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ARTICLE INFO ABSTRACT

Keywords: The objective of the current study was to analyse the microstructure, mechanical characteristics,
Dissimilar welded joint and residual stresses of a dissimilar welded joint (DWJ) made of P92 steel and the Inconel alloy
Groove geometry 617 (IN617) using the gas tungsten arc welding (GTAW) method. The ERNiCr-3 filler was selected

ERNiCr-3 filler
Characterization
Mechanical testing
Residual stresses

to produce the conventional V groove (VG) and narrow V groove (NVG) butt joint. The filler
deficient zones in the weldments, such as the filler deficient beach, i.e. unmixed zone (UZ),
peninsula, and island, as well as the distinct heat-affected zone (HAZ), were visible near the
interface of ERNiCr-3 filler weld and P92 steel due to the distinct differences in the chemical
composition, microstructure, and mechanical properties between the filler and P92 base metal
(BM). A very narrow partial melted zone (PMZ) and almost negligible UZ and HAZ were noticed
at the interface of IN617 and ERNiCr-3 weld metal and it occurred mainly due to the similarity in
microstructure and melting point. The austenitic microstructure of ERNiCr-3 filler weld was
accompanied by precipitates enriched with Ti and Nb along with the inter-dendritic space. At
room temperature, the mechanical properties of both the groove joints were evaluated, and the
test results indicated that the welded joint satisfied the standard requirements for AUSC power
plants’ boiler applications. The tensile test results showed the failure from ERNiCr-3 filler weld
with a tensile strength of 627 + 2 MPa and 636 + 3 MPa for VG and NVG welded joints,
respectively. A poor weld metal impact toughness in comparison to the BMs was attributed to the
presence of the brittle Ti(C, N) and Nb(C) particles in the interdendritic space. The impact
toughness for the NVG weld joint was measured higher than for the VG weld joint. A significant
hardness deviation was measured along the weldments that might be due to heterogeneous
microstructure, i.e. UZ, HAZ, delta ferrite, and weld metal. To impart the ductility and temper the
martensite in P92 HAZ, post-weld heat treatment (PWHT) was also performed, and a studied their
effect on microstructure evolution across the weldments and mechanical properties. Groove

* Corresponding author.
** Corresponding author.
*** Corresponding author.
E-mail addresses: sachinsirohi2008@gmail.com (S. Sirohi), darfydry@pg.edu.pl (D. Fydrych), chandanpy.1989@gmail.com, jscpandey@iitj.ac.in
(C. Pandey).

https://doi.org/10.1016/j.heliyon.2023.e18959

Received 7 March 2023; Received in revised form 12 July 2023; Accepted 3 August 2023

Available online 7 August 2023

2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:sachinsirohi2008@gmail.com
mailto:darfydry@pg.edu.pl
mailto:chandanpy.1989@gmail.com
mailto:jscpandey@iitj.ac.in
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e18959
https://doi.org/10.1016/j.heliyon.2023.e18959
https://doi.org/10.1016/j.heliyon.2023.e18959
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Kumar et al. Heliyon 9 (2023) 18959

design also showed a significant effect on residual stress variation. The work highlights the groove
geometry, welding procedure, evolution of the microstructure along the weldments, mechanical
characteristics, and residual stress variation of DWJ of P92 steel and IN617 alloy. In comparison
to conventional VG joints, the NVG joints exhibited superior mechanical properties and lower
residual stress values.

1. Introduction

Over the years, interest in dissimilar metal welds of steel and Inconel alloys has increased because of their application in Advanced
Ultra Super Critical (AUSC) power units operated at a temperature above 700 °C and pressure of 300-350 bar [1,2]. Ni-based su-
peralloys like Alloy617, Alloy625, and Alloy740 have been considered the candidate material in AUSC power plants for components
that operate at a temperature of more than 700 °C [3] because of their excellent oxidation resistance, corrosion resistance, and creep
strength. However, the presence of strengthening elements Ni, Cr, Co, Mo, and Nb makes these alloys more expensive as compared to
conventionally used Fe-alloy [4]. Thus in replacement of Ni-based superalloy, less expensive ferritic/martensitic Cr—-Mo steels are used
for components operating below 620 °C and it offers excellent creep and fatigue strength at elevated service temperature [5,6]. P92
steel, the most advanced member of the Cr—Mo steel family, was formulated by changing the composition of P91 steel, adding 1.8% W
and 0.002%B, and it offers a low coefficient of thermal expansion (CTE) and high thermal conductivity as compared to other members
of this family and austenitic grade steel [7,8]. Hence to achieve better flexibility in design and application, save the novel expensive
Ni-based material, and compromise the operating temperature limits of P92 steel, a transition joint between Ni-based alloy and P92
steel becomes the prime interest of many researchers [9]. However, joining two metal alloys of different chemical compositions,
microstructure, melting points, and CTE is a challenging task [10]. The thermal stresses generated during the welding of dissimilar
materials because of the frequent thermal cycle may be the cause of failure [11]. The major issue faced in dissimilar joining is the
finding of the correct filler metal having mechanical properties and thermos-physical properties between two base metals (BM).
Ni-based Inconel fillers are recommended as the appropriate filler to make a DWJ, as its CTE falls between P92 steel and IN617 [12].

As compared to austenitic filler, Inconel filler enhances the creep strength and mechanical properties by retarding the carbon
diffusion from steel to filler metal and also reduces the tendency of hot cracking [13]. The Inconel filler (ERNiCr-3 and ERNiCrMo-3)
shows the poor solubility of carbon and hence reduces the diffusion of carbon from steel to Inconel filler and also the carbon activity
gradient between steel and filler [14,15]. The alloying elements Cr, Ti, Nb, and Co are added in Inconel alloy filler to enrich the
performance of the welded joint however it causes precipitation of the harmful carbide phases along the inter-dendritic spaces and
cracking in the weld metal which deteriorates the mechanical properties of the welded joint [16]. Mittal and Sidhu [17] studied the
combined effect of the welding process and filler composition (both austenitic and Inconel filler) on the tensile properties and hardness
of dissimilar weldments of T91/347H steel. The Inconel filler (ERNiCr-3) with the GTAW process showed a good combination of tensile
strength and ductility. Ramkumar et al. [18] asserted that during the welding process, the strengthening elements like Cr and Mo,
present in Inconel filler are likely to segregate at inter-dendritic areas of the weld metal and lead to the evolution of secondary phase
particles or intermetallic phases which results in poor mechanical and creep performance as it imparts the damaging effect and in-
troduces the heterogeneity in the microstructure of the weld metal. Vishwakarma et al. [19] reported that elements S, P, and C present
in filler metal mainly induce the hot cracking in the weld metal and deteriorate the mechanical performance of the welded joint during
service temperature. Another study identified the primary cause of hot cracking as the constitutional liquation between the carbide
particle/Laves phase and the Ni-rich austenitic matrix [20]. Sometimes the residual stresses developed in the weld metal and at the
interface as a result of multi-pass cycling or mismatch of CTE also act as a source of hot cracking [21]. The dissimilar welding has been
subjected to several other issues like residual stresses variation along weldments due to mismatch in CTE, oxidation/notch formation at
service temperature at the interface of steel and Inconel filler weld, carbon diffusion and failure of the components from the soft carbon
depleted zone or from soft heat-affected zone [14].

