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The present investigation addressed the weldability of Super Ni 718 alloy and AISI 316L
using gas tungsten arc (GTA) welding process using three different filler wires, such as
ER2594, ERNiCrMo-4 and ERNiCrCoMo-1. Interface microstructures showed the formation
of secondary phases at the heat-affected zone (HAZ) of Super Ni 718 alloy and delta ferrite
colonies at the HAZ of AISI 316L. It was witnessed from the weld microstructures that the
deleterious phases were suppressed or controlled while using these filler wires for joining the
bimetals. Tensile results corroborated that the failure occurred at the parent metal of AISI
316L in all the cases. The presence of microvoids and dimples characterized for the ductile
mode of fracture in these weldments. Charpy V-notch test results showed that the weldments
using ERNiCrMo-4 filler exhibited higher impact energy. A detailed study has been made to
investigate the structure—property relationships of these weldments using optical and scanning

electron microscopic techniques.

. INTRODUCTION

Dissimilar metal welding has been practiced in indus-
tries, as it offers combinations of properties that accrue
benefits in terms of reduction in material costs and offers
design flexibility. However, welding of dissimilar metals
is challenging and a cumbersome task due to the differ-
ences existing in chemical composition and coefficient of
thermal expansion which leads to several drawbacks in
metallurgical and mechanical properties.'~

Both Super Ni 718 alloy and AISI 316L are widely used
in industries owing to their good mechanical properties.
Super Ni 718 alloy exhibits extraordinary resistance
to oxidation and corrosion at elevated temperatures.
Similarly, austenitic stainless steel, AISI 316L, has
better corrosion and oxidation resistance due to higher
amounts of Cr and Ni. Dissimilar combinations of
Super Ni 718 alloy and AISI 316L have been widely
used in versatile engineering applications such as
aerospace engine components, chemical processing
equipment, oil and gas industry and power plants.

Bimetallic combinations of Super Ni 718 alloy and
AISI 316L were used by Alstom Power Sweden in the
manufacture of gas turbine engines. It was reported
that the GT10B has 10-stage compressor rotors, in which
the final four high-pressure stages were made from Super
Ni 718 (Inconel 718) disks, and the lower pressure stages
were made of austenitic stainless steel. Ferretti et al.’
reported that the bimetallic combinations obtained from
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orbital TIG welding were widely used in the International
Space Station of Italy.

The major problems addressed by various researchers
while welding Super Ni 718 alloy are solidification
cracking, liquation cracking, microfissuring at heat-
affected zones (HAZs), and the formation of deleterious
phase such as delta and Laves phases. It was reported
that the Laves phase is a Nb-rich, brittle intermetallic
compound represented as (Ni, Cr, Fe), (Nb, Mo, Ti)
formed in the interdendritic regions during weld metal
solidification, which depletes the matrix of useful
alloying elements and aids in easy crack initiation and
propagation. The presence of the Laves phase was found
to be detrimental to weld mechanical properties, particu-
larly with respect to tensile ductility, fracture toughness,
fatigue and creep rupture properties,”® which in turn
deteriorate the service life of the components.

Several methods were proposed for controlling the
formation of the Laves phase while welding of Super Ni
718 alloy. It was pointed out by various researchers that
the formation of the Laves phase could be controlled but
could not be eradicated completely. Postweld heat treat-
ment (PWHT) was believed to be one of the ways to
control Laves and other deleterious phases by partial
dissolution. However, PWHT is not practicable and
cannot be adopted successfully for these bimetallic joints
due to the differences existing in chemical composition
and thermal expansion coefficients.

One of the possible ways to address the issue of
controlling the deleterious phases would be the selection
of appropriate filler wire. Several studies showed that
Ni-based filler metals showcased better mechanical
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properties and thermal stability. Naffakh et al.” used
different filler wires such as Inconel A, Inconel 82,
Inconel 617 and AISI 310 for joining Inconel 657 and
AISI 310 using gas tungsten arc welding (GTAW).
The authors reported that Inconel A offered the optimum
weld properties such as high tensile strength and showed
the least susceptibility to hot cracking.

