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corrosion resistance and oxidation. Additionally, these steels 
have exceptional creep qualities at temperatures exceeding 
650ºC [1]. Nuclear power plants and reactors require mate-
rials that can withstand extremely high temperatures. Aus-
tenitic and ferritic-martensitic steels is preferred because 
of their wide application range and working environments. 
Boiler tubes are one known application for these materials. 
In the boiler section it is necessary to connect the super-
heater pipes, which helps to reduce overall costs [2]. Where 
a dissimilar connection is required, the superheater tubes 
are designed to be connected to header pipes [3]. Under 
these operating conditions, materials must withstand high 
temperatures while maintaining mechanical strength and 
microstructure stability. These materials are often joined 
using regular GTAW procedures. Nickel-based fillers or 
austenitic fillers are often used to join various compounds 
[4]. Cracks and microstructure heterogeneity are most com-
mon at joints because to variations in thermo-mechanical 
characteristics and carbon migration [5]. The elemental seg-
regation produced by variation causes the introduction of 
thermal tensions. The temperature expansion coefficient of 
ferritic-martensitic stainless steels is lower compared to that 
of the austenitic steels [6].

1 Introduction

Most current research areas for advanced supercriti-
cal (AUSC) boilers are focused on combining improved 
materials. AISI 304HCu is a stainless steel variant that is 
increasingly favored for use in superheaters and reheat-
ers. Austenitic steels are an excellent due to their strong 
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The current work focusses on the effect of electrode current on the strength and metallurgical properties of hot wire TIG 
welded joints of SS304HCu austenitic stainless steel and P91 ferritic steel. The joints were developed with an electrode 
current of 134, 170, and 205 amperes at a constant heating current of 100 amperes and a wire feed speed of 1700 mm/
min. A study of microhardness along the joint boundary was also carried out. Tensile properties of the welded joint were 
also studied to understand the effect of process parameters. As a result of this study, it was found that joints made at an 
electrode current of 170 amperes, a wire feed speed of 1700 mm/min and a heating current of 100 amperes showed a 
maximum tensile strength of 664 MPa compared to other joints. The microstructure of the interface was analyzed using 
optical microscopy. An EDS analysis was also carried out to understand the composition in the area of   the interface. The 
microstructure of the welded joint’s surface is directly related to the tensile strength of the joint.
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By adopting a variety of modern and unique procedures 
for combining this combination of materials, the problems 
can be resolved. Although nickel-based filler materials 
can make joints stronger, they can cause certain problems 
when the joints come together [7]. The main cause of the 
lower strength and microstructure heterogeneity was car-
bon migration at the contact. In this investigation, 1 mm 
diameter wire of grade ERNiCr-3 is used in the hot wire 
TIG welding method to link tubes made of 304HCu ASS 
and P91 ferritic steel. This method was first put forth, in 
which the wire supply is heated up before being supplied 
to the GTAW setup [8]. Because the wire feed is warmed, 
it is possible to preserve more of the energy of the develop-
ing arc. This procedure improves the bead profile and helps 
to raise the deposition rates. Any mix of materials can be 
joined using the method, which can be mechanised. Due to 
its lower initial investment requirements, this technique can 
quickly replace techniques which usually possess higher 
energy densities like laser beam and plasma arc welding [9]. 
The deflection can be decreased with the aid of induction 
and pulsed heating. Studies have suggested that the method 
of generating heat using heating current played a significant 
role on the rise in deposition rate [10]. It was also shown that 
they influence the welding bead geometry as well, and the 
primary shape changes were primarily associated with tem-
perature distribution variations [11]. In comparison to cold 
wire, hot wire produces a better bead profile and a higher 
production rate [12]. HWGTAW created the most carbon 
depleted and enriched zones, as well as a large number of 
type I and type II borders [13]. Electrode current plays an 
important role in improving the joint quality. Recent study 
also revealed that the most influencing parameters are cur-
rent and welding speed [14]. . The previous works on join-
ing of these combination of materials are mainly done by 
using conventional TIG welding processes [15]. This work 
mainly focusses on finding the effect of electrode current on 
mechanical and microstructure characteristics of the dissim-
ilar welded joints of SS304HCu ASS and P91 Ferritic Steel.

