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Abstract
This study investigates the weldability, microstructure and mechanical properties of dissimilar AISI 304 and Monel 400 welds using continuous and pulse-current GTA welding processes. Dissimilar joints of AISI 304 and Monel 400 are widely used in the marine and oﬀshore
environments, oil and gasiﬁcation plants. These welding processes are carried out using three
ﬁller wires, namely E309L, ENiCu-7 and ENiCrFe-3. Microstructure examination is carried
out on these dissimilar weldments. In addition, a comparative analysis on the microhardness,
tensile test values on these welds using the above-said ﬁller materials is also discussed. The
weldments obtained from ENiCu-7 and ENiCrFe-3 ﬁller wires oﬀer high strength and ductility.
These studies would be useful for the fabricators implementing these dissimilar weldments in
the oﬀshore applications.
K e y w o r d s : dissimilar metal welding, mechanical properties, Monel 400, AISI 304 stainless
steel

1. Introduction
Welding of dissimilar metals is generally a challenging task because of the major problems encountered
during welding. Due to the diﬀerences in the chemical composition and thermal expansion coeﬃcients,
the major problems likely to occur during welding
would be dilution of weld metals, solidiﬁcation cracking and hot cracking. The dissimilar combinations of
Monel 400 and AISI 304 can be used in moderately
high temperature and corrosive environments as in
the case of oil gasiﬁcation plants, chemical processing
equipments, etc. In addition, a combination of moderate oxidation resistance and creep strength extends
their application to steam generator tubing and other
components operating at temperatures up to 550 ◦C in
conventional fossil-fuel power plants [1, 2]. Pulse current gas tungsten arc welding (PCGTAW) is one of
the widely used welding techniques that have been reported to have numerous advantages over the conventional gas tungsten arc welding (GTAW) or continu-

ous current GTA welding (CCGTAW) process. The
beneﬁcial eﬀects most often reported in the literature
include claims that the total heat input to the weld is
reduced, which results in the reduction of weld bead
size, residual stresses by the reduction of heat input,
thermal distortion, porosity and micro segregation [3,
4].
Current pulsing has been used in the past for obtaining grain reﬁnement in weld fusion zone. Signiﬁcant reﬁnement of the solidiﬁcation structure and a
transition from columnar to equiaxed growth were reported in aluminium alloys by Madhusudhan Reddy
et al. [5, 6], austentitic stainless steels by Ravivishnu
[7], and tantalum by Grill [8]. Several investigators like
Sundaresan et al., Janakiram et al., and Prasad Rao
et al. [9–12] have used current pulsing to obtain grain
reﬁnement in weld fusion zones and improvement in
weld mechanical properties.
In the pulse GTA welding process, welding current is a pulse between high and low levels of short
or long time interval so that it brings the weld zone
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to the melting point during the pulse current period
and allows the molten weld pool to cool and solidify
during the background current period. The weld bead
shape will be a series of overlapping weld spots and the
amount of overlap depends upon the pulse frequency
and welding speed [13].
The critical issue to be addressed in case of dissimilar welds between Monel 400 and AISI 304 is the
evaluation of proper ﬁller materials. Weld defects such
as micro-segregation, secondary phase formation and
dilution cracks would be observed on improper selection of the welding process and ﬁller material.
It was reported in the literature that the major and
well known problem in dissimilar metal joint is the elemental migration near the fusion zone [1]. Also this
elemental migration during welding severely aﬀects
the mechanical, metallurgical and corrosion properties
of the dissimilar weldments [14].
The carbon migration between the weld and base
metals is also one of the major concerns, which would
cause the carbon denuded soft zone. This zone normally deteriorates the mechanical properties of the
joint at elevated temperatures [15]. The possibility of
catastrophic failure of the tubing system in fossil-fuel
power plants is increased due to the formation of the
carbon denuded soft zone. A carbon denuded soft zone
was observed in the lower-chromium base metal adjacent to the weld interface while welding Cr-Mo weldments. The carbon migration is primarily driven by
elemental diﬀerences, especially in chromium content,
between the weld metal and base metal. It is also reported that nickel based ﬁller cannot completely prohibit the formation of the soft zone, but it can greatly
decrease the growth rate of the soft zone [16]. It was
concluded that Ni based ﬁller wire is widely used for
dissimilar welding.
Ul-Hamid et al. [17] have addressed that carbon
diﬀusion in the dissimilar joint between carbon steel
pipe and type 304 stainless steel elbows resulted in
cracking after a relatively short period of usage. Similarly, many researchers [18, 19] reported about the
eﬀect of carbon diﬀusion against strength and corrosion properties of the dissimilar weldment.
Dilution has been a major problem in the dissimilar weldments that have been applied for sheathing
the oﬀshore structures of corrosion-poor steels with
corrosion resistant Ni-Cu/Cu-Ni alloys. Rudovskii [20]
studied the dilution at the fusion boundary of austenitic stainless steel welded with ENiCu-7 ﬁller wire.
The author reported that Ni-Cu alloys comprised a
perfectly isomorphous system, i.e., it showed perfect
solubility. However, Fe and Cr are not completely
soluble in the Ni-Cu alloy. Secondary phases such
as precipitates and intermetallic compounds can be
formed. Newcombe [21] also reported the formation
of Fe-rich phase in the weld of Cu-Ni alloy and steel,
which caused reduction in corrosion resistance. The