Mortezaie and Shamanian® investigated the bimetallic
combinations of Inconel 718 alloy and AISI 310S obtained
from GTAW using three different filler metals, such as
Inconel 82, Inconel 625 and 310S. The authors concluded
that Inconel 625 filler was found to be optimal in terms
of mechanical properties. Also, the authors performed a
preweld heat treatment, which involved solution treat-
ment on the Inconel 718 alloy base metal at 1040 °C for
2 h, followed by water quenching.

Devendranath Ramkumar et al.' investigated the me-
chanical and hot corrosion behavior of dissimilar Ni—Cu-
based alloy Monel 400 and AISI 304 using E309L and
ENiCu-7 filler. The authors recommended the use of
ENiCu-7 filler to achieve better mechanical properties.
Alber Sadek et al.? reported that ERNiCrFe-3 filler had
shown better hot cracking tendency while joining Monel
400 and low carbon steel due to the presence of Nb. Even
though Nb constituent in the filler wire is favorable for
improving the hot cracking tendency, greater constituents
of Nb have adverse metallurgical effects.

It is obvious from the existing literature that no sys-
tematic studies have been attempted on the dissimilar
welding of Super Ni 718 alloy and AISI 316L empha-
sizing the control of deleterious phases hitherto.
Therefore, this study has been carried out to investigate
the weldability, microstructure features and mechanical
properties of these dissimilar metals obtained from
GTAW process using low or nil percentage of niobium
filler wires, such as ER2594, ERNiCrCoMo-1, and
ERNiCrMo-4. The selection of filler wires has been
done carefully by contemplating their compatibility
with the parent metals and based on their composition
that could facilitate in controlling the deleterious phases
during dissimilar welds.

TABLE I. Chemical composition of the base and filler metals.

A detailed structure—property relationship has been
presented for these dissimilar combinations using the
combined techniques of optical microscopy (OM),
scanning electron microscopy (SEM) and energy disper-
sive x-ray analyzer (EDAX). The outcomes of this study
will be highly beneficial to the industries using these dis-
similar combinations.

Il. EXPERIMENTAL PROCEDURE
A. Base metals and welding

The as-received base metals used in this study are
solution annealed Super Ni 718 alloy and hot rolled AISI
316L plates, which were welded using three different
filler metals, such as ER2594, ERNiCrCoMo-1, and
ERNiCrMo-4. The chemical composition of base and
filler metals is represented in Table I. The rectangular
plates of the base metals (having the dimensions of
150 mm long x 55 mm wide X 5 mm thick) obtained
from wire-cut electrical discharge machining process
were used for welding experiments. The average ultimate
tensile strength of the base metals Super Ni 718 and AISI
316L was found to be 891 and 655 MPa, respectively.
Similarly, the impact toughness of the base metals was
found to be 67.7 J for Super Ni 718 and 64.7 J for AISI
316L, respectively. Standard V-butt configurations
(single V-groove having a root gap of 2 mm, size land
of 1 mm, and included angle of 70°) have been used on
these plates before welding trials. As stated earlier, the
information available on these dissimilar combinations
is scanty in the open literature, the process parameters
have been established based on the bead on plate welding.
The optimal process parameters used for joining these
dissimilar metals are represented in Table II. After
welding, the samples were tested using gamma ray
Nondestructive testing (NDT) technique to assess the
weldments for any macro-/microlevel surface and sub-
surface defects. Ensuing to NDT inspection results, the
weldments were cut to various coupons according to the
standards. These coupons were subjected to a series of

Chemical composition of the element (% by weight)

