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Abstract

Unfavourable operating conditions of equipment in the energy industry resulting from high-temperature loads determine
the need to use special materials and technological solutions, including welding procedures. In this article, buttering using
IN82 (ERNiCr-3) consumables was proposed as a method to improve the weldability of grade 92 steel joined by the gas
tungsten arc welding (GTAW) process with AISI 304L (IN617 filler). The microstructural characterization of samples was
carried out using an optical microscope, scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy.
The welded joint was further characterized by hardness, tensile (room temperature and at 620 °C temperature) and impact
tests. Additionally, the fracture surfaces of tensile and impact tests were studied by SEM. Despite the confirmation of the
diffusion of alloying elements and significant changes in their concentration, which indicates the formation of Ti and Nb-rich
phases, no welding imperfections were detected and favourable joint structures and acceptable properties were obtained. In
particular, this concerns the limitation of the formation of brittle structures and the elimination of the untempered marten-
sitic layer. At the same time, there was a significant decrease in the maximum hardness of heat-affected zone (HAZ) on the
grade 92 steel side to a relatively low value of 310 HV, and a minimum tensile strength criterion of 600 MPa was achieved
with a simultaneous increase in ductility (35% elongation) of the joint. Comparatively, when compared to a non-buttered
welded joint, the joint produced with a buttering layer exhibited an increase in the elongation and impact toughness of the
welded joint without any compromise in ultimate tensile strength (S,,). The fracture surface of tensile and impact-tested
specimens was also characterized using SEM/EDS. Summarizing all the results, it can be concluded that the proposed GTAW
procedure of grade 92 and 304L steels can be used in extreme working conditions, in ultra-supercritical power units or the
petrochemical and chemical industries.
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1 Introduction