as-solidiﬁed microstructure in the weld metal usually contains a segregation problem from the interface
through the weld centre. The localized concentration
zone in the Ni-Cu alloy existed as a form of coring
in the dendrites. Galvanic corrosion and localized corrosion are predominant in welding stainless steel to
Monel which is diﬀerent in composition [22–24].
For such real welds, it is also important to consider
the corrosion resistance of the consumables which
forms the part of the fusion boundary region, where
steep chemical and metallurgical changes would occur [20, 25]. The typical applications of the bimetallic
welding of Monel-stainless steel and Monel-low carbon
steel have been reported [1, 26]. These combinations
were obtained by GTAW and SMAW fusion welding
techniques, respectively. A comparative analysis was
made on the electrodes such as ENiCu-7 and ENiCrFe-3 for welding Monel 400 and low carbon steel.
In recent past, investigations have been carried
out on bimetallic welding of Monel-stainless steel
and Monel-carbon steel by GTAW and SMAW fusion
welding techniques through selecting appropriate ﬁller
metals. Bimetallic joints of Monel 400 and 316 SS, welded by orbital TIG welding with Inconel insert, were
examined for application in Umbilical Interface Assembly for Space Station [26].
In another study, the combination of Monel 400
and low carbon steel [1] was welded by SMAW using
ENiCu-7 and ENiCrFe-3 ﬁller wires and it was characterized. Such dissimilar weldments are employed in
the oil gasiﬁcation plants. It is to be noted that these
plants employ weldments exposed under corrosive medium of H2 S, SO2 and SO3 . Also it was reported
that the sound weld can be obtained using ENiCrFe-3
for welding Monel 400 and low carbon steel and the
problem of sensitization could be minimized by using
ENiCrFe-3 ﬁller wire [2]. Earlier attempts were made
by the authors on the weldability of Monel 400 and
AISI 304 by CCGTA welding method utilizing E309L
and ENiCu-7 ﬁller metals [27].
From the extensive literature review, the information available on the weldability, structure-property
relationships of CCGTA and PCGTA welded AISI 304
and Monel 400 is inadequate. This work reports on
the possibility of welding AISI 304 and Monel 400 using CCGTA and PCGTA welding processes employing three diﬀerent ﬁller wires; also very limited work
has been reported in joining of dissimilar metals using PCGTA welding technique, and hence this work
assumes lot of importance. Further, the inﬂuence of
ﬁller wires on the mechanical and metallurgical properties of the weldments is characterized. The correlation between the microstructure and mechanical properties and corresponding fracture behaviour forms the
goal of the study, and therefore assumes special focus
on these weldments since such detailed studies are not
hitherto reported.
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T a b l e 1. Chemical composition of ﬁller materials
Composition (wt.%)
Base/ﬁller metal
Monel 400
AISI 304
ENiCu-7
E309L
ENiCrFe-3

