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Residual stress analysis, mechanical
and metallurgical properties of dissimilar
weldments of Monel 400 and AISI 316

This research manuscript explores the residual stress analy-
sis, mechanical and metallurgical aspects of dissimilar
welded joints between AISI 316 and Monel 400 developed
by constant, pulse and Interpulse current TIG welding pro-
cesses. The induced residual stresses have been measured
experimentally by employing X-ray diffraction. The me-
chanical properties of welded joints have been determined
by conducting tensile and Vickers hardness testing. The
metallurgical properties of weldments have been analyzed
by employing optical and scanning electron microscopy.
From the experimental results, lower residual stresses have
been observed in Interpulse current TIG weldment than the
other two weldments. The tensile properties of the Inter-
pulse current TIG weldment were observed to be higher
than the other two weldments. In Interpulse TIG weld-
ments, grain refinement and reduced heat affected zone
near the fusion zone have been observed.

Keywords: Constant current TIG welding; Pulsed current
TIG welding; Interpulse current TIG welding; Mechanical
properties; Metallurgical properties

1. Introduction

Ni–Cu based alloy, Monel 400, is extensively used in var-
ious corrosive environments because it is resistant to stress
corrosion cracking and also contributes to good cracking
resistance under tensile loading conditions [1, 2]. This al-

loy has applications in marine industries, chemical proces-
sing equipment and boiler feedwater heaters. Similarly,
316 grade steels convey superior properties when exposed
to cryogenic temperature, pitting and crevice corrosion
[3]. Dissimilar welded joints of austenitic steel 316 and
Monel 400 are extensively used in boilers and feed water
heaters, nuclear, petrochemical and offshore industries
where the welding roots are exposed to high pressure and
hot corrosive environments [4, 5]. The resulting welded
joints of dissimilar plates are really cumbersome to
achieve and a challenging task because of their different
chemical composition, phase structures and differences in
thermal properties. During joining of dissimilar metals,
the choice of filler metal plays a key role so as to suit both
the base metals. The alloying elements of filler wire can
influence phase formation, grain boundaries and the bead
geometry, which further influence the mechanical beha-
vior and the formation of hot cracks [6, 7]. Devendranath
et al. [8] reported the effect of fillers on similar welding
joint of AISI904L developed using the pulsed current
tungsten inert gas welding (TIG) technique. The results in-
dicate that the ERNiCrMo-14 filler weldment exhibited
better mechanical and corrosion properties than the other
two fillers ERNiCrMo-14 and ERNiCu-7 weldments. Ni-
based filler wire is most suitable for the dissimilar joint of
Monel 400 and austenitic stainless steels [9].
In the TIG welding process, uneven expansion and con-

traction occurs due to the heating and rapid cooling cycles,
resulting in development of thermally induced residual
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stresses (RS). These developed stresses remain within a
welded component when external applied loads are re-
moved [10]. The X-ray diffraction (XRD) method, one of
the non-destructive techniques (NDT), is most suitable to
measure the RS for welded structures [11]. This method
is proven and useful for the determination of macro- and
micro-RS and also capable of giving useful information
about sub-micro stresses [12]. The magnitude and distri-
bution of RS in welded structures mainly depends on total
heat inputs, cooling rates and properties of base metals.
In constant current TIG welding, a high level of thermal
energy is continuously given to the base plates which leads
to enlargement of the weld pool and heat affected region
[13, 14]. Due to these uneven thermal cycles in the vicinity
of the weld zone, expansion and sudden contraction takes
place which leads to development of high RS [15]. Va-
santharaja et al. [16] reported the effect of TIG and Acti-
vated-TIG welding on development of RS and distortions
in similar joints of steel grade 316LN. Peak tensile RS
and distortions are observed to be lower in A-TIG welding
compared to those of TIG welded joints. Kohandeghan
et al. [17] studied the residual stress development of
AA5251 of TIG weldments and concluded that the magni-
tude of RS affects the mechanical properties and particu-
larly in the heat affected zone (HAZ). Zhang et al. [18]
studied the distribution of RS in Ni-based alloys by using
XRD and neutron techniques. The cooling rates are proved
to be a key parameter to induce the stresses in weldments.
Ahmed et al. [19] investigated the development of RS in
martensitic steels using XRD. Compressive RS are benefi-
cial for the applications where weldments are susceptible
to stress corrosion by closing the cracks. The RS distribu-
tion in the long length weldments mainly depends on
welding segmental time. In these weldments the pre-heat-
ing effect can be caused due to the time lag between suc-
cessive welding segmental times. The starting of the seg-
mental welds mitigates the RS [20]. The thermal
properties of base metals are also effect the development
of RS during joining of dissimilar plates. Tapes et al. [21]
measured the RS in dissimilar joints of AA5051 and
AA6061 by using XRD. The maximum longitudinal and
transverse stresses were observed in AA6061 than the
AA5052. Murugan et al. [22] measured the RS in low car-
bon steel and SS 304 weldments by using XRD. The stress
distribution is found to be more in SS 304 than low carbon
steels after the first pass. However, the stress distribution
is higher in low carbon steels after finishing all welding
passes than the stainless steels. Ranjbarnodeh et al. [23]
investigated the total heat input rates on development of
RS in AISI 409 and carbon steel CK4. The higher RS are
observed in plain carbon steel because of lower elastic
modulus than the ferritic steels. Also, as the yield strength
of carbon steel is higher, it offers resistance against the