Dissimilar welded joints (DWIJs) of austenitic stainless
steels and Cr—Mo grade ferritic steels are unavoidable
in ultra-supercritical (USC) power units, petrochemical
industries and chemical industries. Austenitic stainless
steels are specifically employed in the high-temperature
segments of boiler tubing, such as the final stages of the
superheaters and re-heaters, where it is crucial to have
exceptional resistance to creep rupture and oxidation [1].
On the other hand, low-temperature regions of boiler tubes
and heat exchangers are mainly manufactured using the
Cr—Mo grade ferritic steels [1-3]. Nevertheless, when it
comes to DWJs involving stainless steels and Cr—Mo grade
ferritic steels, a substantial variation emerges across the
joint concerning chemical composition, microstructure,
residual stresses, thermo-physical properties and mechani-
cal properties. Numerous failures of the direct joint of the
austenitic stainless steels and Cr—Mo grade ferritic steels
have been linked with one or more of the following factors:
(1) a significant difference in thermal expansion coefficient
(TEC) of austenitic steel (18.5 pm/m/K) and ferritic steel
(12.6 pm/m/K), (2) carbon migration across the interface
of the steel and weld metal (WM), and (3) creep strength
variation [4-6]. The variation in TEC creates significant
residual stresses at the interface between weld and ferri-
tic steel [7]. These high residual stresses can weaken the
welded joint over time, potentially leading to its failure
or reduced structural integrity [8]. Carbon diffusion typi-
cally takes place from the ferritic steel to the austenitic
or Ni-based filler welds, leading to the creation of a soft
zone at the interface. This soft zone is highly susceptible
to deformation and failure, posing a potential weakness in
the welded joint [9]. Differences in creep strength between
the materials can result in variations in their ability to
withstand deformation at elevated temperatures. These
differences may, in turn, lead to localized weakening and
eventual failure of the joint, particularly when exposed to
high-temperature conditions over time [10, 11].
Numerous studies and investigations have been con-
ducted on DWJs with the aim of enhancing their per-
formance and reliability during service conditions [12].
Initially, austenitic fillers were employed for welding
these two types of steel. However, the segregation of
low melting impurity elements within the welded joint
resulted in reduced creep and impact strength, leading to
performance issues [13]. Austenitic fillers also produced
multiple cracks in the region of the interface. Laboratory
test results and actual service conditions have shown that
utilizing Ni-based welding consumables provides supe-
rior creep and mechanical performance compared to using
austenitic fillers [14]. Cao et al. [15] conducted research
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on the microstructure and mechanical characteristics of
DWIJ between T92 martensitic and S304H austenitic steels,
which were fabricated using the IN82 filler material. The
tensile strength and the impact toughness of dissimilar
T92/S304H material joints met the specifications of USC
boilers. Notably, the T92 coarse-grained heat-affected
zone (CGHAZ) exhibited relatively lower tensile strength,
whereas the WM displayed comparatively lower toughness
within the joints. Cao et al. [16] assessed the creep resist-
ance of DWJ between T92 martensitic and HR3C austen-
itic steels, fabricated using the TIG welding process and
INS82 filler material. Fracture occurrences were observed
within the grade 92 BM when subjected to applied stresses
of 140 MPa or higher. However, when the applied stress
fell below 140 MPa, the fracture location shifted to the
HAZ of the grade 92 BM. Kim et al. [17] evaluated the
tensile and creep rupture behaviour of the DWJ of T92
and 304H austenitic steel. The test results showed that
failure for both high-temperature tensile and creep tests
from T92 BM occurred due to its more rapid degradation
with increasing temperature. During creep deformation,
the extensive precipitation of Laves phase along the grain
boundaries within the FGHAZ was observed. This phe-
nomenon was identified as the primary cause of acceler-
ated void formation in that region, ultimately resulting
in premature failure during creep. Extensive research
has also been carried out on filler composition and its
impact on weld performance. Kumar et al. [18] investi-
gated the influence of varying filler compositions on the
high-temperature tensile properties of the DWJ between
grade 92 steel and Alloy 617. Based on the investigation
of impact and high-temperature tensile properties, the
ENiCrFe-3 electrode was selected as the most suitable
choice for the SMAW joint between Alloy 617 and garde
92 steel. Based on the research conducted by Hosseini
et al. [13], the IN617 filler material was determined to
be the optimal choice for achieving the best mechanical
properties in dissimilar joints between 310 stainless steel
and Inconel 617. Naffakh et al. [19] conducted comprehen-
sive research focussed on optimizing filler materials for
dissimilar welding involving AISI 310 and IN657 alloys.
The findings indicated that, at room temperature, Inconel
A filler material had the best properties than the auste-
nitic filler for DWJ between 310 stainless steel and IN
657. The utilization of the Ni-based filler material signifi-
cantly improved the performance of the welded joint by
effectively addressing carbon diffusion issues. Addition-
ally, it resulted in a reduction of residual stress levels at
the interface and enhanced creep resistance under service
conditions. Nonetheless, carbon diffusion remains a per-
sistent concern in DWJ, and its subsequent effects continue
to impact the mechanical and metallurgical properties of
the welded joint [20-22]. Recently, several studies have
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been published focussing on minimizing carbon diffusion
by incorporating a transition piece between the two met-
als or by introducing a Ni-alloy buttering layer between
them [9, 23-25]. This method aims to combat the for-
mation of both a soft zone and a hard martensitic layer,
offering a promising solution to the carbon diffusion
problem. Kulkarni et al. [9] employed Incoloy 800 and
Inconel 600 interlayers to improve the performance of the
DWIJ between P91 steel and AISI 316L stainless steel,
produced using the A-TIG process. This was achieved by
effectively reducing carbon diffusion. The interlayers have
also contributed to an improvement in the impact tough-
ness and ductility of the welded joints, all whilst keep-
ing a minimal decrease in tensile strength. Alloy 800 is
a preferred choice for use as an insertion piece in DWJ
involving ferritic and austenitic steel. It is favoured for its
excellent resistance to creep and oxidation, as well as its
suitable TEC (17.1 um/m/K) positioned between the two
metals [4]. Trimetallic transition joints, (ferritic steel-alloy
800-austenitic steel), are currently employed in the piping
system of India's Prototype Fast Breeder Reactor (PFBR)
[26]. Limited research has been conducted on creating dis-
similar joints between high-temperature materials, such as
garde 92/AISI 304L, grade 92/AlloyN617 and AISI 304H/
IN617, with and without buttering layer [24, 27-33]. Selvi
and Reddy [4] investigated the effect of temperature and
strain rate on the tensile behaviour of the DWJ of P91 and
Alloy 800 produced using the GTAW process with the use
of the IN82 buttering layer. Singh et al. [5] also noted an
enhanced mechanical and creep performance in the DWJ
between AISI 304H and IN617 after the application of an
IN617 buttering layer on AISI 304H. The fatigue limit for

the weld with buttering was found to be higher than that
of the weld without buttering, with values of 326.8 MPa
compared to 306.8 MPa for DWJ of Alloy 617 and 12%Cr
steel [33].

