 6d respectively. From the distribution chart, it can be 
inferred that the number of finer grains (< 70 µm) in the weld metal 
is higher in the PC-GTAW than the CC-GTAW, which attributes the 
grain refinement achieved in the weld metal due to current pulsing. The 
relative frequency of misorientation between the grains in the welds 
of CC-GTAW and PC-GTAW joints are shown in Figures 6e and 6f. 
The presence of grains boundaries with lower degree of misorientation 
(<15°) are referred as low angle grain boundaries and are found to be 
less frequent in case of PC-GTAW joint than the CC-GTAW joint.

Tensile properties

The transverse tensile properties of CC-GTAW and PC-GTAW 
joints of super 304H at various test temperatures are presented in Table 
3. PC-GTAW joint exhibited marginal increase in tensile strength and 

CC-GTAW                                                                         PC-GTAW 

 

a. Weld center                                                                         b. Weld center 

 

c. Fusion lined                                                          d. Fusion line 

Figure 3: SEM micrograph of CC-GTAW and PC-GTAW joints.

a. EDS elemental map of Mo  b. EDS elemental map of Mo

c. EDS elemental map of Nb                     d. EDS elemental map of Nb

e. EDS elemental map of C                                    f. EDS elemental map of C

g. EDS Line scan of grain boundary              h. EDS Line scan of grain boundary

Figure 4: EDS analysis of CC-GTAW and PC-GTAW joints.

 

a. CC-GTAW weld metal 

 

b. PC-GTAW weld metal 

Figure 5: XRD analysis of CC-GTAW and PC-GTAW joints.
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percentage of elongation than the CC-GTAW joints at all the test 
temperatures. The tensile strength and elongation of both the joints 

CC-GTAW                                                           PC-GTAW

a. Orientation map of weld interface                         b. Orientation map of weld interface

c. Grain size distribution                                                   d. Grain size distribution

e. Misorientation fraction of boundaries f. Misorientation fraction of boundaries

Figure 6: EBSD analysis of CC-GTAW and PC-GTAW joints.

 Test 
temperature 

(0°C)

0.2% Yield 
strength 

(MPa)

Ultimate tensile 
strength (MPa)

Elongation in 
25 mm gauge 

length (%)

Failure 
location

C
C

-G
TA

W
 RT 349.6 614.6 52.3 Parent metal

550 247.3 470.2 39.2 Parent metal
600 196.3 413.6 36.6 Parent metal
650 240.8 392.7 27.3 Parent metal

PC
-G

TA
W RT 365.5 621.3 56.8 Parent metal

550 292 481.7 41.9 Parent metal
600 236.2 434.8 40.6 Parent metal
650 293.5 409.5 30.3 Parent metal

Table 3: Tensile properties of CC-GTAW and PC-GTAW joints of super 304H.

decreased with increase in test temperature. The failure was located in 
the parent metal in both CC-GTAW and PC-GTAW joints at all test 
temperatures. 

Micro hardness

The micro hardness profiles measured across the weld center line of 
CC-GTAW and PC-GTAW joints in the mid thickness are presented 
in Figure 7. The highest hardness value was recorded in the weld metal 
of both joint however, PC-GTAW weld metal exhibited lower hardness 
than the CC-GTAW joint. Large variations in hardness values within 
the weld metal region were observed for CC-GTAW joint than the PC-
GTAW joint, owing to their inhomogeneous microstructure. Lowest 
hardness across the joints was recorded in the weld metal close to the 
fusion line, probably the unmixed zone (UMZ). The HAZ region of 
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Figure 7: Hardness profile of CC-GTAW and PC-GTAW joints.

 

a. Room temperature                                                             b. Room temperature 

 

c. 550 °C                                                                                d. 550 °C 

Figure 8: SEM fractographs of CC-GTAW and PC-GTAW tensile specimens.

both CC-GTAW and PC-GTAW joint has not undergone softening 
due to welding and retained its hardness equivalent to that of the 
parent metal (175 HV).