contraction during cooling resulted in development of
RS. The distortions in weldments develop because of sud-
den shrinkage due to uneven heating and cooling cycles
that results in misalignment and gaps between the base
plates [24, 25].
The heat input rates significantly affect the develop-

ment of the weld bead and its characteristic constituents’
microstructure, HAZ and weld zone. Pandit et al. [26] in-
vestigated the metallurgical evaluation of TIG weldments
between Monel 400 and C-276 using ERNiCrMo-3 filler
wire. The results indicated that coarse grains are formed
at the HAZ of both the plates due to constant heat inputs.
Coarse grains and segregation of alloying elements are
formed near the HAZ of Monel 400 when TIG welding is
employed for joining of Monel 400 and AISI 304 [27]. Mi-
cro-segregation of filler elements such as Cu and Cr occur
near the weld interface in the dissimilar welds of AISI 304
and Monel 400 when TIG welding is employed. Continu-
ous heat input rates in the TIG welding technique have
caused the formation of secondary phases and micro-seg-
regation of filler alloying elements, thus causing an overall
reduction in quality of welds [28, 29]. Current being the
main parameter to determine the heat input rates and arc
characteristics, the arc current can be made to pulsate from
low to high levels current for a given set of pulse frequen-
cies by using pulse TIG welding technique. Some metal-
lurgical improvements can be achieved by using pulse
TIG welding, such as grain refinement, and improvement
in mechanical behavior of weldments [30, 31]. Dev et al.
[32] developed dissimilar welded joints between Inconel
718 and AISI 416 with pulsed TIG welding to study the
metallurgical behavior. Lower segregation of alloying ele-
ments and reduced coarse grains are observed in pulse TIG
welding process. Lower segregation of filler elements and
reduced partially mixed zone are attained when pulse TIG
welding is employed to join C-276 and Monel 400 [33].
Reddy et al. [34] developed pulse TIG aluminum welded
joints to study the effect of pulse current on bead and ther-
mal profiles. Grain refinement was observed in this weld-
ing process with enhanced tensile properties.

The Interpulse TIG welding technique uses high pulse fre-
quency (20 kHz) modulation and a magnetic field to improve
constricted welding arc characteristics which control the heat
input rates [35]. This welding technique involves three dif-
ferent types of current, namely, main current, delta current
and background current. The main current is the maximum
weld current which can be used alone for straight arc mode
to attain full penetration. The low current (background cur-
rent) is used to maintain the arc stability during pulse arc
mode. The pulse arc effect can be noticed if a higher differ-
ence is maintained between the main and background cur-
rent. The delta current is used to generate precise electro-
magnetic force to constrict the welding arc to maintain a

Table 1. Chemical composition (by wt.%) of filler/base metals.