Base/Filler metals Ni Fe Cr Nb Mo Ti Co w C Others
Super Ni 718 5228 Rem.” 18.65 5.08 374 100 026 026 0.07 Ta, 0.02; Mg, 0.003; V, 0.042; Mn, 0.13; Si, 0.12;
S, 0.006; P, 0.02; Cu, 0.018; Al, 0.49
AISI 316L 10.07 6838 16.54 0.054 242 0.01 0.17 0.013 0.03 Mg, 0.002; V, 0.11; Mn, 1.04; Si, 0.51; S, 0.002;
P, 0.02; Cu, 0.32
ER2594 92 Rem.” 25.1 Nil 3.9 Nil  Nil Nil 0.01 Mn, 0.6; Si, 0.4; S, 0.01; P, 0.02; Cu, 0.1
ERNiCrCoMo-1 45.8 2.2 Rem." Nil 94 028 132 Nil 0.08 Mn, 0.05; Si, 0.11; S, 0.002; Cu, 0.08; Al, 0.96
ERNiCrMo-4 57.8 5.1 Rem.” Nil 162 Nil 22 408 0.015 V,0.051; Mn, 0.6; Si, 0.002; S, 0.008; P, 0.001; Cu, 0.022
“Remainder
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metallurgical and mechanical tests to understand and
derive the structure—property correlations and are outlined
in the subsequent sections.

B. Macro- and microstructure studies

Both OM and SEM techniques were used to investigate
the microstructure features of these dissimilar weldments.
Metallurgical examination was carried out on the coupons
termed as “composite region” (which covers all the zones
of the weldment that include the parent metals, HAZs, and
weld zone) of dimensions 30 mm x 10 mm X 5 mm.
Standard metallographic procedures have been adopted to
investigate the microstructure of these dissimilar coupons.
Electrolytic etching (10% oxalic acid; 6 V DC supply;
current density of 1 A cm™?) was used to reveal the
microstructures at the various zones of the weldments.
The electron dispersive spectroscopy (EDS) line map-
ping analysis on the etched samples was carried out to
infer the elemental migration across the weldments.
Furthermore, SEM/EDS point analysis was also carried
out on these coupons to depict the quantitative ele-
mental profiles on these dissimilar weldments.

C. Mechanical characterization

Dissimilar weldments of Super Ni 718 alloy and AISI
316L were characterized to explore the mechanical
properties by conducting various tests such as hardness,
tensile and impact studies at ambient temperature.
Hardness studies were carried out on the composite
zone of dissimilar weldments at different weld passes
vis-a-vis cap, filler and root pass using Vicker’s micro-
hardness tester. Hardness measurements were carried
out at regular intervals of 0.25 mm across the entire
width of the composite zone with a test load of 500 gf
for a dwell time of 10 s. Tensile test was carried out
on the ASTM ES8/8M standard samples using Instron
universal testing machine at a strain rate of 2 mm min .
Charpy V-notch impact test was carried out on the
subsized samples prepared as per ASTM E23-12¢ standard

TABLE II. Process parameters used in GTAW of Super Ni 718 and
AISI 316L.

Current Voltage Filler wire
Filler material Pass (A) V) diameter (mm)
Cap 150 16
ER2594 Filler 170 17 4.0
Root 160 15
Cap 170 18
ERNiCrCoMo-1 Filler 170 18 24
Root 160 16
Cap 150 15
ERNiCrMo-4 Filler 170 17 24
Root 170 17

J. Mater. Res., Vol. 29, No. 24, Dec 28, 2014

to investigate the impact toughness of the welds. Both of
these mechanical tests were carried out on three specimens
to obtain statistically reliable results. The fractured
surfaces of these test specimens were examined using
scanning electron microscope to understand the mode of
fracture. The results obtained from the various metal-
lurgical and mechanical tests are dealt in the following
chapters.

lll. RESULTS
A. Macrostructure of the dissimilar weldments

The cross-section macrophotographs of the dissimilar
weldments using different filler wires are shown in Fig. 1.
Macrostructure studies envisaged that all the filler wires
used in the study showed better fusion with the parent
metals. Furthermore, the NDT analysis corroborated that
the weldments were free from macro level defects such as
inclusions, porosities and undercut etc.