Despite previous investigations into dissimilar welds,
as mentioned earlier, there is still a need for a comprehen-
sive study aimed at improving the mechanical properties of
DWIs of Grade 92 ferritic steel and austenitic AISI 304L
steel through the use of a buttering layer. This investigation
seeks to evaluate the effectiveness of employing a buttering
layer when welding dissimilar materials by comparing their
mechanical to those welded without a buttering layer. The
study includes a thorough examination of microhardness,
tensile strength and Charpy impact toughness. The micro-
structural analysis supports the observed enhancements in
mechanical performance of welded joints made with a modi-
fied procedure.

2 Experimental details
2.1 Buttering and welding

Grade 92 steel and austenitic grade AISI 304L steel plates
were used in the present work. Electric discharge cutting
was used to machine the plate to a three-dimensional size
of 120 mm X 55 mm X 8 mm in order to conduct the experi-
ment. The chemical composition of both steel plates is men-
tioned in Table 1 [28, 34]. The mechanical properties of both
the materials are listed in Table 2. A 2.4 mm diameter IN82
filler (ERNiCr-3) was employed to perform buttering on the
grade 92 plate using the gas tungsten arc welding (GTAW)

Table 1 Alloy composition

Material C Cr P S Si Ni Mn Others
(%wt.) of the grade 92, AISI
304L BMs [28, 34] Grade 92 steel 9Cr— 0.093 860 0019 0004 021 031 041 Mo:0.45,
0.5Mo-1.8W-VNb) Nb:0.052,
W:1.98, Ti:0.001,
Al:0.001,
B:0.002,
V:0.18, Zr:0.002,
N,:0.060, Fe: Rem
AISI 304L 0.018 18.05 0.024 0.011 0.42 8.06 1.12  Fe:Rem
Table2 Mechanical properties Grade 92BM  AISI 304L ERNiCr-3 ERNiCr-
of grade 92 and AISI 304L steel CoMo-1
[35-38]
Ultimate tensile strength (MPa) 758 632 586 690
0.2% yield strength (MPa) 520 209 310 -
% elongation 33 84 35 45
Micro-hardness (VHN) 24342 203+3 185+7 -
Impact toughness (J) 185+5 285+5 135+5 -
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process. The IN617 filler (ERNiCrCoMo-1) of diameter
2.4 mm was utilised for multi-pass welding using the GTAW
process. The chemical composition of both the fillers are
mentioned in Table 3. The welded joint was fabricated in
the following steps:

Step I: The plate of grade 92 steel and AISI 304L steel of
dimension 120 mm X 55 mm X 8 mm were machined from
the supplied plate and a conventional V groove configuration
was cut at the edges of the plate as per Fig. 1a, b.

Step II: The buttering was performed on the grade 92
plate using the IN82 filler (ERNiCr-3) of diameter 2.4 mm
with the GTAW process. The width of the buttering layer
was kept between 7 to 8 mm. Four buttering layers were
deposited with an average thickness of approximately 2 mm
for each layer (Fig. 1c). The welding current and the arc volt-
age were kept in the range of 100-105 A and 8-9.8 V. The
total heat input of buttering was 3.486 kJ/mm.

Step III: The buttered specimen was then subjected to
heat treatment at 730 °C for 120 min to relieve the quench
stresses and temper the newly formed fresh martensite.

Step IV: After heat treatment, the surface of the buttered
grade 92 plate was machined at the edges and cut into a
single V groove (Fig. 1d). After the machining, the width of
the buttered layer was about 5.8 mm.

Step V: The buttered specimen of the grade 92 plate was
welded with an AISI 304L plate as per the configuration
mentioned in Fig. 1d. The welding was completed using
IN617 filler by GTAW processing in 5 passes. The welding
current and arc voltage were kept in the range of 105-116
A and 9.2-10.0 V respectively. The total heat input was
3.162 kJ/mm. The plate after completion of the welding is
displayed in Fig. le, f.