Sireesha et al. [22] evaluated the effect of varying fillers (316, 16-8-2, Inconel 82, and Inconel 182) on the structural reliability of
the DWJ of 316LN/Alloy 800. The best combination of the mechanical properties and higher resistance to hot cracking was obtained
for Inconel 82/182 filler. The weld metal produced using the 316 filler showed poor impact energy of 45 J after ageing while the
maximum of 137 J was measured for Inconel 82 filler after the same ageing time. Pavan et al. [23] also testified the IN617 filler as an
appropriate filler to produce the joint of austenitic steel with IN617 alloy and manufactured the welds joint which qualified the AUSC
boiler requirements in the stress rupture test. Zhang et al. [24] produced a similar joint of heat-resistant steel using the IN617 filler and
concluded that the migrated grain boundaries (MGBs) formed in weld metal were the major source of cracks during tensile testing at
high-temperature. The poor impact strength near the interface was also measured and attributed to macrosegregation formed at the
interface as a result of welding. Autogenous Laser welding was also done to produce the dissimilar weldments of P92steel/IN617 alloy
[25]. The mechanical test showed that the weld joint has sufficient integrity to sustain the load. However, macrosegregation still
existed at the interface of weld and BMs. Naffakh et al. [26] assessed the mechanical performance of the dissimilar weld joint (DWJ)
between 310SS and Inconel 657, varying the filler composition. From the results, it was inferred that the formation of the low melting
Cu-rich phase in 310SS filler makes the weld metal highly susceptible to hot cracking while considerable embrittlement was observed
for IN617 filler due to dendritic microstructure. The Inconel 82 filler was testified as the greatest choice for making the DWJ. Ding et al.
[27] investigated the impact toughness of the IN617 HAZ as a function of ageing time for a DWJ of 9% Cr steel/IN617. A minor impact
on the impact toughness of the weld zone was observed with ageing, whereas a continuous decrease in impact toughness was measured
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for the IN617 HAZ with ageing time, attributed to the formation of lamellar carbides. In addition, some researchers have conducted a
study on the creep behaviour and residual stress variation along the weldments. In DWJ of P92 steel/Inconel alloy, the failure during
creep condition happened either from the region of ICHAZ of P92 referred to as Type IV cracking [28] or from the interface region of
P92 and weld metal due to the formation of oxide notches [28]. Zhang et al. [9] reported the failure of the DWJ of 617 B and modified
9%Cr in creep exposer condition either from BM and ICHAZ of P92 or from the interface. The creep test results showed that failure from
the ICHAZ was mainly caused by matrix softening and poor availability of the grain boundaries pinning particles while the failure at
the interface was attributed to the formation and growth of oxide notch. Shin et al. [29] also evaluated the creep performance for DWJ
of Inconel 740H produced using the fusion welding process with IN82/182 filler. The interfacial failure was observed mainly due to the
high creep strength gradient across the interface while Type IV failure, i.e. failure from ICHAZ was diffusion controlled which led to the
localized strain at the small grain boundaries and weakening of the grain boundaries. Wu et al. [30] reported that the evolution of
Laves phase and coarsening of the M33Ce phases during creep exposure contributed to the softening of the matrix and facilitated the
crack initiation that caused the failure of the DWJ of Inconel 625-9% Cr steel from the HAZ of steel. The residual stress measurement
across the welded joint of P92/IN625 alloy using the deep hole drilling (DHD) and newton diffraction (ND) methods. The residual
stresses in weld metal were measured in the range 0f 350-450 MPa for as-welded joints and get reduced significantly after the PWHT.
Nowadays, DHD is the most popular technique for the measurement of residual stress as it provides the measurement along depth [31].
The effect of the groove geometry has also reported a significant impact on the magnitude and nature of the residual stresses in DWJ
[31]. Lee et al. [32] performed the residual stress measurement in DWJ of P92/IN617 alloy for U type of groove geometry produced
using the GTAW process with Thysen 617 filler. The distribution of residual stress was measured higher on side of P92 steel than alloy
617. The weld residual stresses were 298 MPa and 245 MPa in the longitudinal and transverse directions, respectively. Few studies
have also bene published on residual stress variation along the DWJ of P92 steel and SS304H steel in which measurement was per-
formed using the DHD [33].

As evident from the literature study, the DWJ of P92 steel and IN617 is highly applicable in AUSC power plants. However, it is
difficult to make a joint of two materials due to the variation in CTE, chemical composition, and microstructure. Few studies have been
reported on DWJ of P92 steel/IN617 alloy including the filler selection, creep performance, and residual stress variation. However
detailed investigation is still not available in the public domain. Therefore, the development of joining technology and a detailed
investigation of the DWJ is essential. The effect of the weld groove geometry and filler composition on the structural integrity and
microstructure evolution has been investigated for the DWJ of P92/IN617 alloy. Additionally, the influence of groove geometry on
residual stresses was investigated for both as-welded and post-weld heat-treated (PWHT) joints.
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Fig. 1. Typical optical and SEM image of base materials (a, b) P92; (c, d) IN617 alloy.



A. Kumar et al. Heliyon 9 (2023) 18959

1.1. Welding

Inconel 617 alloy and P92 steel plate of thickness 10 mm were machined for the experiment. P92 steel contains tempered
martensitic microstructure (Fig. 1a). The optical image shows the distinct feature of lath blocks, and prior austenite grain boundaries
(PAGBs). The distribution of the precipitates along with blocks and PAGBs are displayed in Fig. 1b. The SEM image shows the presence
of coarse particles along the boundaries and lath blocks while fine precipitates are seen within the matrix. The EDS results of coarse
particles ensured that precipitates are Cr, Fe, and W-rich carbides (Table 1). The fine precipitates were quantified by TEM analysis and
confirmed as carbonitride of type MX and enriched with V and Nb [34]. A typical austenitic microstructure consisting of annealing
twins and coarse austenite grains was seen from the optical image of IN617 alloy (Fig. 1c) [35]. The boundaries and matrix are
accompanied by precipitates as illustrated in Fig. 1d. The EDS of block shape particles (marked in Fig. 1c and d) confirmed the ex-
istence of the Ti-rich carbides and nitrides phases (Table 1). The occurrence of the coarse Ti(C, N) phase in IN617 alloy has also been
confirmed from the previously published work [36,37]. The distribution of fine particles in inter and intra-granular areas of the matrix
is displayed in Fig. 1d. From the EDS result, it is inferred that the weight percentage of the Cr and Mo is high in grey particles while
white coarse particles have a major weight percentage of Mo (Table 1). The grey particles might be of Cr and Mo-rich M23Ce and the
white particles might be of Mo-rich MgC. The previous study of Ren et al. [38] and Pavan et al. [23] also observed the phases of Cr-rich
(Cr, Co, M0)23Cs, Mo-rich MogC, (Mo, Cr, Si)3(Ni, Co)3Ce, or (Ni, Co)sMosC and Ti-rich Ti(C, N) in IN617 BM. Ren et al. [39] reported
that the precipitates of type My3Cs decorated along the grain boundaries provided the pinning effect to grain boundaries and increased
the high-temperature creep strength of the IN617 alloy. A similar observation has also been made in previous study [40,41].

To prepare the butt weld joint of two dissimilar plates, two different groove configuration was used: one was a universal con-
ventional V groove (VG); the second one was a narrow V groove (NVG) (Fig. 2a and b). The plate after groove cutting is displayed in
Fig. 2(c and d). The weld joint of the plates was devised using the Gas Tungsten Arc Welding (GTAW) process with Inconel 82 (ERNiCr-
3) filler of diameter 2.4 mm. Table 2 displays the composition of the base plate and filler metal. Before joining, plates were cleaned
using the SiC paper of grit size 200 and then cleaned with acetone solution to remove the surface asperities. After the cleaning,
preheating of the P92 steel plate was done at 250 °C to minimize the problem related to hydrogen-induced cracking (HIC). Welding
was carried out in a flat position with four passes (one backing; one capping and two center passes) for both the VG and NVG joints. The
thoriated tungsten electrode EWTH-2 (98% W + 2% ThO,) of diameter 1.9 mm was used to prepare the DWJ. Pure argon of purity
99.99% was used for shielding and purging purposes with a flow rate of 15 L/min and 10 L/min, respectively. After each pass cleaning
of the surface was performed using the wire brush. The welding current for the root pass was kept at 160 amp and 150 amp for VG and
NVG joints, respectively. The arc voltage and travel speed were ~16.7 V and ~85 mm/min for the VG joint. In the NVG joint, arc
voltage and travel speed were ~16.5 V and ~82 mm/min. For the rest of the passes welding current, arc voltage and travel speed were
150 amp, ~16.2 V and ~80-90 mm/min, respectively in the VG joint. In the NVG joint, for the rest of the passes welding current, arc
voltage and travel speed were 145-150 amp, ~15.8-16.2 V and ~80-85 mm/min, respectively. The heat input is calculated by
equation (1) [42];

Hinput=nVI/S (€D)]

where; where 1, V, I, and S are the heat source efficiency (n = 0.6 in GTAW [43]), arc voltage, welding current, and travel speed,
respectively. The overall heat input was 4.29 kJ/mm and 4.18 kJ/mm for VG and NVG joints, respectively. Two of the joints were
prepared for conventional VG configuration while the other two joints were made for NVG configuration. The top and rear portion of
the welded plate for both the groove joints is depicted in Fig. 2(e and f). Heat-treatment of the welded joint was also performed at
760 °C for 2 h to investigate the effect of tempering on mechanical properties and residual stresses.

1.2. Metallography and mechanical characterization

The macrograph of both the VG and NVG joint is displayed in Fig. 3(a and b). The weld metal corresponding to each pass and HAZ
of P92 steel is marked in Fig. 3a-b. The P92 HAZ size for the subsequent filling pass was 5.04 mm and 3.71 mm for VG and NVG joints,
respectively.