(c)

FIG. 1. Macrostructure examination on the dissimilar weldments of
Super Ni 718 and AISI 316L using (a) ER2594, (b) ERNiCrCoMo-1,
and (c) ERNiCrMo-4.
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B. Microstructure studies

Interfacial microstructures of the GTA weldments of
Super Ni 718 alloy and AISI 316L using different filler
metals are shown in Fig. 2. It was evident from the results
that the presence of unmixed zone and the formation of
secondary phases were found to be prominent at the HAZ
of Super Ni 718 alloy while using ER2594 [Figs. 2(a) and
2(b)] and ERNiCrCoMo-1 [Figs. 2(c) and 2(d)] fillers,
whereas the width of the unmixed zone was observed to
be lower at the HAZ of Super Ni 718 alloy for the
ERNiCrMo-4 filler [Figs. 2(e) and 2(f)]. The presence
of delta ferrite stringers in the form of colonies was
observed at the HAZ of AISI 316L for all the filler wires
[Figs. 2(b), 2(d) and 2(f)]. The weld microstructures
shown in Fig. 3 depicted the multidirectional grain growth
primarily consisting of cellular, equiaxed and columnar
dendrites. As ER2594, a superduplex stainless filler grade

was used in this study, the root and filler passes experi-
enced complete austenitic structure, and the cap region
showed lathy and skeletal ferrite [Fig. 3(a)]. The fusion
zone microstructures were completely austenitic while
using ERNiCrCoMo-1 and ERNiCrMo-4 [Figs. 3(b) and
3(c)]. Also, the transition from cellular to columnar grain
growth was observed clearly in the weld zone using
ERNiCrMo-4 filler [Fig. 3(c)].

C. SEM/EDAX analysis

Further SEM/EDAX point analysis was carried out at
the weld zone and interface zone of the dissimilar
weldments, shown in Figs. 4(a) to 4(c). The EDS results
showed that there were no significant variations at the
HAZ of the 316L side while using these filler wires. It
was also noticed from the results that the filler wires used
in the study had a major influence in altering the chemical
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FIG. 3. Weld microstructures of the dissimilar weldments of Super Ni 718 and AISI 316L using (a) ER2594, (b) ERNiCrCoMo-1, and

(c) ERNiCrMo-4 filler.

composition of the weld zone as well as the Super
Ni 718 side.

SEM/EDS results of ER2594 weld and weld interface
of both Super Ni 718 and AISI 316L is represented in
Fig. 4(a). The presence of Nb- and Ti-rich secondary
phases appearing white at the weld interface of Super Ni
718 was observed. However, there was not much
variation in the weld zone against the composition of
the corresponding filler wire. It was inferred from Fig. 4
(b) that the weld zone using ERNiCrCoMo-1 contains a
nominal amount of strengthening elements such as Nb,
Mo, Co, and Ti. Furthermore, the presence of Nb-rich
eutectics was also found in the interdendritic zones of
the weld. The formation of NbC at the HAZ of Super Ni
718 alloy, (Nb, Ti)C at the weld interface and proper
amounts of Nb and Mo both in the core and dendrites
were observed for the weldments using ERNiCrMo-4
filler [Fig. 4(c)].

D. Line mapping analysis
1. GTA weldments using ER2594 filler

Line mapping analysis on the ER2594 weldment
[Fig. 5(a)] indicated the movement of Ni and Nb from
the HAZ of the Super Ni 718 alloy side to the weld zone.
The tiny phases appearing as white in color at the weld
and HAZ of Super Ni 718 alloy have richer amounts of

Nb, Ni, and Cr. On the other hand, the weld interface of
AISI 316L has been enriched with side substantial amount
of Mo and Cr.

2. GTA weldments using ERNiCrCoMo-1 filler

The elemental migration on the weldment using
ERNiCrCoMo-1 filler is shown in Fig. 5(b). It was
evident from the line mapping analysis that Ni has moved
from the HAZ of the Super Ni 718 alloy to the weld zone;
however, the unmixed zone observed in the microstruc-
ture studies discussed earlier has lesser amounts of Ni,
Cr. As discussed earlier, the secondary phases appear-
ing white were observed to have the elemental con-
stituents such as Nb, Ni and Mo. Similarly, Fe was
migrated from the AISI 316L side to the weld zone,
whereas Ni has been moved from the weld to the
stainless steel side.