Ni

Cu

C

Si

Mn

Fe

S

P

Cr

Others

65.38
8.13
67.6
12.6
61.2

Bal
Nil
Bal
–
0.5

0.10
0.045
0.03
0.035
0.05

0.40
0.39
0.9
0.53
0.8

1.07
1.64
3.2
1.58
5.5

2.11
Bal
0.95
61.76
10.5

Nil
0.006
0.006
0.021
0.015

Nil
0.022
0.009
0.024
0.03

Nil
18.01
–
Bal
Bal

–
–
0.05 (Al) 0.65 (Ti)
Nil
0.8 (Al) 1.5 (Nb) 0.68 (Mo)

T a b l e 2. GTAW process parameters (a), PC-GTAW process parameters (b)
(a)
Filler wire

V (V)

ENiCu-7
E309L
ENiCrFe-3

11.4
10
10

I (A)
129
128
130

Electrode ø (mm) Argon gas pressure ψ Filler wire ø (mm)
2.5–3
2.5–3
2.5–3

10–13
10–13
10–13

2.5
2.5
2.5

(b)
Filler wire
ENiCu-7
E309L
ENiCrFe-3

Peak current Ip (A) Base current Ib (A)
215
215
215

125
125
125

2. Experimental procedure
2.1. Candidate metals and welding procedure
The candidate metals employed in the study
are Monel 400 and AISI 304 having dimensions of
100 × 50 × 6 mm3 . Filler materials used for welding
these metals include E309L, ENiCu-7 and ENiCrFe-3,
and their chemical composition is listed in Table 1. A
special welding jig (rigid ﬁxture) is designed and fabricated with a copper back plate so as to hold the parts
in alignment and to ensure for accurate grip without
bending during welding. Standard butt joint conﬁguration (single V-groove having a root gap of 2 mm, size
land of 1 mm and included angle of 35◦ ) is selected for
the current study. CCGTA and PCGTA weld parameters employed for welding these dissimilar metal
combinations for all passes are mentioned in Table 2.
These weldments were subjected to mechanical tests
and are outlined in the following sections.
2.2. Characterization of weldment
The CCGTA and PCGTA weldments obtained
from diﬀerent ﬁller materials were characterized initially for macrostructure studies to analyze the weld
symmetry and penetration. Dissimilar weld combin-

Frequency (Hz)
30
30
30

Argon gas pressure ψ Filler wire ø (mm)
10–13
10–13
10–13

2.5
2.5
2.5

ations of AISI 304 and Monel 400 were examined for
microstructure at various zones of the weldment using
Carl Zeiss optical microscope by adopting standard
metallographic procedures. Microstructures of parent
metal and HAZ of Monel 400 were characterized using Marble’s reagent and for parent metal and HAZ
of AISI 304, electrolytic etching (10 % oxalic acid; 6
V DC supply; current density of 1 A cm−2 ) was used.
Weld regions were also examined using Marble’s reagent for ENiCu-7, ENiCrFe-3 and electrolytic etching
for E309L ﬁller wire.
Further, micro-hardness evaluation was carried out
across the width of the dissimilar welded samples covering all the regions of the weldment using Vickers
micro-hardness tester. A standard load of 500 gf was
applied for a dwell period of 10 s and the measurements were carried out at regular intervals of 0.25 mm.
Also the samples were typically dimensioned to carry
out the tensile tests as per ASTM E-8 standards using electronic tensometer with an accuracy of +1 %.
Tensile trials were conducted on three samples for each
weldment employing diﬀerent ﬁller wires. XRD analysis was carried out for both CCGTA and PCGTA
welded dissimilar samples in the as-welded condition
to reveal the phases. Further the fractured samples
were characterized for SEM analysis to study the
mode of fracture on the weldments.
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Fig. 1. Dissimilar welds of AISI 304 and Monel 400 using E309L(a), ENiCu-7 [27] (b), ENiCrFe-3 (c) by CCGTAW process
and E309L (d), ENiCu-7 (e), ENiCrFe-3 (f) by PC-GTAW process.