The opening of the groove after the completion of the welding was 17.04 mm and 14.19 mm, for the VG and NVG joints,
respectively. To examine the microstructure along the weldments, a transverse cross-section (Fig. 4) was cut using wire-cut EDM and
followed by mounting, sanding (up to 2000 grit size SiC paper), cloth polishing, and electro-etching (9 V and 45 s) in oxalic acid (10%)
and water solution. To examine the P92 HAZ microstructure, weldments were etched in the Vilella solution. The microstructure feature
was examined using the optical microscope (Leica DMC4500) and, Philips X130 scanning electron microscope (SEM). The transverse

Table 1

EDS results for P92 and IN617 BM (wt.%).
Phase (P92) C A% Cr Nb Mo w Fe
Ma23Ce 4.26 0.38 12.45 0.12 4.82 3.62 74.35
Phase (IN617) C Cr Ti Co Mo Fe Ni
M33Ce 4.85 45.85 0.35 6.25 14.52 2.85 25.33
Ti(C, N) - 12.45 55.8 4.85 12.85 1.45 13.5
MoeC 4.25 22.45 0.25 8.52 29.52 3.52 31.49
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Table 2

Base metals and filler rod (ERNiCr-3) (wt.%) composition.
Elements P92 steel BM IN617 BM ERNiCr-3 filler Nominal ERNiCr-3 filler ERNiCr-3 filler welds
C 0.093 0.058 0.1 max. 0.016 0.011
Si 0.210 0.001 0.5 max. 0.168 0.12
Mn 0.410 0.065 2.5-3.5 3.09 2.97
Cr 8.600 22.300 18-22 19.7 20.086
Mo 0.450 9.110 - - 0.65
w 1.980 0.048 - - 0.034
Ti 0.001 0.330 0.75 0.3 0.35
Ni 0.310 52.960 67 min. 73.9 68.29
Nb 0.052 0.016 2-3 2.45 2.24
v 0.180 0.110 - - 0.031
Co - 11.400 - - 0.73
Al 0.001 1.460 - - 0.19
Cu - 0.016 0.5 max. 0.01 0.004
B 0.002 - - - -
N 0.060 - - - -
Fe 87.630 2.110 3 max. 0.132 4.27
S 0.004 0.005 0.015 max. 0.01 0.012
P 0.019 0.002 0.03 max. 0.01 0.003
Creq 9.39 32.08 - 21.77 22.73
Nieq 5.11 54.73 - 75.92 70.10
Predicted microstructure Martensitic Austenitic Austenitic Austenitic
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Fig. 4. Extraction of the testing specimen from the welded plate with their dimensions.

sub-size tensile specimens (length-100mm, gauge width-6 mm, gauge length-25 mm and thickness-5 mm) were cut from both VG and
NVG joints according to ASTM E8/8 M [44] (Fig. 4). To maintain a constant strain rate during the tensile test, the extension rate was set
at 1 mm/min. To estimate the impact toughness of the welds joint, an impact toughness specimen was prepared with a notch of 45° and
a depth of 2 mm in the middle of the weld cross-section (Fig. 4) according to ASTM E23-02a [45]. The hardness measurement was done
across the weldments at an interval of 0.5 mm and measured at three different locations (filling passes, capping pass, and backing pass)
using the Vickers Microhardness Tester. The mechanical properties evaluation was done at room temperature and for each condition,
three samples were tested. The residual stresses developed in the weld metal were calculated using the deep hole drilling (DHD)
method [46].

2. Results and discussion
2.1. Solidification of weld metal

The cost of the ERNiCr-3 filler and the TEC in between P92 steel and IN617 alloy justified their selection as a filler metal. For BMs,
filler metal, and solidified weld metal, the Creq and Nieq were estimated and depicted in Table 2. The Creq and Nieq value and their
corresponding expected microstructure for BMs are given in the Schaeffler diagram (Fig. 5). The solidified weld metal showed the Creq
and Nigq of 22.73 and 70.10 along with a weight percentage of Ni of about 68.29% that confirming the austenitic mode of the so-
lidification and fully austenitic microstructure for the weld metal. The weld metal has a weight percentage of Nb of about 2.24% which
increases the degree of constitutional undercooling and results in a change in solidification mode (cellular to dendritic) [47,48].

According to Figs. 6 and 7, the Ni-based filler solidifies in an austenitic mode with three unique grain boundaries: the solidification
sub-grain boundary (SSGB), the solidification grain boundary (SGB), and the migrating grain boundary (MGB). The sub-grains in the
form of cells and dendrites represent the finest structure and are separated by the SSGB. The observed compositions are different at
SSGBs than the bulk weld metal that is attributed to solute redistribution during solidification. The boundaries formed by the inter-
section of cells/packets of sub-grains are termed the SGBs and exhibits both compositional and crystallographic component. The
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compositional components associated with SGBs are attributed to solute redistribution during solidification [49]. The subgrains of
different orientations and growth directions create the high angular misorientation for SGBs due to it is also termed as ‘high-angle’
grain boundaries. The segregation of the impurity elements along the SGBs leads to the formation of the low-melting liquid film at end
of the solidification and promotes the solidification cracking. Occasionally to lower the energy of the SGBs, the crystallographic
component moves away from the compositional component and results in the development of the new grain boundary with less energy
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which is called MGB. The secondary phase formation across the SGBs and SSGBs stops the movement of the which results in the
negligible formation of the MGBs. The ERNiCr-3 filler shows a higher number of MGBs and SGBs than the ErNiCrCoMo-1 filler because
of the lower density of the effective pinning particles [12,40]. The weld metal adjacent to fusion boundaries is labelled in Figs. 6 and 7.
The weld metal corresponding to the backing and capping pass (point 1 and point 6 in Figs. 6 and 7) shows a low proportion of the
MGBs as compared to filling passes 1 and 2 (point 3 and point 4 in Figs. 6 and 7). The weld metal corresponding to filling passes 1 and 2
experiences the multiple welding heat cycles during the capping and backing passes which results in migration of the grain boundaries
to lower its energy. In ERNiCr-3 welds, the formation of a higher number of MGBs makes it highly susceptible to ductility-dip cracking
(DDC) as compared to ErNiCrCoMo-1 filler [40]. The P92 HAZ corresponding to the backing and capping pass shows the higher density
of the soft 5 ferrite patches (point 1 and point 6 in Fig. 7) as compared to passes 1 and 2 (point 3 and point 4 in Fig. 7). The lower density

50um

S50um

50 pum

Fig. 8. Metallographic microstructures on both the side of the interface for NVG.
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§ ferrite patches for pass 1 and 2 is attributed to the heating effect of the subsequent pass. The results showed good agreement with the
report of Kumar et al. [50]. Near the interface of P92 steel, an unmixed zone (UZ) appeared vividly for the middle passes region. A
non-uniformity in the thickness and shape of the UZ was measured along the interface. The swirls of BM are generated because of the
fluid flow in molten metal and it causes detachment of BM which does not mix properly with bulk weld metal. Moreover, the formation
of the UZ is promoted by the application of non-matching filler which is discussed later. Near the IN617 interface, a very narrow region
of UZ and a partially melted zone (PMZ) are seen and the width of the zone remains almost uniform throughout the interface. The
optical image near the interface is also captured for NVG design and presented in Fig. 8. A similar observation is made for NVG as
observed for VG.

2.2. Characterization of interface and HAZ

The optical micrograph captured across the fusion boundaries for the VG welds joint (Fig. 9), ensured the inhomogeneity in
microstructure across the weldments. Fig. 9 shows the formation of various zones across fusion boundaries for both IN617 and P92
BMs. Weld metal near interface and bulk weld metal have significant differences in microstructure in terms of grain boundaries,
alloying elements segregation, and structure (Fig. 9). HAZ formed in P92 BM (as-welded specimen) is displayed in Fig. 9. As shown in
Fig. 9, based on the distance from the fusion boundary, i.e. temperature practised during the welding process, the region can be divided
into three sub-zones namely coarse-grained HAZ (CGHAZ), fine-grained HAZ (FGHAZ), and inter-critical HAZ (ICHAZ) as marked in
Fig. 9. The CGHAZ adjacent to the fusion boundary experiences the maximum temperature among HAZ (>>A.3) and permits the
cessation of the carbide particles present in P92 BM (My3Cs and MX) and allowing the grains to grow as large size. The SEM image
corresponding to mentioned CGHAZ (Fig. 10a) shows the coarse PAGs and lath blocks of different orientations with few undissolved
precipitates within the lath blocks (top of Fig. 10a) which were confirmed as MX precipitates [34]. The FGHAZ next to CGHAZ shows a
wide region and is formed at a temperature just above A.3 which enables carbide particles to dissolve partially in the matrix. The
undissolved carbide particles limit the grain growth and on subsequent cooling, it converts into the untempered martensite with fine
equiaxed PAGs (Fig. 9). The SEM image corresponding to FGHAZ is displayed in Fig. 10b which shows the typical lath blocks along
with undissolved coarse precipitates at PAGBs and fine precipitate inside along within the lath blocks and along block boundaries.
Finally, the most interesting region of the P92 HAZ, i.e. ICHAZ forms next to over-tempered BM (Fig. 9) and is heated between the
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Fig. 9. Optical image of the dissimilar weldments in AW joint including weld metal at the center and near interface; HAZs of P92 steel and
IN617 alloy.
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Fig. 10. AW joint: HAZs formed along P92 side (a, b, ¢); PWHT joint: HAZs formed along P92 side (d, e, f); IN617 HAZ: in the AW joint (g) and
PWHT joint (h).