3. GTA weldments using ERNiCrMo-4 filler

Line mapping analysis shown in Fig. 5(c) clearly
indicated that there was not much elemental movement
except for Mo from the weld zone to the Super Ni 718
alloy side or vice versa. Likewise, the migration of Fe
from AISI 316L to the weld zone and also the movement
of Ni from the weld to AISI 316L were observed. At the
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FIG. 4. (a) SEM/EDAX point analysis on the weld and weld interface of dissimilar weldments using ER2594 filler. (b) SEM/EDAX point analysis
on the weld and HAZ of dissimilar weldments using ERNiCrCoMo-1 filler. (¢c) SEM/EDAX point analysis on the weld and HAZ of dissimilar
weldments using ERNiCrMo-4 filler.
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FIG. 5. (a) Line mapping analysis on the dissimilar weldments of Super Ni 718 and AISI 316L using ER2594 filler. (b) Line mapping analysis on
the dissimilar weldments of Super Ni 718 and AISI 316L using ERNiCrCoMo-1 filler. (c) Line mapping analysis on the dissimilar weldments of

Super Ni 718 and AISI 316L using ERNiCrMo-4 filler.

weld interface of AISI 316L, the constituents such as Ni,
Cr, and Mo were found to be greater.

E. Mechanical characterization
1. Hardness measurements

Hardness measurements were carried out across the
entire width on the composite zone of the weldments
vis-a-vis cap, filler, and root passes shown in Fig. 6.
There was not much variation observed in the average

hardness of the weldments using different fillers, such as
222.3 HV (ER2594), 219.8 HV (ERNiCrCoMo-1) and
224.7 HV (ERNiCrMo-4). It was also observed from the
hardness profile that the width of the different passes
was almost same while using ERNiCrCoMo-1. The
average hardness at the weld zone was found to be
higher for the weldments using ER2594 filler (231.3
HV) than for ERNiCrCoMo-1 (227 HV) and
ERNiCrMo-4 (228.4 HV) fillers. Similarly, the peak
hardness at the weld zone was observed to be in the
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FIG. 6. Vicker’s microhardness measurements on the dissimilar welds of Super Ni 718 and AISI 316L using (a) ER2594, (b) ERNiCrCoMo-1, and
(c) ERNiCrMo-4 filler.
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root pass for all the weldments. The cumulative
hardness values are represented in Table III.

2. Tensile test

Tensile test results are shown in Fig. 7(a), and
the cumulative properties of the test are tabulated in

TABLE III. Cumulative hardness measurements on the dissimilar
weldments of Super Ni 718 and AISI 316L.

Hardness (HV)

Description Filler Cap Filler Root Average

Average hardness of 2214 2247 221.0 2223
the weldment

Average hardness of ER2594 221.0 230.0 2429 2313
the weld zone

Peak hardness at the 2589 2652 2941 2727
weld zone

Average hardness of 2127 2219 2248 2198
the weldment

Average hardness of ERNiCrCoMo-1 220.0 226.6 2344 2270
the weld zone

Peak hardness at the 239.2 2499 2523 247.1
weld zone

Average hardness of 2275 2313 2152 2247
the weldment

Average hardness of ERNiCrMo-4 2354 2309 2188 2284
the weld zone

Peak hardness at the 261.4 2565 267.8 2619
weld zone

IERNICrCoMo- |

occurred at the parent, mets

(a) (b)

Table IV. It was witnessed from the tensile studies that
in all the trials, the fracture occurred at the parent metal
of AISI 316L for all the weldments. The average tensile
strength of ER2594, ERNiCrCoMo-1, and ERNiCrMo-4
weldments was found to be 613 MPa, 635 MPa and
642 MPa, respectively. Similarly, the average ductility of
the weldments was observed to be 38.6% (ER2594),
44.5% (ERNiCrCoMo-1), and 38.5% (ERNiCrMo-4).
Furthermore, SEM fractography results showed that the
fractured surface of ER2594 weldments had the formation
of shallow deep voids [Fig. 7(b) and 7(i)], whereas
ERNiCrCoMo-1 depicted the presence of large voids
and dimples with the presence of secondary phases
[Fig. 7(b) and 7(ii)]. The fractured surface of
ERNiCrMo-4 weldment has clearly shown the presence
of voids and large amount of dimples coalesced in the
fibrous network [Fig. 7(b) and 7(iii)].