The welding and buttering procedure took place in an Ar
(99.99%) shielding atmosphere, supplied at a flow rate of 10
L per minute. The process was carried out in flat position
(PA), the root pass nozzle had a diameter of 6.5 mm, whilst
the capping and filling passes used a nozzle with a diameter
of 11.5 mm. Both the buttering and welding operations were
conducted using the same welding setup, specifically the
Fronius Magic Wave 2200. In the GTAW process, a 2.4 mm
diameter tungsten electrode (EWTh-2) was employed.

Buttering layer 7-8 mm
37.5" | ‘
E L/ .. ai
®, %S Root height(1.5 mm)

Buttering |
layer

view

Machined buttered Plate and V
groove configuration

Weld plate:

> : .\ Weld plate:
- top view

root view

Buttering layer
after welding

AISI 304L
i mﬁlmlmhm

Grade 92 AlISI| 304L

Fig.1 a V groove configuration with groove details, b machined
grade 92 plate with V groove, ¢ plate after deposition of buttering
layer of IN82, d position of welding after machining of buttered plate,
e, f plate top and root side after welding

2.2 Mechanical testing and characterization

After fabrication of the welded joint, visual testing and liquid
penetrant testing were performed to check the surface defect.
There was no defect observed on the welded joint surface. In
the next step, samples were extracted from different regions
of the welded plate for mechanical and metallography
testing (Fig. 2a). A sample of size 30 mm X 8 mm X 8 mm
was machined for the metallography study (Fig. 2d). The
machined sample was polished using SiC paper of grit size
2000 and then cloth polished in the medium of alumina

Table 3 Chemical composition

C
of IN82 and IN617 filler (wt.%)

Material Cr

P S Si Ni Mn Others

ERNiCr-3 0.015 19.69

ERNiCrCoMo-1 0.08 22.00

0.010  0.010  0.17 73.89  3.07  Nb:2.46, Fe:0.13,
Ti:0.30,
Al:0.08,

Cu:0.01

Co:12.00,
Mo:9.00,
Fe:1.5, Ti:0.20,
Al:1.00,
Cu:0.20

.015 0.008 0.60  53.00 0.80
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Fig.2 a Schematic of the
welded plate and sam-

ples extracted for (b) room
temperature tensile test, ¢
high-temperature tensile test,
d metallographic and harness
characterization (e) Charpy
toughness test

(a)

Metallographic and Hardness sample
Charpy Toughness samples
RT Tensile (Buttering centred) samples

RT Tensile (Weld centred) samples

HT Tensile (Buttering centred) samples

HT Tensile (Weld centred) samples

Metallographic and

(d)

Hardness sample

(b) 32 ]
3 . 25 . F6 ) %
: I ()
(%]
2 100
2 Weld metal center 1Oi .
3 D %—
'—
) i 5
(c) Buttering layer center 5
§ - Buttering g
= I Y O
©
; Weld metal center % .,3
2 50 g
':E Q 304L HAZ

powder. Samples were then etched with appropriate etchants,
mentioned in ASTM E407. For AISI 304L steel, aqua regia
(1HNO; + 3HCI) was used as an etchant, whilst for grade
92 steel, Vilella’s (1 g picric acid and 5 mL HCl in 100 mL
ethanol) was used as an etchant. The weld zone and the but-
tered zone were electro-etched in oxalic acid 10% at 9 V.
The mechanical properties assessment was carried out using
tensile, hardness and impact testing. The tensile specimens
were machined as per ASTM E8M standards to evaluate
the tensile properties of the different zones at room tem-
perature [39] and at high temperature of 620 °C. The poor
steam oxidation resistance is the major drawback of grade 92
steel, limiting the operating temperature about 620—630 °C
[3, 40]. The specimen with standard dimensions is depicted
in Fig. 2b, c. The tensile testing was performed at a con-
stant displacement rate of 1 mm/min. For impact testing, the
Charpy specimen of dimension 55 mm X 10 mm X5 mm was
machined from the different zones as per ASTM E23 [41].
The samples with notch locations are displayed in Fig. 2e.
The hardness measurement across the welded joint was per-
formed at a load of 500 g, as per ASTM E384. The hardness

Buttering layer center

All Dimensions are in mm

plot covers the weld zone area, HAZs, buttered zone and
base metals.