3. Results
3.1. Macro and microstructure of the
weldments
The GTA and PCGTA welded samples using the
ﬁller wires aforementioned are shown in Fig. 1. Also
the macro-photographs shown in Fig. 2a,b of the
GTAW and PCGTAW weldments exempliﬁed that all

the ﬁller wires conﬁrmed superior penetration to the
base metals. For GTA welded dissimilar metals, it
was observed that the weld zone was more uniform
and spread equally along both sides of the candidate metals [27]. In particular, in case of E309L, the
ﬁller material was more diﬀused and spread maximum
at AISI 304 side. On analyzing the root of ENiCu-7
welds, the diﬀusion of the ﬁller wire was found to
be uniform and spread equally along the candidate
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Fig. 2. Macro-photographs of the CCGTA welds of dissimilar AISI 304 and Monel 400 using (i) E309L (ii) ENiCu-7 and
(iii) ENiCrFe-3 (a) and macro-photographs of the PCGTA welds of dissimilar AISI 304 and Monel 400 using (i) E309L
(ii) ENiCu-7 and (iii) ENiCrFe-3 (b).

metals. In case of ENiCrFe-3 ﬁller wire, the width of
the root was narrower.
Furthermore, the PCGTA weldment with E309L
ﬁller showed better penetration towards Monel 400
side. Moreover, the width of the weld zone using
ENiCu-7 ﬁller, especially the cap region, was more as
compared to other ﬁller materials.
Microstructure studies (Figs. 3, 4) conﬁrmed that
the weld zone of dissimilar joints obtained by diﬀerent ﬁller wires was highly dendritic in nature for both
CCGTAW and PCGTAW processes. The HAZ of the
Monel 400 side was found to have coarse grains due
to high temperature prevailing during GTAW. The
partial liquation zone was also observed adjacent to
the HAZ of Monel 400 for E309L and ENiCu-7 which

might tend to lower the mechanical properties and
also the corrosion resistance of this zone [28], whereas
it was found in the meagre amounts for ENiCrFe-3.
Moreover, the formation of secondary phases was witnessed in the HAZ of AISI 304 in all the GTA weldments. The precipitates of chromium carbides were
also being revealed for GTA welds of E309L and
ENiCu-7 and almost nil for ENiCrFe-3 ﬁller material.
Similarly, the welds produced from PC-GTAW process also revealed that the partial liquation zone on
the HAZ side of Monel 400 was very much minimized
for all these ﬁller wires. Segregation eﬀects were not
being found for E309L and ENiCrFe-3; however, there
existed the secondary phases in the HAZ of AISI 304
for ENiCu-7 ﬁller wire.
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Fig. 3. Microstructures showing the CCGTA welds of dissimilar Monel 400 and AISI 304 using E309 L ﬁller wire (a, b);
ENiCu-7 ﬁller wire (c, d) [27]; ENiCrFe-3 (e, f).

Fig. 4. Microstructures showing the PCGTA welds of dissimilar Monel 400 and AISI 304 using E309 L ﬁller wire (a, b);
ENiCu-7 ﬁller wire (c, d); ENiCrFe-3 (e, f).

3.2. Hardness measurements
Micro-hardness measurements were carried out on
the dissimilar weldments by keeping the weld centered
as depicted in Fig. 5. From the hardness proﬁle, it

was evident that the average hardness was greater
for ENiCrFe-3 as compared to ENiCu-7 and E309L
ﬁller materials. The weld region of E309L was found
to have the peak hardness value as compared to HAZ
sides. The hardness value of HAZ, weld region and
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Fig. 5. Macrograph showing the hardness measurement across the entire length of the weldment (a); hardness proﬁle of the
CCGTAW dissimilar weld combinations of AISI 304 and Monel 400 (b) and hardness proﬁle of the PCGTAW dissimilar
weld combinations of AISI 304 and Monel 400 (c).

the base metal of Monel 400 witnessed for almost the
same hardness value as in case of ENiCu-7; however,
the HAZ, base metal side of AISI, possessed maximum
hardness value [27]. On the other hand, the HAZ side
of AISI 304 was found to possess higher hardness value
as compared to HAZ of Monel 400 for ENiCrFe-3.
Further, the investigations on PCGTA welded
samples showed that the hardness of the weld regions
of E309L and ENiCrFe-3 was found to be higher as
compared to ENiCu-7. This might be attributed due
to the chromium carbide precipitation at the weld in-

terface of AISI 304 side. However, the hardness trend
of ENiCu-7 showed the steady values which were
found to be almost the same in the parent, HAZ, and
in the weld regions of Monel 400.
3.3. Tensile test
Tensile test trails were conducted on three samples
of each weldment. Fractured samples showed that the
CCGTA dissimilar welds produced by ENiCrFe-3 and
ENiCu-7 ﬁller wire exhibited the maximum tensile
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Fig. 6. (a) Fractured tensile samples of the CCGTA welds of AISI 304 and Monel 400 using E309L(i), ENiCu-7 [27] (ii),
and ENiCrFe-3(iii) ﬁller wires (a); fractured tensile samples of the PC-GTA welds of AISI 304 and Monel 400 using E309L
(i), ENiCu-7 (ii), and ENiCrFe-3(iii) ﬁller wires (b).