Filler/base metal Ni Cr Fe Cu Mn Mo Si C Others

ERNiCrMo-3 58.95 21.5 5.0 0.5 0.5 9.0 0.5 0.1 Nb-3.13, Al-0.4, Ti-0.42
Monel 400 65.15 Nil 1.25 32 1.0 Nil 0.5 0.1 Nil
AISI 316 10.6 17.6 66.41 Nil 2.0 2.5 0.8 0.08 P-0.004
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stiff, narrow welding arc during delta mode. This allows im-
proved heat input rates on welds that are critical to achieving
full penetration. The weldments of Ti-alloys produced by the
Interpulse TIG welding technique are successful and the
bead development and microstructures are similar to the
plasma welding arc process [36]. Interpulse TIG welding
can achieve controlled heat energy, reduced heat affected re-
gion and reduced RS in the vicinity of the fusion zone [37].

In this research, constant, pulsed and Interpulse current
TIG welding techniques were used to join the dissimilar
metals AISI 316 and Monel 400. Heat input rates and filler
wires were the same in the three welding methods. The ef-
fect of variations in TIG welding current on development
of RS in dissimilar welded joints were studied and com-
pared. Further, mechanical behavior and metallurgical
properties of the welded joints were studied.

2. Experimental details

2.1. Base/filler metals

The base metals, AISI 316 and Monel 400 with the size of
120 · 80 · 5 mmwere considered for the development of dis-
similar welded joints using constant current TIG, pulsed cur-
rent TIG and Interpulse current TIG techniques. The chem-
ical compositions in wt.% of the filler and base metals are
given in Table 1. Standard butt V-groove configuration was
made on the base metals to fill the 5 mm thick plates using
ERNiCrMo-3 filler wire of 1.6 mm diameter. For maintaining
a uniform root gap between base metals along the length of
the joint, tack welding was conducted at the ends as well as
middle of the joint. The welding parameters of the three weld-
ing methods listed in Table 2 were set before the joining of

dissimilar metals. The heat input rate values of three TIG
welding techniques were calculated by using Eq. (1). During
the welding process, back purging gas and shielding gas were
maintained to prevent weld zone contamination. The devel-
oped dissimilar joints are shown in Fig. 1

QTIG=pulse TIG=Interpulse TIG ¼
g� V � I=Iavg:

v
ð1Þ

Iavg: ¼
Ib � Tb þ Im � Tm

Tb þ Tm
ð2Þ

Iavg: ¼
Im þ Idð Þ=2þ

ðIb þ IdÞ=2
2

ð3Þ

Where, g = arc efficiency (g = 60%) [38, 39], Q = heat in-
put rates, kJ mm–1; Im = main current, A; Id = delta current,
A; Ib = background current, A; Tb = background current
time, s and Tm = main current time, s.

The average welding current (Iavg:Þof pulsed and Inter-
pulse current TIG welding techniques is calculated from
Eqs. (2) & (3), respectively.

2.2. Specimen preparation and testing

After welding, the welded samples were inspected using X-
ray radiography testing (XRT) to determine any defects in
dissimilar welded joints. In this research, a CEREM XRT
machine was employed. After XRT analysis, residual stres-
ses were measured experimentally using XRD. In this XRD
technique, X-rays measure only the surface strains and from
this the stresses are calculated using the sin2w method (dis-
cussed in Section 3). After XRT and RS analyses, the weld-

Fig. 1. Dissimilar joints of AISI 316 and Monel 400 joined by (a) Constant TIG, (b) Pulse TIG, (c) Interpulse TIG techniques.

Table 2. Welding parameters of constant, pulsed and Interpulse current TIG welding techniques.