temperature Aq; and Acs. The low-temperature results in the partial transformation from « to austenite are occurred during the cooling
and are finally converted into untempered martensite, i.e. austenite transform product (ATP). The untransformed region of the matrix
subjects to over-tempering and results in the formation of the untransformed ferrite (UF). The region of ATP and UF is marked in the
SEM image as depicted in Fig. 10c. The precipitates in ICHAZ remain undissolved and result in grain interior and boundaries being
accompanied by coarse existing precipitates as well as fine precipitates. A similar observation has been reported in previous study also
for the HAZ of P92 steel [51]. The IN617 HAZ exhibits the austenitic microstructure having twins and precipitates along the austenite
boundaries and grain interior (Fig. 9). The optical image of the IN617 HAZ (Fig. 9) and IN617 BM (Fig. 1a) shows a higher level of
similarity, mainly due to the microstructure stability of the austenitic microstructure at high temperature. The minimum and
maximum grain sizes were 35 pm and 92 pm, respectively and the average size was 56 + 15 pm. The SEM image of the IN617 HAZ is
depicted in Fig. 10g. The precipitates in IN617 BM are MgC (small white particles), M23Cg (grey particles along boundaries), and Ti(C,
N) (block-shaped) [52]. The welding heat results in the partial dissolution of the precipitates as stated by Hosseini et al. [53]. The
dissolution of the Ti(C, N) was also reported by Gariboldi et al. [53] in the temperature range of 750-900 °C. However, Fig. 10g shows
the bulky shape of the Ti(C, N) phase in the HAZ of IN617. The results shows the well agreement with previous observation [54]. The
precipitates present in IN617 BM contribute to the strengthening and their dissolution may degrade the mechanical properties of the
IN617 HAZ. The precipitates positioned along the boundaries were confirmed as lamellar carbides of Cr and Mo which have been
reported an adverse effect on impact toughness as it acts as crack nucleation sites during impact tests at room temperature [27].

The main aim of the PWHT in the present work was to impart ductility to the untempered martensitic matrix in P92 HAZ and their
effect is presented in Figs. 10 and 11. The elements dissolved in the matrix during the welding process come out in form of carbide and
carbonitride during the tempering process in each region of P92 HAZ (Fig. 11a-c). The microstructure of CGHAZ and FGHAZ looks
similar except for the grain size as it remains unaffected during the tempering process. The SEM image of CGHAZ and FGHAZ is
depicted in Fig. 10d-e. The precipitate density at the triple point seems higher than the matrix region (Fig. 10d: top portion). The coarse
precipitates, which are proven to be carbides of type M3Cs, are primarily visible at the boundaries [34]. The coarsening of the
precipitates is seen in the ICHAZ region (Fig. 10f) which occurs due to the combined effect of overheating during the welding cycle and
over-tempering during PWHT. The region of IN617 HAZ exhibits the austenite grain, twins, and Ti(C, N), MgC, and M»3Cg precipitates
as marked in optical (Fig. 11d) and SEM images (Fig. 10h).
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2.3. Characterization of ERNiCr-3 filler welds and interface

The solute segregation occurs due to the inherent composition and melting point difference between BMs and filler metals and is
reported as a serious problem in dissimilar welding of steel and Inconel alloy [55]. The features differ significantly from bulk weld
metal in terms of composition and microstructure exists mainly at the fusion boundary and sometimes away from the fusion boundary.
The features have identical nature to BM rather than the surrounding weld metal. The unmixed zone (UZ), the peninsula, and the island
are the terms used to describe the macrosegregation features in the dissimilar welded joint that have already been reported [23,56,57].
The area near the fusion boundary consisting of such features is referred to as a filler-deficient zone. The formation of the macro-
segregation has been elucidated by Kou and Yang [58] based on the liquid’s temperature of base (Tyg) and weld metal (Try). The area
of the filler deficient zone concerning the UZ is referred to as a peninsula and is otherwise referred to as an island [55]. UZ and
peninsula are present at the P92 steel /ERNiCr-3 filler weld interface, as shown in Fig. 12a-b. The grain boundaries near to interface are
also formed which grow parallel to the fusion line (Type II) and perpendicular to the fusion line (Type I) (Fig. 12a). The region of P92
HAZ has coarse PAGs within an untempered martensitic matrix and delta ferrite patches while ERNiCr-3 filler weld shows boundaries
(SGBs and MGBs) and alloying elements segregation (Fig. 13a). The UZ along IN617 side (Fig. 12c) exists in the form of the laminar
layers which are completely different in features of UZ formed along the P92 side. In addition, at the interface of IN617, there is the
formation of the partially melted zone (PMZ) in which BM of IN617 gets heated below the liquidus temperature and above the solidus
temperature which causes partial melting. At the interface of IN617, epitaxial growth occurs because of the similarity in microstructure
(FCQ) of both base and filler metal which facilitates the such type of growth. The Ti(C, N) precipitation in IN617 HAZ near the interface
are also observed in both optical (Fig. 12¢) and SEM image (Fig. 13b) which results in the thickening of the grain boundaries as marked
in Fig. 12c. The macrosegregation feature has also been studied after the PWHT and displayed in optical (Fig. 12d-f) and SEM images
(Fig. 13c~d). A filler deficient zone consisting of UZ, peninsula and island is seen on the P92 side (Fig. 12d-e). The boundaries (Type I
and Type II) are also observed adjacent to the interface which is similar to the as-welded (AW) condition. After the PWHT, a thickening
of the austenite grain boundaries in IN617 HAZ adjacent to interface becomes more pronounce and it might be due to the presence of
both lamellar carbides and Ti(C, N) particles at the boundaries (Fig. 12f).

The alloying elements segregation and diffusion of elements across the interface have reported a severe effect on the creep
properties. The SEM image of the interface and EDS results of each location including IN617 BM, IN617 HAZ, ERNiCrFe-3 filler weld,
UZ, PMZ, and P92 HAZ is marked in Fig. 14a, b for the AW joint. Fig. 14a depicts the Cr, Fe, Ni, and Nb concentration across the P92
interface while the concentration of Cr, Fe, Ni, Nb, and Mo across the interface of IN617 is presented in Fig. 14b. As one moves from the
P92 BM to the ERNiCr-3 filler weld, Fig. 14a shows a sharp increase in the concentration of Ni and Cr and a sharp decrease in the
concentration of Fe, ensuring the diffusion of Ni and Cr from the ERNiCr-3 filler weld to P92 and the diffusion of Fe from P92 to the
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Fig. 13. Interface of weld and P92 BM (a:AW, c: PWHT); interface of IN617 ally and weld (c:AW, d: PWHT).
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The concentration of Fe, Ni, Cr, and Nb in UZ was measured in-between P92 BM and ERNiCr-3 filler weld and delineated clearly in
the weld interface band (Fig. 14a). The Cr diffusion from the weld to P92 steel may lead to the formation of Cr-rich carbide precipitates.
The carbide formation in Cr-Mo steel HAZ in the dissimilar weld of T91/347H has also been confirmed from previously reported work
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[17,59]. The major precipitates formed in HAZ were M(Cr, Fe)23Cg and Cr;Cs and Ni-Cr-Fe phase [17]. The diffusion of the elements is
also confirmed by the EPMA map as given in Fig. 15a, b. Based on EDS and EPMA results, the formation of the different zone can be
confirmed which are different in composition. The peninsula near the interface of P92 steel shows a higher concentration of C and Fe as
given in Fig. 15¢, e and certifies the similarity in composition with P92 BM. The & ferrite near the interface and located in P92 CGHAZ
have the major concentration of Fe and Cr and is depleted in C and Ni (Fig. 15c—f). The Cr-rich & ferrite formation (Fig. 15d) is mainly
supported by Cr depletion from the alloy matrix that ultimately affects the oxidation resistance [17]. Fig. 15g, h shows the distribution
of the Nb and W at interface of P92 BM. Fig. 14b shows that the concentration curve of Fe, Ni, Mo, and Nb is smooth on the IN617 side
interface which confirms a negligible diffusion of the elements across the interface. A negligible diffusion of the elements on the IN617
side interface is also proved by the EPMA map (Fig. 16a and b). The distribution of elements Fe, Ni, Cr, Co, Mo and Nb near IN617
interface is presented in Fig. 16c-h. That resulted mainly due to the similarity in microstructure and melting temperature of IN617 BM
and ERNiCr-3 filler weld.