Fig. 7. SEM fractographs of the CCGTA welds of dissimilar Monel 400 & AISI 304 using E309L (a) ENiCu-7 [27] (b),
ENiCrFe-3 (c) ﬁller materials; SEM fractographs of the PCGTA welds using E309L(d), ENiCu-7 (e), and ENiCrFe-3 (f).

strength of 645 and 659 MPa, respectively, in contrast
to E309L (245 MPa) [27]. The fracture was noticed at
the parent metal side of AISI 304 for ENiCu-7 and
at the weld region in case of E309L and ENiCrFe-3
(Fig. 6a).
On the other hand, tensile test trails on PC-GTAW
samples showed that the tensile strength was found to
be maximum for ENiCu-7 (551 MPa) and ENiCrFe-3
(537 MPa) as compared to E309L (225 MPa) ﬁller ma-

terial. The fracture occurred at the parent metal side
of AISI 304 for both ENiCu-7 and ENiCrFe-3 whereas
the weld region was fractured for E309L ﬁller wire
(Fig. 6b). In addition, the SEM fractographs conﬁrmed the contribution of microvoids and dimples in
a ﬁbrous network and in turn coalesced to undergo
ductile fracture for GTA as well as PCGTA welded
samples using ENiCu-7 and ENiCrFe-3 ﬁller materials (Fig. 7). E309L contributed for the brittle fracture
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Fig. 8. XRD analysis of CCGTA weldments employing E309L (i) ENiCu-7 (ii) and ENiCrFe-3 (iii) ﬁller wires in the
as-welded condition (a) and XRD analysis of PCGTA weldments employing E309L (i) ENiCu-7 (ii) and ENiCrFe-3 (iii)
ﬁller wires in the as-welded condition (b).

on both the weldments which could be conﬁrmed by
the presence of radiating tearing edges and with very
small amount of micro-voids.
3.4. X-ray diﬀraction analysis
X-ray diﬀraction analysis was carried out on the
CCGTA and PCGTA weldments in the as-welded conditions, and the results are shown in Fig. 8. The intensity of the peaks Ni, Cu, Fe, Cr and Cu0.81 Ni0.19 was
observed for E309L and ENiCrFe-3 ﬁller wires, and
of the peaks Ni, Fe, Cr and Cu0.81 Ni0.19 for ENiCu-7
ﬁller wire.

4. Discussion
Satisfactory joints of dissimilar AISI 304 and
Monel 400 can be obtained from CCGTA as well as
PCGTA welding processes using E309L, ENiCu-7 and
ENiCrFe-3 ﬁller materials (Figs. 1, 2). The weldability and room temperature mechanical properties are
good for the joints made from these welding processes.
The welding aspects of AISI 304 and Monel 400 us-

ing E309L and ENiCu-7 were already discussed by the
authors in their earlier research work [27].
In general, it is always diﬃcult to examine the
microstructure of the dissimilar joints as the preparation is cumbersome. Speciﬁc metallographic procedures and greater attention has been adopted for
the current study that includes polishing with emery
sheets and disc polishing and followed with ultrasonic cleaning. The microstructure of the weld interface signiﬁcantly diﬀers from the weld region. There
is a prominent white layer termed as the unmixed
zone that exists at the Monel 400 side in case of
E309L and ENiCu-7 weldments, whereas the unmixed
zone is found to be available only in fewer regions for
ENiCrFe-3. This is attributed to the improper dilution of the ﬁller metal (Fig. 3). Secondary phases such
as M23 C6 carbides, Fe-Cr and Ni-Cu-Fe could probably be available in these dissimilar weldments, which
is evident from the microstructure and XRD analysis
(Fig. 8a,b).The secondary phase formation was also
observed at the weld interface for all the ﬁller wires
as in case of CCGTA welded samples. However, this
secondary phase formation is slightly higher for E309L
weldments as compared to ENiCu-7 and ENiCrFe-3.
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T a b l e 3. Cumulative mechanical properties of GTA welded dissimilar AISI 304 and Monel 400
Welding