Parameters Constant-TIG Pulsed-TIG Interpulse-TIG

Main current (Im) 135 A 180 A 175 A
Delta current (Id) – – 140 A

Background current (Ib) – 90 A 110 A
Arc Voltage (V) 14 V 14 V 14 V

Pulse frequency (Pf) – 4 Hz –
Heat input rate (Q) 0.619 kJ mm–1 0.619 kJ mm–1 0.619 kJ mm–1
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ments were sliced transversely, i. e., perpendicular to the
welding direction into different welding coupons to deter-
mine the mechanical and metallurgical properties. The ten-
sile properties of weldments were determined by conduct-
ing a tensile test on a UTM machine as per the ASTM E/8
protocol. The microhardness values of weldments were
measured with a Vickers hardness tester by setting the load
with 100 gf for a constant dwell time of 10 s. The welding
coupon of size 50 · 5 · 5 mm was polished with different
emery papers coated with silicon carbide particles. Mar-
ble’s reagent was used at the HAZ and base plate of Monel
400 and fusion zone, whereas a combination of 10 cc
HNO3, 15 ml HCl and 10 ml CH3COOH was used on the
HAZ and base plate of steel 316. The microstructures of po-
lished welding coupons were analyzed using scanning elec-
tron microscops (SEM) and optical microscops (OM). The
chemical composition of the welded joints across the fusion
zone and HAZ of base plates were analyzed using energy
dispersive X-ray analysis (EDAX) in different zones.

3. XRD technique for residual stress measurement

The XRD technique involves change in the inter-planar
spacing of a stressed specimen which can provide informa-
tion on RS. The angle of reflection is selected to measure
the change in the lattice inter-planar spacing by comparing
the same with a stress-free sample that in turn is used to
measure the sum of the principal stresses on the weld sur-
face by using Bragg’s law Eq. (4). The peaks refer to the
layer in the specimen whose plane follows Bragg’s law at
a certain angle of incident of X-rays.

nk ¼ 2d sinhÞ ð4Þ

Where, n = order of reflection; d = planar space between
two lattices; k = X-ray wavelength (Å); and h = angle be-
tween reflected planes and incident beam.

The welded sample was placed on the workbench of the
XRD testing machine after electro chemical polishing. The
surface under examination was mounted in the para-focus-
ing position whenever possible in order to obtain sharp
diffraction peaks. The radiation source vanadium filtered
Cu-Ka was used as it suited both the base metals, which have
the same ‘hkl’ plane {3 1 1} [40]. Changes in d (inter-planar
spacing) lead to a shift in XRD peaks, which is taken as the
measure of the RS. The RS value r; can be calculated by
substituting elastic modulus (E), Poisson’s ratio (#), interpla-
nar unstressed lattice space (do) and slope value (m) in
Eq. (5).

r; ¼
m

d0

E

1þ #ð Þ

� �

ð5Þ

The radiation wavelength k = 1.07442 Å was deflected
from plane (3 1 1) of the surface at 2h = 156.128. w-Angles
were taken between –458 to 458 for measuring inter-planar
lattice spacing. The RS were measured at the fusion line,
and on either side (including base and heat affected region)
of fusion at a distance of 12 and 50 mm, respectively. For
example, the RS value in the weld zone of TIG weldment
is calculated by using Eq. (5). The m value which is the
slope derived from the d versus sin2w plot. The calculated
RS value was found to be 189 MPa in compressive nature.

4. Experimental results and discussions

4.1. X-radiography test

The X-ray images of welded joints of dissimilar metals are
given in Fig. 2. These XRT results show that the dissimilar

Fig. 2. XRT films of dissimilar joints joined by (a) Constant TIG, (b)
Pulsed TIG, (c) Interpulse TIG techniques.
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welded joints developed using 3 welding techniques were
free from surface and sub-surface defects like spatter, inclu-
sions, porosity, etc. Uniform and complete bead profiles
were observed in all the weldments.

4.2. Residual stresses

From the XRD analysis, the RS values of dissimilar weld-
ments were calculated by using sin2w method and the cal-
culated values are listed in Table 3. The distributions of
RS in welded joints of three welding techniques are shown
in Fig. 3. The peak RS values, –189 MPa, –101 MPa and
–53 MPa, were observed at the fusion zones of constant,
pulsed and Interpulse current TIG weldments, respec-
tively. Due to the variations in thermal properties, espe-
cially thermal conductivity values of the base metals, the
uneven expansions and contractions occurred in the vicin-
ity of the fusion boundary, which to the development of

compressive stresses [37]. Due to constant heat input rates
to the welded joint in TIG welding high RS were observed.
The RS values near the fusion zone were lower in the other
two welding techniques due to the controlled total heat in-
puts. In all the weldments the state of RS is then changed
from compressive nature to tensile nature for further dis-
tances in the Monel 400 side. In all the welding techniques
the developed RS are self-balanced in the welded structure
and within the yield limits only.