2.4. ERNICr-3 filler weld

The micrograph of the ErNiCr-3 filler weld is taken corresponding to capping, filling, backing pass, and near the interface as
delineated in Fig. 17a-f. The ERNiCr-3 filler weld microstructure is fully austenitic with 68.29% of nickel and has fine equiaxed
dendrites. The 2.24 wt% of Nb in the weld causes the stabilization of the austenite at high temperatures. The Nb content in ErNiCr-3
filler also tends to enhance the degree of constitutional undercooling which results in a change in solidification mode from columnar/
cellular to equiaxed dendritic [60]. The solidification mode in the weld fusion zone mainly depends on the involvement of the alloying
elements and solidification conditions [61]. The dendritic microstructure scale is influenced by the cooling rate which is given by
equation (2);

Cooling rate (°C/s) = Temperature gradient (G) (°C/m) X solidification rate (R) (um/s) 2)

Hence, it is clear that the final grain structure is governed by G x R and higher G x R, i.e. fast cooling rate results in a finer grain
structure. The other factor which plays a major role in solidification mode is alloying elements and in ERNiCr-3 filler, Nb plays an
important role. Due to the tendency of Nb to increase the bulk solidification temperature range (increase in constitutional

Fe-Ni-Cr-Mo-Co-Nb

£

Fig. 16. EPMA analysis of the IN617 side interface (a) morphology, EPMA map: (b) combine elements, (c) Fe, (d) Ni, (e) Cr, (f) Co, (g) Mo, (h) Nb.
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Fig. 17. Weld metal for AW joint: (a) capping pass, (b) filling pass, (c, d) backing pass, (e, f) weld metal near the fusion line.

undercooling), the substructure in ERNiCr-3 filler weld tends to change from cellular to columnar or from columnar to equiaxed [62]
(Fig. 17a and b). The SGBs, SSGBs and MGBs are distinct in Fig. 17a-f. As compared to the ErNiCrCoMo-1 filler weld, the ERNiCr-3 filler
weld displayed a high amount of the MGBs and this might be due to the less number of precipitates along the SGBs and SSGBs because
these precipitates pin down the movement of the crystallographic component [40,55].

The ERNiCr-3 filler weld microstructure looks similar for both capping and filling passes except for the presence of MGBs in filling
passes. The ERNiCr-3 filler weld corresponding to the filling pass (Fig. 17b) experiences multiple heating as compared to the capping
pass (Fig. 17a) and it causes the migration of the crystallographic component from SGBs to lower its energy. That results in a higher
number of MGBs in filling passes than capping and backing passes. The meeting point of the two passes shows similar microstructure
characteristics like the interface of the ERNiCr-3 filler weld and BMs and it also imparts a great level of microstructural heterogeneity
in microstructure (Fig. 17c). The boundaries between the two passes and microstructural heterogeneity across them are distinct in
Fig. 17c. The ERNiCr-3 filler weld corresponding to the backing pass shows the finer dendrites as compared to filling and capping
passes (Fig. 17d). A columnar grain structure of weld metal is seen near the interface (Fig. 17e and f). Also, the density of the grain
boundaries near the interface is more than bulk weld metal. In some regions, the thickening of SGBs is observed which is attributed to
the formation of Ti and some other low-melting precipitates [12].

The SEM image of ERNiCr-3 filler weld and their corresponding location is mentioned in Fig. 18 which represents the distribution of

15



A. Kumar et al. Heliyon 9 (2023) 18959

Weld capping pass | - == Weld center /\‘J
] : b,

Sl
c

¥ A 10 pm

—NbC, Ti(C, Nj .

Fig. 18. Various regions of the weld metal in AW joint (a) macrograph showing location selected for SEM image, (b) backing pass, (c) capping pass,
(d) weld center, (e, f) near the interface.

the precipitates at and around the boundaries. The boundaries in the backing pass are higher than in capping and filling passes as
observed in the optical image (Fig. 18a—c). The boundaries and precipitates of shiny and dark are distinct in Fig. 18. The SGBs and
inter-dendritic regions of the austenitic matrix exhibit a high density of the precipitates. The ErNiCr-3 filler weld near the interface
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Fig. 19. Microstructure of ERNiCr-3 filler weld at different locations and corresponding EDS spectra of the precipitates: (a) backing pass, (b) weld
center, (c) capping pass.
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shows the columnar structure and a higher density of the precipitates is seen in inter-dendritic areas (Fig. 18e and f). The EDS results
(Fig. 19a—c) reveal that the shiny precipitates are Nb-rich carbides (NbC) and the dark ones are Ti-rich TiC carbides. The EDS spectra of
the precipitates and SGBs are observed for different locations of the weld metal and are presented in Fig. 19a-c. The evidence of the
formation of the other phase like Laves is not found. The easy redistribution of the Nb at inter-dendritic areas is because of the poor
equilibrium distribution coefficient, i.e. less than 1. The rejection of the Nb in inter-dendritic areas and diffusion of the C by interstitial
mechanism results in NbC formation by reaction of Nb and C. Due to the formation of NbC at inter-dendritic areas, ERNiCr-3 filler weld
shows a higher tendency of hot cracking [47] because it increases the solidification temperature range [63]. The Nb formation has also
been found a negative impact on the ductility of the welded joint [60,64]. However, the formation of NbC increases the creep strength
of the welded joint at high-temperature application [63] as it is known as the hardest intermetallic phase and processes the higher
dissolution temperature. The EPMA results of the ERNiCr-3 filler weld are presented in Fig. 20a. The image utilized for the EPMA test is
also mentioned in Fig. 20b which shows the distribution of the precipitates at SGBs and around them. From EPMA results (Fig. 20c-g)
also it is inferred that the major precipitates in ERNiCr-3 filler weld are TiC and NbC. The distribution of the TiC particles is random
while NbC is mainly seen along inter-dendritic spaces, i.e. SSGBs.

Fig. 21 represents the micrograph of the ERNiCr-3 filler weld after PWHT. The austenitic microstructure of the ERNiCr-3 filler weld
does not show any major response to PWHT. However, the distribution of the NbC and TiC precipitates looks uniform as compared to
the AW joint. The microstructure corresponding to the capping and filling pass (Fig. 21a-d) is equiaxed and coarse, for the backing pass
microstructure is equiaxed and fine (Fig. 21e). Weld near to interface still shows the columnar dendrites and grain boundary thickening
in some regions (Fig. 21f). The macrograph of the weld metal corresponding to each pass and near interface under SEM is presented in
Fig. 22a. The weld near the interface still shows a higher number of grain boundaries than bulk weld metal (Fig. 22d and e). The
precipitate distribution also looks uniform as compared to the weld metal of the AW joint (Fig. 22b—e). The boundaries and fine NbC
and TiC precipitate at boundaries and inter-dendritic spaces are given in Fig. 22, corresponding to backing pass (Fig. 22b), capping pass
(Fig. 22¢) and weld center (Fig. 22d).

For the NVG joint, the optical image of weld metal corresponding to each weld pass is captured for both AW and PWHT (Fig. 23a—f).
The microstructure is equiaxed austenitic and similar to the previous one. The boundaries corresponding to capping pass (Fig. 23a, d),
center pass (Fig. 23b, e) and backing pass (Fig. 23c, f) are seen very clearly in optical image. However, the lower heat input in the NVG
weld joint causes a higher cooling rate and results in the development of the fine and dense microstructure as depicted in Fig. 23a-f.

Fig. 20. EPMA analysis of ERNiCr-3 filler weld: (a) combine elements map, (b) morphology, (c) Cr, (d) Ni, (e) Ti, (f) Nb, (g) Fe.
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Fig. 21. Various regions of the weld metal in VG joint after PWHT (a, b) capping pass, (c, d) filling pass, (e) in the backing pass, (f) near
the interface.

PWHT has observed a similar effect as seen in the VG weld joint. The boundaries are marked in each region (Fig. 23a-f)).