Filler wire

Maximum hardness
at weld, HV

Ultimate tensile
strength (MPa)

GTAW

E309L
ENiCu-7
ENiCrFe-3

184
170
215

245
659
642.5

5
26
17.5

Weld region
Base metal of AISI 304
Weld region

PCGTAW

E309L
ENiCu-7
ENiCrFe-3

260
206
365

225
551
537

10
27
27

Weld region
Base metal of AISI 304
Base metal of AISI 304

The formation of the secondary phases may degrade
the mechanical properties and also the corrosion resistance of the weldments [20, 21]. The welding ﬁller
wires of ENiCu-7 and ENiCrFe-3 could readily take
into the solution of nickel, copper, chromium and iron
to the level likely to be encountered in practice by
dilution from parent metals. The weld region, therefore, will have the normal dendritic structure of single
phase material, for both ﬁller materials [1]. Also the
chromium carbide precipitation is generally observed
for E309L and ENiCrFe-3 ﬁller materials, which could
contribute for slight improvement in the mechanical
properties with the corresponding drop in the ductility and strength [1].
On the other hand, the unmixed zone (white layer
formation) is found to be in meagre amounts for all
the ﬁller wires employed for PCGTA weldments. However, the hot cracking tendency is more for E309L,
which can be witnessed from Fig. 4. The hot cracking tendency is observed for both GTA and PCGTA
weldments of these dissimilar weldments on employing E309L ﬁller wire, because the dilution of Ni based
alloy by a dissimilar metal can be tolerated to certain
extent. When the ﬁller wire of E309L is used to weld
Monel 400 and AISI 304, any signiﬁcant amount of
Cu pick up from Monel 400 causes the weld metal to
induce hot cracking tendency [28].
The presence of niobium content in ENiCrFe-3
and Al, Ti additions in ENiCu-7 may contribute for
the better hot cracking resistance as compared to
E309L ﬁller wires. The cumulative mechanical property evaluations are highlighted in Table 3. The hardness proﬁles of the weldments shown in Fig. 5a,b are
so compatible and matching well with the earlier ﬁndings by other researchers [1]. The average hardness of
ENiCrFe-3 weldment is greater than that of ENiCu-7
and E309L ﬁller wires. The weld region of E309L possesses maximum hardness as compared to HAZ region
which can be due to the enrichment of this zone with
C and Cr. It is also reported that the carbon denuded
soft zone which is observed in the lower chromium base
metal adjacent to weld interface tends to deteriorate
the mechanical properties at elevated temperatures
[15]. Since the activity of diﬀusion of carbon in high

Elongation
(%)

Fracture zone
(remarks)