4.3. Mechanical properties

4.3.1. Tensile studies

The average tensile properties of welded joints and base
plates were computed by conducting tensile tests on three
tensile specimens of each welded joint, and are listed in Ta-
ble 4. The stress–strain plots of base metals and welded
joints are shown in Fig. 4. The maximum weld strength of
586 MPa was observed in Interpulse current TIG weld-
ments. The yield stress of pulsed and Interpulse current
TIG welded joints was observed to be higher than the con-

Fig. 3. Residual stress distribution along transverse direction in three
welded joints.

Table 3. Residual stress (MPa) values at different locations of dissimilar weldments.

Welding technique AISI 316 (from fusion line) Fusion zone Monel 400 (from fusion line)

50 mm 12 mm 0 12 mm 50 mm

Constant TIG –2.4 –44 –189 46 5.2
Pulsed TIG 1.2 –47 –101 35 2.1

Interpulse TIG 0 45 –53 37 0

Table 4. Tensile properties of base plates and welded joints made of TIG, pulsed TIG and Interpulse TIG welding techniques.

Base/weldment YS (MPa) UTS (MPa) % Reduction in area % elongation Failure location

Monel 400 215 516 49 34 –
AISI 316 350 632 60 45 –

Constant-TIG 253 544 58 41 Monel 400
Pulsed-TIG 343 554 64 40 Monel 400

Interpulse-TIG 356 586 60 33 Monel 400

Fig. 4. Tensile stress–strain plots of base metals and dissimilar welded
joints.
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stant current TIG welded joints, which could be attributed
to the improvement of the factor of safety of welded joints.
During tensile loading, the resistance against the applied
load increased adequately at the vicinity of the weld area
and the fracture occurred away from the weld zone. The ra-
tio of yield strength (YS) to ultimate tensile strength (UTS)
of pulsed and Interpulse current TIG welded joints was ob-
served to be high when compared to both the non-welded
base metals. Owing to the maximum Vickers hardness ex-
perienced in the welded zone due to Ni–Cu rich regions per-
ceived from EDS analysis, the failure did not occur at the
fusion boundary. This failure occurred in all the welded
joints in the base metal Monel 400.

4.3.2. Hardness studies

The Vickers hardness values were measured on welded
joints and measured values are plotted in Fig. 5. The aver-
age hardness value at the fusion zone of Interpulse TIG
weldment (215 HV0.1) was observed to be greater than
constant TIG weldment (208 HV0.1) and pulse TIG weld-
ment (212 HV0.1). The average micro-hardness value at
the HAZ of AISI 316 was slightly decreased when em-
ploying constant current TIG welding and its EDS result
showed the formation of low density alloying elements in
HAZ. The hardness value at the heat affected region of
base metal Monel 400 was improved in pulse and Inter-

Fig. 5. Vickers microhardness profiles of
(a) Interpulse TIG, (b) Pulsed TIG, (c) Con-
stant TIG dissimilar weldments.
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pulse TIG techniques due to controlled heat input rates, to
which could be attributed the formation of fine grain struc-
ture near the fusion boundary. SEM/EDS analysis re-
vealed the presence of main compositional elements such
as nickel and iron at the weld zone, contributing towards
the hardness of grains. The comparison was made of the
heat affected region width and microhardness of three the
weldments and results are listed in Table 5. The heat af-
fected region was found to be narrower on both the base
materials of Interpulse TIG welding technique compared
to that of welded joints made using constant and pulsed
current TIG welding techniques.

4.4. Metallurgical studies

4.4.1. Base metals

The base metals, steel grade 316 and Monel 400, micro-
structures are shown in Fig. 6. The austenitic grains of me-
chanically deformed grains were identified in the micro-
structure of AISI 316 as shown in Fig. 6a. Single phase
solid solution nickel–copper enriched structures with an-
nealed grain boundaries were identified in the microstruc-
ture of Monel 400, as shown in Fig. 6b.