2.5. Mechanical properties assessment

2.5.1. Tensile properties

From the tensile test results (Table 3) of the dissimilar welded joints, it is inferred that fracture occurred from the ERNiCr-3 filler
weld for all the trials of both the groove geometry. Tensile strength under AW circumstances revealed minimal variance in the test
trials for VG and NVG welded joints. The fractured tensile sample and corresponding stress-strain curve are depicted in Fig. 24(a-c) for
both AW as well as PWHT conditions. The tensile strength of 627 + 2 MPa for VG and 636 + 3 MPa for NVG welded joints has been
observed. The test results along with the fracture region are depicted in Table 3. The tensile fractures appeared to be brittle for both the
groove geometry as there was no significant plastic deformation, i.e. cup cone formation at the tip of the fracture surface. From the
hardness plot, it was evident that ERNiCr-3 filler weld hardness is inferior to the other region of the weldments. It could be observed
that there is a good agreement between the hardness results with the tensile strength of the weldments. As per the Han and Sun [65]
report, it is a common exercise that the mechanical strength of the DWJ should be superior to the inferior BM. The tensile properties are
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Fig. 22. Weld metal in VG after PWHT (a) Macrograph showing the location selected for SEM image, (b) weld backing pass, (c) weld capping pass,
(d) weld center, (e) weld near the interface.
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Fig. 23. Weld metal in the NVG before and after PWHT (a, d) capping pass, (b, €) center pass, (c, f) backing pass.

mainly influenced by the weld metal microstructure and its chemical composition. The austenitic microstructure was formed with a
higher Ni content in ERNiCr-3 filler welds which offer a higher impact toughness however at the same time segregation of the Nb at the
inter-dendritic areas reduces the tensile strength and also leads to the failure from the weld metal instead of weak BM. The VG welds
joint was fractured from ERNiCr-3 weld metal, whereas the NVG welds joint failed either from P92/weld metal interface (trial 1) or
from the weld metal (trial 2) in the AW state. The test specimens for NVG welds joint in PWHT state failed from the interface of
P92/weld metal interface. For a similar weld joint of P92/IN617 alloy, the average tensile strength of 725 + 5 MPa for IN617 filler
weld [40] and 704 MPa for P92 filler weld [51] had been observed which was lower than the BMs, and also fracture occurred from the
inferior P92 BM instead of weld metal. For both the groove geometry, the % elongation of the dissimilar weldments is less than P92 and
IN617 BMs. The % elongation results confirmed that welded joints produced using the ERNiCr-3 filler are less ductile than the BMs, i.e.
P92 and IN617 however, similar to the % elongation of the welded joint produced using ERNiCrCoMo-1 filler [40]. The PWHT resulted
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Table 3
Tensile test results for VG and NVG welds joint.
Weld type Conventional Narrow V groove weld P92 BM IN617 BM
V groove weld
Ultimate tensile strength (MPa) AW 627 £ 2 636 £ 3 758 + 6 777 £5
PWHT 681 + 12 643 + 2
Yield strength (MPa) AW 335+5 325+5 520 +£ 8 380+ 8
PWHT 362 £ 10 333+ 4
Elongation (%) AW 26 +1 19+2 33+3 98 + 4
PWHT 31+1 21+2
Reduction in the area (%) AW 38+1 40 + 2 65.34 70.45
PWHT 42+ 1 41 +1
Fracture location AW Weld metal Weld metal or near P92 interface - -
PWHT Weld metal Weld metal or P92 interface
Joint efficiency (%) AW 80.7 81.8 - -
PWHT 87.6 82.7

in a drastic increase in the tensile strength of VG welded joints (681 + 12 MPa) and a small increase in the tensile strength of NVG
welded joints (643 + 2 MPa). However, the % elongation remains almost unaffected for both the groove geometry. The fracture
location is still noticed in the ERNiCr-3 filler weld.

The fractures specimen for the VG joint is characterized using the FESEM and displayed in Fig. 25. The tensile specimen was
fractured from the weld for AW and PWHT joints where cellular or equiaxed structure along with Nb and Ti segregation was present.
The fracture surface revealed the mixed mode of fracture and showed ductile dimples, cleavage area, and microvoids. However, the
fractured specimen for the AW joint (Fig. 25a) showed a large area of dimples as compared to the PWHT joint (Fig. 25c). The area
density of the microvoids was seen more for the PWHT tested specimen (Fig. 25¢). The magnified view of the fractured surface showed
the presence of the particles over the surface which are rich in Nb and Ti (Fig. 25b-d) and most likely to be carbides of Nb and Ti of type
M(Nb, Ti)C. The EDS analysis of the fracture surface Fig. 25a-b shows the Cr, Mn, Fe, Ni, and Nb as major elements for both AW and
PWHT. The Nb content in weld metal mainly increases the fragility of the welded joint. The Nb content reduces the tendency of ductile
tear ridges formation [66] and ultimately encourages the inter-dendritic fracture as observed in the present investigation.

A high-temperature tensile test was conducted on the round specimen at 550 °C and 650 °C. Fig. 26 illustrates the outcomes
obtained from testing weldments at high temperatures for both VG and NVG joints. To simplify the discussion, the welded joints tested
at high-temperature 550 °C and 650 °C were denoted by VG-HT1 and VG-HT2 for VG welds joint and NVG-HT1 and NVG-HT2 for NVG
welds joint, respectively. The test results showed the failure of the specimen from the P92 BM with the tensile strength of the 423 MPa
and 258 MPa for VG-HT1 and VG-HT2, respectively and for NVG-HT1 and NVG-HT2, the tensile strength was 398 MPa and 276 MPa
(Fig. 26a). Both VG-HT and NVG-HT exhibited a notable decrease in YS and UTS when compared to BMs, as revealed by the test
outcomes. The observed decline may be attributed to the impact of softening and the heightened susceptibility to damage that occur at
elevated temperatures. The stress-strain plot is mentioned in Fig. 26b. Based on the failure of the P92 BM specimen, it can be inferred
that the Ni-based ERNiCr-3 weld has a superior yield and tensile strength compared to P92 BM. This is due to the exceptional
deformation resistance of the weld at both room and high temperatures. The gauge area of the specimen consists of the weld metal,
HAZ, and BM, each with its distinct microstructure and mechanical properties. As a result, the deformation of each zone during tensile
loading will not be uniform and will be mainly controlled by precipitation strengthening and grain size. Between grain size and
precipitation strengthening, the latter has been found to exert a more dominant effect in Ni-based filler. The % elongation was 16% for
both VG-HT1 and NVG-HT1. For VG-HT2 and NVG-HT2, it was 18% and 14%, respectively (Fig. 26¢). The % reduction in the
crossectional area after the test is also mentioned in Fig. 26c¢.

The tensile fracture surface of the VG-HT and NVG-HT are further characterized and presented in Fig. 27a-d. Fig. 26a shows the
macro-profiles of the fractured specimen and the variation in elongation across the gauge area. The fractured tip macrographs of the
ruptured HT specimen are given in Fig. 27a-d. The average gauge diameter at the fracture frontier was also mentioned in Fig. 27. The
macrograph (Fig. 26a) and top view of the fracture surface (Fig. 27a—d) show a cup-cone-shaped profile. The macro-profiles of both
NVG-HT and VG-HT specimens reveal the presence of dimples and voids. The cup-cone formation with necking and the presence of
higher-density dimples at the fracture surface is a characteristic of ductile fracture. The fracture surface of both NVG-HT and VG-HT
exhibits a higher density of dimples and micro-voids as mentioned in Fig. 27a-d. However, dimples and voids are observed bigger in
size for VG-HT2 and NVG-HT2 than VG-HT1 and NVG-HT1 (Fig. 27a-d).

2.5.2. Micro-hardness and impact properties

The hardness indentation was captured corresponding to each welding pass, as depicted in Fig. 28. The ERNiCr-3 weld metal
hardness was 188 + 5 HV and 202 + 6 HV for the filling passes at two different positions as mentioned in Fig. 28a, b. The weld metal’s
average hardness was 207 + 4 HV (Figs. 28¢c), and 189 + 6 HV (Fig. 26d)for backing and capping pass, respectively. The in-
homogeneity in the hardness value of the weld metal corresponding to each pass is attributed to the multi-pass nature of the welding
which resulted in variation in the microstructure of weld metal in terms of boundaries, alloying elements segregation, etc. The
hardness of the weld metal was observed lower than the P92 BM (240 + 3 HV) and IN617 BM (214 + 6 HV). However for IN617 filler,
weld metal showed an average hardness of 211 + 9 HV which is slightly higher than the ERNiCr-3 weld metal and also close to IN617
BM [40]. For BOHLER P92-IG filler, weld metal hardness was 458 + 25 HV which was much higher than the Ni-based filler [40].
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Fig. 24. Tensile specimen before and after fracture (a) VG welds joint, (b) NVG welds joint, (c) stress-strain curve.