nickel alloy is normally slow, the micro-hardness of the
soft zone is greatly decreased while using ENiCu-7 and
ENiCrFe-3. Also the inclusions of Al, Ti, Mn, Nb, and
Mo in the ﬁller metals impart additional strength and
also exhibit reasonable elevated temperature strength
up to 650 ◦C. The solidiﬁcation temperature range has
a direct correlation to the solidiﬁcation cracking susceptibility of a given alloy. Increased levels of Fe, Cr,
Cu, and Si in nickel-based weld metal results in increased solidiﬁcation temperature ranges and ensures
for minimal dilution [29]. This is witnessed on using
ENiCu-7 and ENiCrFe-3 while welding the dissimilar
AISI 304 and Monel 400.
Tensile results show both CCGTAW and
PCGTAW oﬀer good tensile strength. It is evident
that PCGTA welding normally yields reﬁned grains at
the weld region and the HAZ. This is well identiﬁed
and proved from the hardness proﬁle shown in Fig. 5b.
Also, for PCGTA weldments, the failure occurred at
the parent metal of AISI 304. It is conﬁrmed that the
weld strength of the PCGTA weldments is higher or
equal to the candidate materials employed.
The degree of ductility and strength is found to
be more for the weldments utilizing ENiCu-7 and
ENiCrFe-3, which is also evident from the formation
of large dimples and micro-voids present in the weldments. Furthermore, the fractographs of tensile test
specimens of E309L weld joints show that relatively
minor sized dimples and high quantity of tearing ridge
show brittle nature. In addition, the failure in the fusion boundary of the E309 L weld joint is primarily
due to the compositional dilution in the weld metal
as reported by Rudovskii et al. [20]. It is further conﬁrmed that the segregation/secondary phase formation in the weld interface reduces the tensile strength
which is evident from the microstructure.
Also it is known that Ni and Cu in the ENiCu-7
ﬁller wire are completely soluble in each other thereby
forming the iso-morphous system. The presence of
copper strengthens the nickel to certain limited extent. Because of the high nickel content, a complete
fcc structure would be formed in the weld region. The
presence of Al and Ti in the ENiCu-7 ﬁller wire also
contributes to the strength by precipitation hardening.
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The strengthening precipitates would be the Ni3 Al
and Ni3 Ti. These precipitates tend to occupy the
grain boundaries and exhibit strength. Hence, during
plastic deformation, minor dimples were formed in the
weldments employing ENiCu-7 ﬁller wire. In case of
E309L, the presence of Ni is relatively low as compared to other ﬁller wires. This might be one of the
probable causes for the occurrence of failure in E309L
weldments [27]. In case of ENiCrFe-3 weldments, the
chromium readily reacts with carbon to form chromium carbides in addition to the nickel content which
imparts additional strength with a compensation of
ductility during CCGTA welding process. The major
contributions of this research work clearly report that
the dissimilar combinations of AISI 304 and Monel
400 could be achieved by CCGTA and PCGTA welding techniques. Pulse-current GTA welding could be
employed for joining these dissimilar metals of 6 mm
thickness. Since the ﬁner grains are observed in the
HAZ regions of the weldment for PCGTA welding
technique, it would be oﬀering better mechanical properties as compared to CCGTA weldments. The ﬁller
metal’s choice and the inﬂuence on the mechanical
properties assume lot of signiﬁcance and are helpful
to the fabricators employing these weldments.

5. Conclusions
This paper reports the successful welding of AISI
304 with Monel 400 using E309L, ENiCu-7 and
ENiCrFe-3 ﬁller wires by continuous and pulse-current
GTA welding processes. The major conclusions arrived in the present study are listed below:
Weldments obtained by the ﬁller materials such as
ENiCu-7 and ENiCrFe-3 by both welding processes
exhibit satisfactory mechanical properties.
(a) Micro-segregation and secondary phase formation are greatly minimized on employing PCGTA
welding for these dissimilar combinations.
(b) Carbon denuded soft zone can be minimized
by using high content of Ni based consumables such
as ENiCu-7 and ENiCrFe-3.
(c) Hot cracking tendency would be observed while
welding AISI 304 and Monel 400 using E309L ﬁller
wire for both the welding procedures.
(d) Hardness is found maximum at the weld interface of the PCGTA weldments which contributed to
higher tensile strength.
(e) The strength and ductility of GTA and pulse
current CCGTA welds using ENiCu-7 and ENiCrFe-3
are comparable to those of AISI 304/Monel 400 base
metals. The tensile strength properties of dissimilar
metal welds using ENiCu-7 and ENiCrFe-3 ﬁller wires
are better than E309L weldment.
(f) Fracture is observed at the parent metal of AISI
304 for the PCGTA weldments employing ENiCu-7
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and ENiCrFe-3 which gives a clear indication that the
strength of the weld is much higher as compared to
the base metals employed.
(g) Both ENiCu-7 and ENiCrFe-3 welds are found
to be less reactive as the enrichment of Ni in the weld
zone has reduced the soft zones. This in turn has improved the mechanical properties.
(h) It can be concluded that the hardness trend is
such that WENiCrFe-3 > WENiCu-7 > WE309L .
(i) Higher Ni, Cr, Fe and C content leads to detrimental role in the mechanical properties.
(j) It is highly recommended to use GTA as well as
PCGTA welding techniques employing the ﬁller wires
ENiCu-7 and ENiCrFe-3 owing to their better mechanical properties.
(k) E309L is not suitable for welding AISI 304 and
Monel 400 by both welding techniques.
(l) Since PCGTA weldments produce reﬁned
grains, it may not be suitable for hot corrosion environments, and in those zones GTA weldments are
usually recommended.
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