2 Materials and methods

The current investigation utilized 304HCu and P91 steel 
tubes. The study utilized base material tubes made of 
304HCu ASS and P91 Alloy Steel, which had an outside 
diameter of 45 mm and a wall thickness of 9 mm. The chem-
ical makeup of both materials underwent analysis utilising 
an X-ray fluorescence spectrometer. The composition of 
304HCu austenitic stainless steel, P91 ferritic steel, and the 
joining material can be found in Table 1.

Figure 1 displays OM images of 304HCu austenitic 
stainless steel and P91 ferritic steel. The 304HCu ASS 
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micrographs exhibited equiaxed polygonal austenite grains 
and annealed twins. The micrograph of P91 revealed the 
existence of a tempered martensitic microstructure along 
with preceding austenite grain boundaries (PAGB). Tensile 
specimens were prepared as per ASTM E8-19 and micro-
hardness survey was carried out as per ASTM E92-17 stan-
dards. The mechanical characteristics of both materials are 
presented in Table 2.

Hot Wire TIG Welding is a technique that involves pre-
heating the GTAW cold wire feed. This is done by passing 
a electric current over the wire, which heats it up through 
resistance, a process called Joule heating. An additional cir-
cuit is used for preheating, which harnesses the energy of 
the primary arc is greatly reduced. The wire was preheated 
to a temperature of 200ºC before it is fed to the wire pool 
[16]. The warmed wire allows for a faster deposition rate 

and produces a cleaner and more visually appealing bead 
profile. Preheating with pulsed current also helps to reduce 
deflection. This constraint was overcome by using induction 
heating. Tungsten Arc Hot Wire Welding was performed on 
P91 and 304HCu steel using a 1 mm diameter wire of grade 
ERNiCr-3, which is a filler substance composed primarily 
of nickel. The configuration of the welded joint is shown in 
the Fig. 2 below.

The experimental configuration has a specialized appara-
tus designed to securely grip and rotate pipes while perform-
ing welding operations. The tubes were precisely fabricated 
using a solitary V-groove at a precise angle of 60° along 
their edges. Prior to welding, the mating surfaces underwent 
thorough cleaning using acetone. The tube was supplied 
with argon shielding gas from both sides. The experimental 
configuration is depicted in Fig. 3. The welding process is 
primarily influenced by variables such as welding current, 
welding voltage, hot wire current, wire feed rate, welding 
speed, and wire positioning. To comprehend how process 
factors affect mechanical and metallurgical qualities, hot 
wire current (W), wire feed rate (F) and electro current (I) 
were chosen among these. The parameters of the hot wire 

Table 2 Mechanical properties of base materials
Material UTS 

(MPa)
0.2% YS 
(MPa)

Elongation 
(%)

Hard-
ness 
(VHN)

304HCu ASS 640 320 36 210
P91 Ferritic Steel 658 415 30 220

Fig. 2 Configuration of the 
welded joint
 

Fig. 1 Optical micrographs of 
(a) 304HCu ASS (b) P91 ferritic 
steel
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3 Results and discussions

3.1 Effect of electrode current on UTS & impact 
toughness

Tensile tests and impact tests for the dissimilar metal weld 
joints was performed at room temperature. ASTM E8-19 
standard was used. The load-displacement curve was cap-
tured throughout the test and translated to an engineering 
stress-strain curve. The specimens after mechanical charac-
terization are shown below in Fig. 5. The mechanical prop-
erties of dissimilar joints for varying process conditions are 
shown in the Table 4.