The hardness indent for a different zone of the weldments is depicted in Fig. 29a, b. On both, sides of the interface, a dramatic
change in hardness was observed. The hardness was 200 + 3 HV and 209 + 2 HV at the interface of P92 steel and IN617, respectively.
On the P92 HAZ side, a significant variation in hardness was noticed which is attributed to microstructural change as discussed in
Fig. 9. The region is very close to the interface, i.e. CGHAZ showed a hardness of 450 HV which was the highest among all the regions.
The peak hardness in CGHAZ was due to the high content of C and N in the matrix which was obtained by precipitate dissolution at a
high temperature (>>A3). The average hardness in FGHAZ was 414 + 38 HV. The ICHAZ offers the minimum hardness among HAZs
of P92 steel and it was 230 HV. The poor hardness, i.e. lower than the P92 BM was attributed to coarsening of the precipitates and
grains and also the partial tempering of the martensite as discussed in the microstructural section. IN617 HAZ hardness (210 + 3 HV)
(Fig. 29a) was measured close to IN617 BM (214 + 6 HV) and ensured the negligible change which is also witnessed from micro-
structural results.

After PWHT a mixed nature was seen and hardness variation along each pass is presented in Fig. 28a-d. The average hardness for
the filling pass at two different locations was 205 + 4 HV (Figs. 28a) and 198 + 7 HV (Fig. 28b). It shows a significant increase, i.e.
from 188 + 5 HV to 205 + 4 HV at location 1 (Fig. 28a) and a minute decrease at location 2, i.e. from 202 + 6 HV to 197 + 7 HV
(Fig. 28b). The weld metal hardness for backing (Fig. 28d) and capping pass (Fig. 28c) was 209 + 4 HV and 203 + 3 HV, respectively.
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Fig. 25. Fractured surface of tensile tested specimen for VG weld joint in (a, b) AW state, (c, d) PWHT state.

The weld metal corresponding to the capping pass also shows a significant increase in hardness. The increase in hardness of the weld
metal is attributed to an increase in the density of NbC and TiC particles in the inter-dendritic region. However, a significant effect of
the PWHT was seen on the hardness of the P92 HAZ. The average hardness of the CGHAZ was 295 HV after PWHT which was reduced
by approximately 34%. Similarly, the hardness of the FGHAZ also reduced from 414 + 38 HV to 240 + 7 HV. The ICHAZ shows the
minute change in hardness and it was 225 HV after the PWHT. The average hardness at the interface of P92 BM was 240 + 2 HV. The
interface of IN617 BM and ERNiCr-3 weld metal also shows the hardness increase and it was 221 &+ 7 HV after PWHT. A drastic increase
in hardness of IN617 HAZ was observed and it was 210 + 3 HV in AW and 260 =+ 3 in the PWHT state. The drastic increment might be
due to the evolution of secondary-phase carbide particles. The hardness indent for each region after the PWHT is given in Fig. 29b.

Effect of the welding passes on hardness variation for NVG joint in AW and PWHT stated in Fig. 30. Like VG welds joint, hardness
variation across weldments corresponding to each pass is also measured for NVG welds joint. For NVG welds joint, a hardness trend
along with the weld metal for different welding passes is also captured and presented in Fig. 30. A similar trend with a small deviation
in hardness value was measured for the different welding passes. The average hardness of the ERNiCr-3 weld metal was measured as
221 + 4 HV and 216 + 8 HV for the filling passes at two different locations as mentioned in Fig. 30 (a, b). The average hardness of the
weld metal corresponding to capping and the backing pass was 207 + 5 HV (Figs. 30c) and 241 + 8 HV (Fig. 30d). For the NVG welds
joint, A similar trend of hardness variation along the weldments was measured as seen in the VG welds joint. However, the hardness of
weld metal for NVG joint was measured much higher than the conventional VG. The hardness indent after the PWHT is depicted in
Fig. 29. The hardness of IN617 HAZ, P92 CGHAZ, P92 FGHAZ, and P92 ICHAZ was 220 + 2 HV, 427 HV, 412 + 44, and 210 HV,
respectively. A minute drop in the hardness value of CGHAZ and ICHAZ was measured as compared to the VG welds joint while an
increase of 10 HV was seen in the hardness value of IN617 HAZ. The interface of ERNiCr-3 weld metal with P92 BM and IN617 BM
shows the hardness of 235 + 25 HV and 231 + 4 HV, respectively.

The PWHT effect on hardness variation is given in Fig. 30(a-d). The average hardness for the filling pass at two different locations
was 207 + 4 HV (Figs. 30a) and 195 + 7 HV (Fig. 30b) and that was similar to the VG welds joint. It shows a significant decrease, i.e.
from 221 + 4 HV to 207 + 4 HV at location 1 (Figs. 30a) and 216 + 8 HV to 195 + 7 HV at location (Fig. 30b). The average hardness of
the weld metal for the capping pass (Fig. 28¢) and backing pass (Fig. 30d) was 209 + 8 HV and 204 + 6 HV, respectively. The weld
corresponding to the backing pass also shows a significant decrease in hardness and it was reduced from 241 + 8 HV to 200 + 6 HV.
The HAZ corresponding to P92 steel shows a significant decrease in hardness which is similar to the VG welds joint. The hardness of
each HAZ region is mentioned in Fig. 29. The average hardness at the interface of ERNiCr-3 weld metal and P92 BM was 219 + 21 HV.
The interface of IN617 BM and ERNiCr-3 weld metal shows the hardness increase and it was 242 + 8 HV after PWHT. Similar to the VG
weld joint, the hardness of the IN617 for the NVG weld joint also increased after the PWHT and it was measured as 263 & 4 HV. After a
detailed investigation, it can be stated that the average hardness of the weld metal, P92 FGHAZ, and IN617 HAZ remain almost
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Fig. 26. (a) Tensile specimen after fracture, (b) stress-strain plot, (c) tensile properties.

constant. However, a significant effect of the groove geometry on the hardness of the interface region, P92 CGHAZ and P92 ICHAZ was
observed. In weld metal, the maximum hardness was measured corresponding to the backing pass for both the groove joints in the AW
condition that is attributed to the grain refinement effect as discussed by Zhang et al. [67]. A uniform hardness is also seen in a wide
region of weld metal for capping and filling passes. In the capping pass, uniform hardness value might be due to the wide weld bead and
less effect of the subsequent passes on microstructure evolution.

An impact test was performed for both the AW and PWHT condition and for both case notch in capping as well as in backing passes.
The impact toughness for the VG joint was 177 J and 183 J for a sample having a notch in the root, i.e. backing pass, and in the top i.e.
capping pass, respectively. As compared to the VG welds joint, the NVG welds joint offers poor impact toughness for both cases, i.e.
notch in capping pass (169 J) and backing pass (161 J). However for both the groove design and notch location, welded joint meets the
minimum criteria of 47 J [68]. The weld also meets the ASME standard (minimum required impact toughness of about 41 J). Hence,
from impact test results it can be inferred that welded joint is qualified for AUSC boiler application in respect of impact toughness. Also,
the impact toughness of the ERNiCr-3 fillet weld for both VG and NVG geometry exceeds the minimum suggested value of 80 J to
qualify the fast breeder reactor application for dissimilar welded joints [69]. For a similar type of welded joint with BOHLER P92-1G
filler, poor impact toughness of 36 J was measured due to the untempered martensitic microstructure [51]. However, for Ni-based
IN617 filler, the impact toughness of VG welds joint was 98 J and 108 J for notch location in capping and backing pass, respec-
tively. Naffakh et al. [70] also measured the higher impact toughness value for the IN82 filler than the IN617 filler.

After the PWHT, a little decrease in impact toughness was noticed for both types of groove joints and notch locations. For con-
ventional VG, the impact toughness was 152 J and 157 J for the notch location in the backing and capping pass, respectively. In the
NVG joint for notch location in capping and backing pass, impact toughness was 144 J and 164 J, respectively. The impact specimen
showed a complete fracture in two parts for the VG joint (Fig. 31a). However, for the NVG joint, weld metal with a notch location in the
capping pass showed the complete fracture while the sample with a notch location in the backing pass showed the yielding (Fig. 31b).
Following the PWHT, higher density NbC and TiC particles along the inter-dendritic zones and boundaries which were also observed
from the EDS results and shown in Fig. 32d, were primarily responsible for the loss in impact toughness. For BOHLER P92-IG filler, a
drastic increase in impact toughness of the weld metal was reported after the PWHT [51] however for IN617 filler a similar behaviour
was observed, i.e. decrease in impact toughness after PWHT [40]. The austenitic microstructure of the Ni-based filler does not
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significantly alter throughout the PWHT, but there is a little increase in the density of the secondary phase particles, which reduces the
weld metal’s impact toughness.