4.4.2. Constant current TIG weldment

Typical OM and SEM micrographs of various zones of
AISI 316 and Monel 400 are shown in Fig. 7. It is observed
that coarse grains were formed at the HAZ of both the base
plates, which could be attributed due to continuous heat in-
put rates. Migrated grain boundaries (MGBs) were also
seen in the well-developed austenitic welds which emerged
due to the reheating cycles during multiple passes. With the
increase of heat input, the growth of substructures can also
be clearly seen as a result of dislocation migration. The in-
terface of steel grade 316 as shown in Fig. 7a and b reveals
that the formation of clear grain boundaries and clear grain
structures about 50 microns were observed in TIG weld-
ments. The elemental micro-segregation of alloying ele-
ments was seen to have dark spots in the micro-graphs of
Monel 400 interface as shown in Fig. 7c and d that might
have been caused by differences in heating and cooling cy-
cles. The weld zone of the TIG welded joint shows long
dendritic structures and clear grain boundaries, as shown
in Fig. 8, which could serve to increased hardness values
at the weld zone. The addition of the elements from filler
wire such as Mo and Nb has resulted in the expansion of
the Ni-rich, face centered cubic lattice, further resulting in
the net enhancement in the strength of the austenite phase.
SEM/EDS analysis at the weld zone shown in Fig. 9 re-
vealed that the fusion boundary was enriched with Cr, Ni,
Fe and Mo. The intensity of the peaks of Ni, Cu, Fe, Cr
and Mo was observed.

4.4.3. Pulsed current TIG weldment

Typical OM and SEM micrographs of the Monel 400 inter-
face and AISI 316 interface of pulsed current TIG weld-
ments are shown in Fig. 10. No grain coarsening was identi-
fied near the HAZ of Monel 400 from Fig. 10a and b, which
could be attributed to the controlled total heat input and low
pulse frequency (4 Hz). Also, columnar and long dendritic
structures were observed at the HAZ of Monel 400. Clear
grain boundaries and fine grain structures were observed at
the interface of steel grade 316, as shown in Fig. 10c

Fig. 6. Microstructures of base metals (a) Steel grade 316, (b) Monel
400.

Table 5. Comparison of width and average Vickers microhardness value of TIG, pulsed and Interpulse current TIG weldments.

Welding technique Monel 400 Weld zone AISI 316

HAZ (mm) HV0.1 Fusion (mm) HV0.1 HAZ (mm) HV0.1

Constant-TIG 2.8 155 4.6 212 3.9 184
Pulsed-TIG 2.6 163 4.6 208 3.2 202

Interpulse-TIG 2.4 172 4.6 215 2.9 204
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and d. The metallurgical studies also revealed that the fu-
sion boundary has completely austenitic phase structures,
as shown in Fig. 11. Secondary phase formation and isola-
tion of alloying elements are greatly minimized in this
welding technique. SEM/EDS analysis at the HAZ of Mon-
el 400 and AISI 316 is shown in Fig. 12, which indicates
that the weld boundary was enriched with Fe, Ni, Mo and
Cr. The intensity of the peaks of Ni, Cu, Fe, Cr andMo were
observed.

4.4.4. Interpulse current TIG weldment

Typical OM and SEM micrographs of various zones of In-
terpulse TIG weldments of steel grade 316 and Monel 400
are shown in Fig. 13. The interface of Monel 400 in the In-
terpulse TIG weldment microstructure reveals well de-
fined grain structures and equi-axed fine grain structure
near the weld zone, as shown in Fig. 13a and b. Also, co-
lumnar and long dendritic structures were identified in
the welded zone nearer to the interface of Monel 400.
Grain refinement and grain boundaries, as shown in
Fig. 13c and d, were formed near the weld zone at the in-
terface of steel grade 316 due to the constricted arc and
controlled heat input rates in the Interpulse TIG welding
technique. The weld zone has completely austenitic phase
structures, as shown in Fig. 14. Secondary phase forma-
tion and segregation of alloying elements are enormously
controlled by utilizing an Interpulse welding process in
welded joints. SEM/EDS analysis at the weld zone shown
in Fig. 15 revealed that the fusion boundary was enriched
with Cr, Ni, Fe and Mo. The intensity of the peaks of Ni,
Cu, Fe, Cr andMo was observed. The segregation of alloy-
ing elements, of filler wire was not found at the interface
of both the base plates. The minimized segregation of al-
loying elements, as observed from Fig. 15 for Interpulse
TIG welding, is attributed with the increase in the yield

Fig. 7. SEM and OMmicrographs of dissimi-
lar TIG weldment (a, b) AISI 316, (c, d) Mon-
el 400.