3. Impact test

Charpy V-notch impact studies were carried out on the
dissimilar weldments; the fractured samples are repre-
sented in Fig. 8; and their comparative results are tabulated
in Table V. The cumulative impact energy obtained for the
various fillers were found to be 7.85, 48.05, and 54.92 J
for ER2594, ERNiCrCoMo-1, and ERNiCrMo-4, respec-
tively. SEM fractographs on the impact tested weldments
showed the presence of deep, shallow cracked ridges for
ER2594 [Fig. 8(b) (i)], clamshell ridges with small voids
for ERNiCrCoMo-1 [Fig. 8(b) (ii)] and ridged pattern with

FIG. 7. (a) Tensile studies on the dissimilar weldments of Inconel 718 and AISI 316L using (i) ER2594, (ii) ERNiCrCoMo-1, and (iii)
ERNiCrMo-4 fillers. (b) SEM fractographs of dissimilar weldments of Super Ni 718 and AISI 316L using (i) ER2594, (ii) ERNiCrCoMo-1, and

(iii) ERNiCrMo-4 fillers.
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TABLE IV. Cumulative tensile properties of the dissimilar weldments of Super Ni 718 and AISI 316L.

Base metal or Maximum Load at break UTS Proof stress Ductility Fracture

weld joints load (kN) (standard) (kN) (MPa) (MPa) (%) zone

Super Ni 718 27.11 21.98 891 364.20 70.10

AISI 316L 20.07 13.34 655 274.15 75.17

ER259%4 17.92 9.23 613 301.08 38.6 Parent metal of AISI 316L
ERNiCrCoMo-1 18.83 4.88 635 321.80 44.5 Parent metal of AISI 316L
ERNiCrMo-4 18.17 6.07 642 330.35 38.5 Parent metal of AISI 316L

the presence of secondary phases as inoculants for
ERNiCrMo-4 filler [Fig. 8(b) (iii)].

IV. DISCUSSION

The results of the visual examination, macrostructure
studies, and NDT analysis corroborated that the dissim-
ilar weldments of Super Ni 718 alloy and AISI 316L
obtained from the filler wires used in this study were free
from macro-/microlevel defects. It was evident that the
filler wires used in the study were well compatible with
the parent metals by showing proper fusion (Fig. 1).
The interface microstructures showed the presence of
secondary phases at the HAZ of Super Ni 718 alloy
[Figs. 2(a), 2(c) and 2(e)]. As evident from the
SEM/EDAX analysis, these phases were enriched with
Nb, Ni, and Mo, and these could probably be the pre-
cipitates of NbC, y"NizNb, and other Nb-rich eutectics
[Fig. 4(a) to 4(c)]. Similar observations were also
reported by Mortezaie and Shamanian.® However, the
HAZ of Super Ni 718 alloy has not shown any apparent
formation of Laves phase. As reported by Mortezaie
and Shamanian,® the carbon present in the weld metal
can easily diffuse into the base metal of Super Ni 718
alloy, as carbon has high penetration rate in Ni. It was
reported that the elemental migration is inevitable during
the welding process especially the carbon migration.
The formation of NbC phases observed at the HAZ of
Super Ni 718 could be reasoned due to the carbon
migration from the filler wire to the Super Ni 718 side.
Since the percentage of carbon in the ERNiCrCoMo-1
filler is slightly higher than in the other two filler metals,
the width of segregated zone was found to be greater.
The unmixed zone can be seen at the HAZ of Super Ni
718 alloy for the fillers ER2594 and ERNiCrCoMo-1.
This was well related to the differences existing in the
melting temperatures and chemical compositions of filler
material and base metal used. According to Sireesha et al.,9
during dissimilar welding, when the melting range of filler
materials is similar to or greater than that of the base metal,
only a small fraction of the base metal can be melted.
Hence, no dilution occurs in the resolidification stage,
which results in the typical zone named as unmixed zone.