Fracture surfaces

SEM fractographs of tensile specimens are shown in Figure 8. In all 
the cases, fracture occurred in parent metal and the features observed 
are similar in CC-GTAW and PC-GTAW joints. Fracture surface of 
CC-GTAW and PC-GTAW joint tested at RT are shown in Figures 8a 
and 8b respectively. The fracture was ductile for both joints tested at 
RT, with fine dimples around the voids, which are associated with the 
precipitates, acted as crack initiation sites. Figures 8c and 8d show the 
fracture surface of CC-GTAW and PC-GTAW joints tested at 550°C 
reveals more featureless region with elongated voids and dimples. The 
joints tested at 550°C failed in less ductile manner than the joints tested 
at RT, and it is also evident from the tensile elongation (Table 3).

Discussion
PC-GTAW joint exhibited higher tensile strength and elongation 

values than CC-GTAW at all test temperatures with the failure at the 
parent metal. The mode of solidification and amount of delta ferrite 

in stainless steel welds can be predicted using WRC-1992 constitution 
diagram. The Cr and Ni equivalents of filler metal were calculated as 
19.4 and 23.1 respectively and the weld metal was predicted to solidify 
in A-Mode with fully austenitic weld metal. The microstructural 
analysis of CC-GTAW and PC-GTAW joints revealed fully austenitic 
weld metal, with no delta ferrite as predicted. The addition of carbide 
forming Mo and increased addition of Nb to the filler metal had 
resulted in formation of Mo and Nb rich carbonitirdes (Figures 4a-
4f). Hence the risk of forming other detrimental carbides in the weld 
metal of super 304H with high carbon content was reduced. Periodic 
pulsing of welding current in PC-GTAW, impose thermal variation in 
the weld pool to enhance the flow of molten metal in the weld pool and 
help to reduce the compositional variation within the weld metal [5-7]. 
Current pulsing resulted in grain refinement (Figures 6c and 6d), with 
more high angle grain boundaries (Figures 6e and 6f). 

The higher strength of the PC-GTAW joint is attributed to the 
presence of fine carbonitrides in the weld metal, higher number of high 
angle boundaries, and finer grain size which offers greater resistance to 
dislocation motion [14,15]. The fusion zone forms between the fusion 
line and weld metal, which denotes the actual amount of base metal 
melted during welding. The difference in composition of the parent 
metal and filler metal result in formation of UMZ, which is similar to cast 
parent metal and hence the lowest hardness was recorded in the region. 
The HAZ of both CC-GTAW and PC-GTAW retained its hardness 
value on par with parent metal, due to the highly stable microstructure 
of the super 304H at elevated temperatures [11]. The drop in yield 
strength of the weld joint at 600°C can be attributed to the ductility 
dip encountered in super 304H parent metal at that temperature 
range. The fracture was located in the parent metal for both the weld 
joints tested at all temperatures. Parent metal was used in solution 
annealed condition, with fine nitride precipitates to provide required 
grain refinement during tube manufacturing process. Such precipitates 
(indicated by arrow in Figure 8) may act as probable crack initiation 
sites during fracture at room temperature, while the fracture is found to 
be increasingly brittle with increase in test temperature. The decrease in 
elongation (ductility) with increase in temperature for both the joints 
was attributed to the lack of dislocations to undergo deformation. The 
dislocations which are available at RT to undergo plastic deformation 
are annihilated at high temperature due the recovery process resulted 
in reduction in elongation at higher temperatures [16].

Conclusions
1. PC-GTAW joint exhibited higher tensile strength and 

ductility (percentage of elongation) than the CC-GTAW joint at all test 
temperatures. Failure was located in the parent metal for all the joints 
tested at both room and high temperature. Hence the weld metals of 
both CC-GTAW and PC-GTAW joint exhibited higher strength than 
the parent metal.

2. Current pulsing was found to be beneficial in improving the 
tensile properties of GTAW joints of super 304H at all test temperatures. 
The improvement in strength was achieved through grain refinement, 
increasing the frequency of high angle grain boundaries, reduced 
segregation and precipitation of finer carbonitrides. 
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