The data includes yield strength, ultimate tensile strength, 
percentage elongation, and toughness. The test samples 
were analyzed, and the average results together with their 
corresponding standard deviations are presented. The speci-
mens exhibited failure in the vicinity of the base metal of 
P91. The fracture was situated around 3–4.5 mm away from 
the fusion contact of P91 and the weld metal. The tensile 
strength of the dissimilar metal weld joint is 1% greater than 
that of P91 ferritic steel and 3% greater than that of 304HCu 
ASS. Similar conclusions were drawn from the previous 
published works as well [13].

Electrode Current is one of the main process parameters 
for generating primary heat input in the hot wire TIG weld-
ing process [13]. . The range of parameters were fixed after 
conducting trail experiments and checking for deformities 

TIG welding method that was utilised to join 304HCu 
ASS and P91 ferritic steel are shown in Table 3 below. The 
maximum (205 amps) and minimum (134 amps) value of 
the electrode current was established based on the inner 
side melt through and satisfactory bead appearance of the 
joints. The joints were prepared with the maximum, mini-
mum and average values of the electrode current. The joints 
were fabricated for varying electrode currents of 134 amps, 
170 amps and 205 amps, constant hot wire current of 100 
amps and constant wire feed rate 1700 mm/min. A total of 4 
passes were used to join the dissimilar materials. In Fig. 4, 
hot wire TIG welded joints are displayed.

Table 3 Hot wire TIG welding process parameters
S. No Electrode Cur-

rent (amps)
Wire Feed Rate (mm/
min)

Hot Wire 
Current 
(amps)

S1 134 1700 100
S2 170 1700 100
S3 205 1700 100

Table 4 Mechanical Properties of Dissimilar Joints for Varying Elec-
trode Current
Electrode Current 
(amps)

UTS (MPa) 0.2% YS 
(MPa)

Elongation 
(%)

Impact 
Tough-
ness 
(J)

134 591 396 26 204
170 664 415 30 220
205 642 406 34 210

Fig. 5 Specimens after testing

 

Fig. 4 Hot Wire TIG welded joints

 

Fig. 3 Experimental Setup of HWGTAW
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zone in the heat-affected zone (HAZ) as compared to other 
DMWJ sites. This phenomenon could be attributed to the 
migration of carbon transitioning from low chrome ferritic 
steel to high chromium steel. ERNiCr-3 side [18]. Carbon 
migration was not completely eliminated with Inconel 
fillers, but it will be substantially slowed as compared to 
chromium-rich stainless steel fillers [19]. The presence of 
Nb-rich carbide particles in Inconel filler, caused by the seg-
regation of alloying elements along interdendritic bound-
aries, results in brittleness and reduced Charpy toughness 
of the weld metal due to the variability of process condi-
tions. The enhancement in the mechanical properties were 
observed from the previous works as well [20] Table 4 dis-
plays the Charpy V-notch impact toughness at room temper-
ature for dissimilar joints, under varied process conditions.

3.2 Effect of electrode current on microhardness

Figure 7 shows the microhardness variation across DMWJ 
at different levels of electrode current. The joints showed 
increased hardness at increased levels of electrode cur-
rent. The hardness value increased with increase in pro-
cess parameter values. The plastic deformation of the joint 
surface is reduced under tensile loading. Consequently, the 
joints’ strength reduces as the parameter values increase. 
The selection of the optimal level of process parameters is 
important for obtaining excellent properties of dissimilar 
joints.