Multidirectional grain growth was observed at
the weld zones in all cases. This can be attributed to
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the increase in temperature during different passes of
welding. Similar observations were reported elsewhere.
Also, it was evident that the filler wires resulted in the
formation of weld or HAZ with no solidification cracking
or liquation cracking. The weld microstructures (Fig. 3)
apparently showed the presence of cellular and dendritic
structure, which confirmed that the mode of solidification
was fully austenitic. However, the cap zone of ER2594
filler showed the skeletal morphology of ferrite [Fig. 2(a)].
As reported by other researchers,'®"" when the weld metal
undergoes moderate cooling and/or when the Cr/Ni is
low but still within the Ferritic—Austenitic (FA) range,
a vermicular, or skeletal, ferrite morphology is formed.
In this case, the cap zone experiences moderate cooling,
as well as the Cr/Ni equivalency in the ER2594 filler
is lower. Hence the cap zone of the weldment using
ER2594 possessed FA solidification. Moreover, no solid-
ification cracking was observed in the weldments on using
these filler wires. This could be exemplified clearly from
the optical and SEM analysis. Also from the present study,
it was witnessed that no grain coarsening effects were
observed on the AISI 316L side. It was reported that while
using 310S, the grain growth or grain coarsening was
observed at the HAZ side, which resulted in adverse
metallurgical effects.®

It was observed from the hardness profile that the weld
zone using ER2594 filler exhibited slight increase in
hardness compared with the weld zones of other filler
wires. The weld hardness was almost similar for
ERNiCrCoMo-1 and ERNiCrMo-4 filler [Fig. 6(b) and
6(c)]. The root region of the ER2594 filler exhibited
greater hardness compared with cap and filler passes.
Furthermore, the presence of skeletal ferrite at the cap
zone increased the hardness while using this filler wire
and is evident from Fig. 2(a). Also, it was inferred from
the elemental migration data that elements such as Nb,
Ni, and Mo have been moved from Inconel 718 to
the weld zone, which would have dissolved com-
pletely in the matrix and contributed for greater
strength [Figs. 5(a)-5(c)]. Marginal improvement in
hardness values was observed at the HAZ of AISI
316L for all the fillers compared with the parent
metal. This was reasoned out by the formation of
delta ferrite agglomerates as colonies, which is evident
from Figs. 2(b), 2(d) and 2(f).
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FIG. 8. (a) Charpy V-Notch impact tested dissimilar joints representing (i) ER2594, (ii) ERNiCrCoMo-1, and (iii) ERNiCrMo-4 fillers,

respectively. (b) SEM fractographs of impact tested dissimilar weldments of Super Ni 718 and AISI 316L using (i) ER2594, (ii) ERNiCrCoMo-1,
and (iii) ERNiCrMo-4 fillers, respectively.
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TABLE V. Impact test data of the dissimilar weldments of Super Ni
718 and AISI 316L.

Base metal or Cumulative impact Fracture mode

weldment energy (J) (visual examination)
Inconel 718 67.7 Fully ductile

AISI 316L 64.7 Fully ductile
ER2594 weldment 7.85 Brittle
ERNiCrCoMo-1 weldment 48.05 Ductile
ERNiCrMo-4 weldment 54.92 Ductile