Fig. 8. ERNiCrMo-3 filler weld zone of dissimilar TIG weldment
(a) SEM, (b) OM micrographs.
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Fig. 9. SEM/EDS point analysis of dissimilar TIG weldment: (a) AISI 316, (b) Monel 400.

Fig. 10. SEM and OM micrographs of dis-
similar pulsed TIG weldment: (a, b) Monel
400, (c, d) AISI 316.
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Fig. 12. SEM/EDS X-ray point analysis of dissimilar pulsed TIG weldment: (a) AISI 316, (b) Monel 400.

Fig. 11. Weld zone of dissimilar pulsed TIG weldment: (a) SEM, (b) OM micrographs.
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Fig. 13. OM and SEM HAZ microstructures of Interpulse TIG weldment: (a, b) Monel 400, (c, d) AISI 316.

Fig. 14. Weld zone of dissimilar Interpulse TIG weldment: (a) OM, (b) SEM micrographs.
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strength. From the SEM/EDS point analysis, the chemical
compositions of HAZ and weld zone of three dissimilar
weldments are listed in Table 6. In the three welding tech-
niques, niobium (Nb) alloying element was observed at the
fusion zone which promotes the formation of carbides
(NbC) during solidification which will improve the ducti-
lity dip cracking (DDC).

5. Conclusion

The constant, pulsed and Interpulse current TIG welding
techniques have been used to join the dissimilar combina-
tion of AISI 316 and Monel 400 successfully by using ER-
NiCrMo-3 filler wire. The conclusions drawn from the ex-
perimental studies are as follows;
. The residual stresses of constant, pulsed and Interpulse

current TIG welding techniques were found to be
189 MPa, 101 MPa and 53 MPa, respectively, and com-
pressive in nature. The developed residual stresses in these
welded structures were self-balanced and within the yield
limits only. Due to the constricted arc heat input rates in
the Interpulse TIG welding technique the residual stresses

were reduced by 51.3% and 71.9% when compared to
pulse and constant current TIG techniques, respectively.

. The weld strength and microhardness of the Interpulse
current TIG weldment are superior than the other two
welded joints. The weld strength of Interpulse current
TIG welding technique was improved by 5.7% and
7.7% when compared to pulsed and constant current
TIG welding techniques, respectively.

. The ratio of yield strength to that of ultimate tensile
strength was higher in pulsed current TIG weldment
(0.62) and Interpulse current TIG weldment (0.61) than
in constant current TIG weldment (0.46).

. The microhardness of constant, pulsed and Interpulse
current TIG dissimilar weldments at the weld zone is in-
creased by 30.8%, 28.4% and 32.7%, respectively when
compared to the microhardness of base metal Monel 400.

. The HAZs on both sides of base metals were greatly re-
duced in Interpulse TIG welded joints compared to that
of TIG welded joint. The HAZ width of Monel 400 and
AISI 316 of Interpulse TIG weldment decreased by
14.28% and 25.64%, respectively when compared to
the constant current TIG weldment.

Fig. 15. SEM/EDS X-ray point analysis of dissimilar Interpulse TIG weldment: (a) Monel 400, (b) AISI 316.
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. The segregation of alloying elements at the interface of
base plates and coarse grain structures were observed with
the constant current TIG welding technique. Whereas the
segregation of alloying elements was controlled in the
pulsed TIG welding technique. Grain refinement and
well-defined grain boundaries were observed in welded
joints obtained from Interpulse current TIG welding.

. The Interpulse current TIG welding resulted in consid-
erably reduced residual stresses and improved mechani-
cal and metallurgical properties owing to its controlled
total heat input during the process which will help to
prevent inter-granular stress corrosion cracking.
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