in the joints. Joints were fabricated for various process con-
ditions i.e. electrode current 134, 170 and 205 amps, wire 
feed rate 1700 mm/min and heating current 100 amps. As 
the electrode current rises there will be an increase in the 
heat energy. More material would be melted due to this. At 
lower electrode currents there will be a decrease in lack of 
penetration. The lower electrode current would not be ade-
quate to cause the material to melt. An increase in electrode 
current leads to a corresponding increase in reinforcement, 
but it also results in a decrease in penetration. The relation-
ship between electrode current and ultimate tensile strength 
is illustrated in Fig. 6. The Ultimate Tensile Strength (UTS) 
was estimated to be 664 MPa at 170 amps and 642 MPa at 
205 amps. Lower electrode currents would lead to incom-
plete penetration and which couldn’t hold the tensile load 
for longer duration of time. However, at higher currents 
there would be an excessive grain growth where the rein-
forcements would be machined off during the tensile test 
specimen preparation which would lead to a reduced cross-
sectional area and a reduced load bearing capacity [17]. The 
joint strength would be higher at an electrode current of 
170 amps and also a good geometry which helps in resist-
ing higher loads for a long period of time. Macrostructures 
revealed that the joints fabricated with current of 134 amps 
and 205 amps had defects and the joints fabricated with 170 
amps are defect free.

The specimens for impact tests were tested, and the aver-
age outcomes are shown. The impact toughness of P91 steel 
is reduced due to the existence of a carbon-enriched hard 

Fig. 6 Effect of electrode current 
on UTS & impact toughness
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3.3 Effect of electrode current on microstructure

Figure 8 shows the metallurgical features of TIG welded 
joints with hot wire. It shows the microstructure of welded 
joints at various electrode currents. The micrographs show 
the transformation of grains of austenitic base material into 
grains of delta-ferrite in an austenitic matrix. The weld 
metal solidifies in a strictly austenitic manner while P91 
first solidifies as ferrite before changing into austenite and 
ultimately martensite.

An interface displaying tempered lath martensite was 
observed on the P91 side. Welding defects were observable 
at lower current values of 134 amps, and they adversely 
affected the mechanical qualities. For higher electrode cur-
rent (specifically, 205 A), the microstructure in the fusion 
zone becomes more coarse. At greater levels of electrode 
current, the heat-affected area exhibits larger grain size. The 
fusion zone with a width of 170 A exhibits a heterogeneous 
shape. The presence of a delta ferrite structure enhances the 
ultimate tensile strength. The presence of austenitic struc-
ture, on the other hand, tends to raise the elongation per-
centage and there by yield strength increases. The formation 
of these is mainly attributed to the diffusion of carbon as 
reported in the previous research [21].

The SEM micrographs of the welded joints at different 
regions for varying electrode currents samples are depicted 
in Fig. 9. The hardened boundaries of the sub grains of 
the weld metal, which hardens in the form of an equiaxed 

The hardness of the interface between P91 steel and 
filler metal reaches a maximum value of approximately 398 
Hv. This can be attributed to the existence of a hard zone 
enriched with carbon, which is formed as a result of carbon 
migration. The outer edge of the heat-affected zone (HAZ), 
located 4–5 mm from the interface between P91 steel and 
filler metal, exhibits the lowest hardness of around 205 Hv. 
The HAZ of 304HCu ASS has higher hardness than the base 
material due to many multi-pass welding tempering cycles. 
An uneven distribution of hardness was seen in the DMWJ, 
as shown by the hardness survey. A zone of lower hardness, 
or weakest point, was identified near the outer edge of the 
heat-affected zone (HAZ).

Fig. 8 Weld microstructure for the effect of electrode current

 

Fig. 7 Hardness Variation across 
the weld (a) S1@ 134 A (b) S2 
@ 170 A (c) S3 @ 205 A
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Figure 10 (a) indicates that the weld fusion zone has an 
tempered martensitic structure (b). The chemical composi-
tion and microstructure at the fusion border of the 304Hcu 
ASS side weld were examined by FE-SEM and EDS analy-
sis. The findings are presented in Fig. 10. Unlike the fusion 
boundary of the 304Hcu ASS weld, the heat-affected zone 
of the 304Hcu ASS was discovered to have high concentra-
tions of chromium (Cr) and nickel (Ni).