The fractured impact tested specimen for the VG joint with a notch in the capping pass was characterized using FESEM and pre-
sented in Fig. 32. The fracture surface exhibited the shear dimples, microvoids, and cleavage area in both AW (Fig. 32a) and PWHT
(Fig. 32¢) conditions. The lower toughness of the weld metal (Fig. 31) could be attributed to the presence of Ti(C, N), NbC, and M»3Cg
carbide phase which was witnessed from EDS results presented in Fig. 32b-d. However, the AW impact-tested specimen showed a
higher density of dimples than the PWHT-tested specimen (Fig. 32a, c). After PWHT, the density of the microvoids was increased as
shown in Fig. 32c. The EDS of the selected area showed the presence of Ti, Cr, Mn, Fe, Ni, and Nb (Fig. 32b-d). The EDS of the particles
showed the Cr, Ti, and Nb as major elements which confirmed the possible phase of M23Cs, NbC, and Ti(C, N). Kumar et al. [71] have
also observed the poor impact toughness of ERNiCr-3 filler weld for dissimilar metal weld of T91 and SS304H and NbC and TiC in weld
metal were considered as the possible cause of poor impact toughness.

2.5.3. Residual stresses

Fig. 33 displays the residual stress map for the VG and NVG weld joints along the thickness of the welded plate. At a depth of 3 mm
from the top surface, the peak longitudinal residual stress was measured to be 362 MPa for the VG and 290 MPa for the NVG welds
joint. The minimum magnitude of longitudinal residual stresses of 198 MPa and 62 MPa were measured for VG and NVG welds joint,
respectively. The minimum magnitude was in the root area of the welded joint. However, the trend of longitudinal residual stress
variation was similar for both joints. The magnitude of the longitudinal residual stresses increases first from the top surface and reaches
up to the highest point and then decreases for both VG and NVG welds joint. The nature of the longitudinal residual stresses was tensile
from top to bottom and for both the grove joint. A similar trend with less magnitude was observed for transverse residual stresses. The
peak magnitude was 315 MPa and 220 MPa for the VG and NVG welds joint, respectively and it was also measured at depth of 3 mm
from the top surface. The minimum magnitude was 120 MPa and 10 MPa in the root area for the VG and NVG welds joint, respectively.
The nature of the transverse residual was tensile from top to bottom surface in the VG welds joint (Fig. 33a) while it was compressive in
the root area for the NVG welds joint (Fig. 33b). PWHT has resulted in a significant reduction in the magnitude of the residual stresses
for both the weld groove designs (Fig. 33). After PWHT, the peak magnitude of the longitudinal residual stress is reduced by 41% in VG
welds joint and by 57% in NVG welds joint. The nature of the longitudinal residual stress was tensile throughout the thickness for the
VG welds joint while in the NVG welds joint it was compressive in the root area and the peak magnitude was 37 MPa. The transverse
residual stress decreased by 38% and 47% for VG and NVG welds joint, respectively as a result of PWHT. The nature of the transverse
residual stresses was compressive in the root area with a maximum magnitude of 68 MPa. In VG welds joint, the transverse residual
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Fig. 28. (a, b, ¢ and d) Hardness variation along the weldments corresponding to filling, backing, and capping pass for VG joint (AW and PWHT).

stress nature was tensile in the root area with a magnitude of 10 MPa (Fig. 33b).

3. Conclusions

The article content is focused on GTAW dissimilar welded joints characterization. Welded joints from 10 mm thick P92 steel and
IN617 alloy produced with the use of ERNiCr-3 filler and different groove geometry were subjected to structural and mechanical
investigations. The welding procedures made sound welded joints with four passes. No pores, undercuts and noticeable geometric
shape imperfections were found, and the results show that produced welded joints are suitable for AUSC power plants’ boiler ap-
plications. The conclusions summarized from the test results are as follows.

1. The tested welded joints have a complex and heterogeneous structure. The analysis of solidification mode and metallographic
tests showed that the weld has a fully austenitic structure with 68.29 wt % of nickel and would not cause any solidification
cracks. The ERNiCr-3 filler weld showed the equiaxed structure in the central region, while near to interface, columnar and
cellular dendrites were seen. The EDS and EPMA study confirmed the presence of the Ti-rich Ti(C, N) and Nb-rich NbC particles
in the weld metal.

2. The heterogeneity in the microstructure of the ERNiCr-3 filler weld was also seen mainly due to the multiple heating cycles. The
migrated grain boundaries (MGBs) are seen higher in the number of weld metal corresponding to filling passes than capping and
backing passes weld metal. The heterogeneity observed in the microstructure of the ERNiCr-3 filler weld metal was also
attributed to the segregation of Nb particles in the inter-dendritic areas.

3. Afusion boundary of weld filler deficient zones was revealed, formed due to the large differences in physicochemical properties
between ERNiCr-3 filler and P92 steel, in the shape of filler deficient beach, i.e. unmixed zone, peninsula, and island along with
distinct HAZ. Another fusion boundary of the weld was revealed, at the interface of IN617 and ERNiCr-3 weld metal, in the form
of a very narrow partial melted zone and almost negligible unmixed zone along with HAZ. The EDS and EPMA mapping
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conducted across the interface of P92 steel and ERNiCr-3 filler weld confirmed the diffusion of Ni and Cr from the filler weld into
the P92 steel, as well as the diffusion of Fe from P92 steel into the filler weld. The compositional similarity between the filler and
IN617 BM resulted in a negligible diffusion of elements observed at the interface on the IN617 side.

. Tensile test results showed the failure of the specimens from the ERNiCr-3 filler weld for both the groove geometry and heat

treatment condition. The weld groove geometry had observed a minute effect on tensile properties in as-welded conditions. The
tensile strength of 627 + 2 MPa for VG and 636 + 3 MPa for NVG welds joint had been observed. The FESEM study of the
fracture surface showed the presence of Ti(C, N) and NbC particles.

. The tensile tests conducted at high temperatures of 550 °C and 650 °C revealed that both VG and NVG welds joints failed in the

region of P92 BM. The tensile strengths for VG-HT1 and VG-HT2 were 423 MPa and 258 MPa, respectively. Similarly, the NVG-
HT1 and NVG-HT2 exhibited tensile strengths of 398 MPa and 276 MPa, respectively.

. The welding pass and segregation of the alloying elements like Nb have observed a significant effect on the hardness of the

ERNiCr-3 filler weld. However, as compared to other zones of the weldments, the hardness of the ERNiCr-3 filler weld was found
to have plummeted. The peak hardness was measured in P92 CGHAZ.

. Observations revealed brittle Ti(C, N) and NbC particles present in the inter-dendritic space, which led to a decrease in the

impact toughness of the weld metal in comparison to the base metal. Nevertheless, the impact toughness values for all cases met
the criterion of 80 J, thus qualifying the dissimilar welded joint for use in fast breeder reactor applications. Moreover, the VG
welded joint exhibited higher impact toughness measurements than the NVG welded joint.

. The distributions of the values of longitudinal and transverse residual stress showed a similar trend for both variants of the

geometry of welded joints: the maximum value of the magnitude of tensile residual stress occurred in the central area of the
joints, and the minimum in the root area. Only in the case of the root of the NVG joint the nature of the transverse residual
stresses was compressive.

. For both variants of welded joints, PWHT caused similar effects: a significant increase in the tensile strength of VG welded joints

and a small increase in the tensile strength of NVG welded joints, a very large drop in the maximum hardness of HAZ (at ERNiCr-
3 and P92 steel side), a small decrease in impact toughness of the weld metal, a significant reduction in the magnitude of the
residual stress, and the more uniform distribution of the NbC and TiC precipitates in comparison with the AW joints. It was also
found that PWHT had a negligible effect on the austenitic microstructure of ERNiCr-3 filler weld and IN617 HAZ.

Based on the comprehensive study conducted on dissimilar IN617 and P92 steel weldments, it can be concluded that NVG joints
exhibit superior mechanical properties and lower residual stress values when compared to conventional VG joints. Considering
the similar structural morphology of both types of joints, it is recommended that the NVG procedure be implemented in the
power industry.
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Fig. 32. FESEM image of fractured impact tested specimen for VG welded joints with a notch in capping pass; (a, b) AW, (c, d) PWHT.
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