Tensile studies envisaged that the fracture occurred in
the parent metal of AISI 316L for all filler wires in all
trials [Fig. 7(a)]. This clearly inferred that the chosen
filler metals were appropriate for joining these bimetallic
combinations. Also, the results portrayed soundly that
the weld strength was found to be greater than that
of the weaker parent metal AISI 316L. The average
tensile strength reported from the study was found to
be greater while using ERNiCrMo-4 filler followed by
ERNiCrCoMo-1 and ER2594 fillers. A closer view on
the tensile studies showed that the fracture occurred at
the region that is slightly away from the HAZ zone,
that is, just at the parent metal. It was inferred from that
the tensile strength of the parent metal of AISI 316L
was found to be 655 MPa, whereas the weldments had
shown the average strength 613 MPa (ER2594), 635 MPa
(ERNiCrCoMo-1), and 642 MPa (ERNiCrMo-4).
This could be explained from the microstructure studies
that corroborated clearly the formation of delta ferrite
stringers clustered at the HAZ of AISI 316L, which was
due to the slower rate of cooling owing to higher heat
inputs developed during welding. The absence of ferrite
region adjacent to the HAZ was noticed. This could be
attributed to the higher cooling rate experienced in this
zone compared to the HAZ and weld zone. It is well known
that the presence of delta ferrite contributes well for strength
and toughness. Hence, it is evident that the fracture could
take place at the zone where the desired phases are not
available, and hence the fracture occurred at the parent
metal of AISI 316L. That is the reason why the variations in
the strength of the weldments are different in different cases.

Despite the absence of Nb, elements such as W, Mo,
Co, Ti, and other alloying elements in these filler wires
would have imparted a strengthening effect and contrib-
uted for greater strengths. Since fracture had not occurred
at the Super Ni 718 alloy side, and also, the tensile studies
confirmed for higher ductility values, it was evident that
the deleterious phase such as the Laves phase would not
have formed in these weld zones. It was inferred from
impact studies that weldments using ERNiCrMo-4
exhibited a higher impact toughness than did other
fillers. The lower impact values were experienced for
ER2594 filler, which could be elucidated due to the
existence of higher hardness in the weld zone.

Moreover, the microstructure of the ER2594 weldments
contains skeletal ferrite at the cap zone, which was
believed to reduce the toughness of the weldments.
The impact strength of the welds is higher than that of
the parent metal Inconel 718. However, further studies are
needed to enunciate the reason for lower impact strengths
on using ER2594 filler. As reported by Naffakh et al.” and
Sireesha et al.,9 the formation of undesired intermetallic
compounds due to the transformation reaction occurring
in the weld and base metals at high temperatures, may
lead to the decrease in toughness or strength. From the
outcomes of the study, it was inferred that both
ERNiCrMo-4 and ERNiCrCoMo-1 fillers exhibited
better mechanical properties of dissimilar weldments
involving Super Ni 718 alloy and AISI 316L.

V. CONCLUSIONS

The current study investigates the GTAW of Super Ni
718 alloy and Austenitic stainless steel, AISI 316L,
using three different filler wires such as ER2594,
ERNiCrCoMo-1, and ERNiCrMo-4. The conclusions
from the present study are summarized as follows:

(1) Sound welds of dissimilar metals involving Super
Ni 718 alloy and AISI 316L could be obtained by the
GTAW process using these filler wires.

(2) Solidification cracking and HAZ liquation cracking
were totally absent on using the established process
parameters and filler wires.

(3) The Laves phase was totally controlled in the weld
zone while using these filler wires.

(4) The presence of secondary phases in the form of
Nb-rich eutectics and Nb-rich carbides was observed at
the HAZ of Super Ni 718 alloy while using ER2594 and
ERNiCrMo-4 fillers.

(5) Segregation was found to be lower at the HAZ of
Super Ni 718 alloy while using ERNiCrCoMo-1 due to
lower constituents of carbon.

(6) Tensile tests showed that the fracture occurred at
the parent metal of AISI 316L for all the fillers. The weld
strength was found to be greater than one of the weaker
parent metal AISI 316L.

(7) Higher impact energies were experienced by the
weldments using ERNiCrCoMo-1 and ERNiCrMo-4 due
to the presence of strengthening elements, such as Nb,
Mo, Co, and Ti.
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