3.5 Fracture surface analysis

The micrographs of the shattered surfaces were used to 
analyze the morphology of the fracture and kind of frac-
ture in the weld joints, using a FE-SEM. The tensile test 
reveals broken surfaces in the joints, as well as the pres-
ence of dimples and microvoids. The specimens exhibited 
both ductile regions, characterized by dimples, and brittle 
regions, characterized by cleavage facets. Fracture surfaces 
may exhibit fine dimples and rip ridges. Figure 11 displays 
fractographs of S1, S2, and S3. The fracture surface pictures 
indicated that sample S1, which had a joint with low tensile 
strength, experienced a slightly brittle failure. Insufficient 
metallurgical bonding occurs due to inadequate electrode 
current and wire feed rates. Both samples S2 and S3 exhibit 
a ductile fracture mechanism, characterized by the presence 
of minuscule holes and depressions. A considerable amount 

dendrite, give it a characteristic appearance The scanning 
electron microscope (SEM) image also illustrates the spa-
tial distribution of the white particles along the boundaries. 
The sample S1 exhibits the presence of minuscule particles 
within the matrix, alongside the dendrite core area free of 
precipitates and the boundaries between dendrites. The pres-
ence of white particles at the interdendritic boundaries indi-
cates significant segregation of C, Nb, and Mo. Secondary 
phase carbides are formed when the electrode current and 
heating current increase. Clear fusion boundaries and tem-
pered martensite structure are visible at the contact between 
P91 and the filler metal. The crystallographic component 
of the solidified grain boundaries migrated away from the 
compositional component as a result of the decrease in elec-
trode current and heating current. The unmixed zone, which 
has the same composition as 304HCu ASS base metal, is 
created when the 304HCu ASS base metal is completely 
melted and then resolidified.

3.4 EDS analysis

Figure 10 displays FE-SEM micrographs and the findings 
of an EDS study of the P91 HAZ (a). According to the EDS 
study, there is a higher Cr and Ni concentration content in 
the fusion zone near the weld fusion boundary than there is 
in P91.

Fig. 9 SEM micrographs at vari-
ous process conditions (a) S1@ 
134 A (b) S2 @ 170 A (c) S3 @ 
205 A
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4 Conclusions

An investigation was conducted to examine the influence 
of electrode current on the tensile strength, impact strength, 
hardness, and microstructure of dissimilar junctions between 
SS304HCu Austenitic Stainless Steel and P91 Ferritic Steel. 
The obtained results yielded the following conclusions.

of plastic distortion in sample S3 resulted in the production 
of a coarse grain structure, which can be attributed to the use 
of increased currents at the electrode, the heating current, 
and the wire feed rate.

Fig. 11 SEM images of fractured 
tensile specimens (a) S1 (b) S2 
(c) S3

 

Fig. 10 FE-SEM micrographs 
and EDS Spectra of (a) P91 
HAZ, (b) weld fusion zone and 
(c) 304HCu ASS HAZ
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1. Hot Wire TIG welding produced defect free dissimilar 
joints of 304HCu and P91 steel by varying the electrode 
current from 134 amps to 205 amps while wire feed 
rate 1700 mm/min and heating current 100 amps kept 
constant.

2. The electrode current significantly impacted the 
mechanical qualities of the joints, whereas the heating 
current and wire feed rate influenced the stability of the 
joint.

3. The Joints produced a peak ultimate tensile strength of 
664 MPa when subjected to an electrode current of 170 
amps, a wire feed rate of 1700 mm/min, and a heating 
current of 100 amps.

4. A difference in hardness was measured across the dis-
similar joints. A peak hardness of 398 Hv is observed 
at the interface of P91 steel and filler metal, while the 
outside edge of 304HCu ASS HAZ has the lowest mea-
sured hardness value of 205 Hv.

5. By examining the elemental spectrum using EDS 
analysis, it was possible to clearly illustrate the dispar-
ity in atomic mass of the alloying elements. The study 
revealed that the SS304HCu-P91 joints’ contact region 
contains diffusion components.

6. The tensile fracture surfaces of all the samples were pri-
marily characterized by ductile dimples accompanied 
by tear ridges, indicating significant plastic deformation 
before complete failure.
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