3 Results and discussion
3.1 Base metals

Figure 3a—d illustrates the microstructures of the base
materials AISI 304L steel and grade 92 steel. The micro-
structure of grade 92 steel illustrated in Fig. 3a, c reveals
a tempered martensitic lath structure comprising of prior-
austenite grains (PAGs), boundaries (both lath and grain
boundaries), as well as coarse and fine precipitates distrib-
uted along the lath blocks and grain boundaries. The size of
PAGs was measured between 15 and 20 pm [42]. In grade
92 steel, the MX precipitates (ranging in size from 30 to
50 nm) and M,;C, phases (sized between 100 and 200 nm)
are reported as the major precipitates, primarily situated
along the boundaries and lath blocks, as depicted in Fig. 3c.
Energy-dispersive X-ray Spectroscopy (EDS) analysis of the

@ Springer
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Signal A = SE2

Service-Mode

3| Use Ca v Jet | HFW O mode
AM Standard 10.00kV 8.0 53.0mm ETD 414 pm 1000 x SE

Fig.3 Optical micrographs of a grade 92 steel and b AISI 304L steel; SEM images of ¢ grade 92 steel and d AISI 304L steel

grade 92 steel matrix indicates a major weight percentage
of 8.75% Cr, 1.92% W and 84.82% Fe. Furthermore, EDS
analysis of coarse white particles (see Fig. 3c) reveals major
concentrations of Cr (42.68%), Mo (2.81%) and W (3.45%),
implying the possible presence of a phase rich in Cr, Mo and
W, which could be the Cr, W and Mo enriched M,;C phase
[43]. A similar observation has also been made in previ-
ous study [34]. The microstructure of AISI 304L steel dis-
plays the existence of annealing twins and austenite grains
(Fig. 3b), with sizes falling within the range of 12—48 um.
Additionally, the presence of d ferrite is confirmed through
examination by both SEM and optical microscopy (Fig. 3b,
d). The EDS analysis of the AISI 304L steel matrix indicates
significant concentrations of Fe (64.27%), Cr (16.49%), and
Ni (8.73%).

3.2 Macrostructure and microstructure of welded
joint

Figure 4 shows the macrograph of the welded joints with the
buttering zone (BZ). Each zone of the weldments is demar-
cated, along with its respective width. The width of the
weld metal (WM) at the top, the centre and the right regions
measured 11.04 mm, 5.97 mm and 2.41 mm, respectively.

@ Springer

The average width of the buttering zone was recorded as
5.80 mm. Notably, the width of the grade 92 HAZ showed
variations from the top to the root, ranging between 1.41 mm
and 4.96 mm. It's important to mention that the distortion
angle remained below 3 degrees for precision. Further char-
acterization of each zone of the weldments was carried out
using optical, scanning electron microscopy (SEM), and
Energy-Dispersive X-ray Spectroscopy (EDS).

In Fig. 5a, b, the interface region between IN82 BZ and
grade 92 BM can be identified. This interface exhibits a
sharp region near the fusion line when compared to a non-
buttered sample as described in [28]. In the non-buttered
sample, the interface was predominantly characterized by
macrosegregation features, such as peninsulas, islands and
filler-deficient beaches [28]. However, the buttering process
has led to the formation of a sharp interface with minimal
macrosegregation, likely attributed to improved mixing of
BM and buttering filler along the fusion line. Another sig-
nificant observation at the interface is the elevated concen-
tration of ferrite patches in the grade 92 HAZ adjacent to
the fusion line. Previous research has indicated that dur-
ing buttering, Cr and Ni tend to diffuse from the IN§2 BZ
into the steel, whilst Fe migrates from the steel into the
buttering zone. Laha et al. have observed that an increased
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Fig.4 The macrograph of
the weldments produced with
ERNIiCr-3 (IN82) buttering
layer and ERNiCrCoMo-1
(IN617) filler metal "L 408

and Grade 92 steel

Fusion line*

5 ferrite

1100 pm |

Interface of IN82 butter layer

Interface of IN617 weld
and AISI 304L
2 i,

Interface of IN617 weld-IN82
bu EVE

Fig.5 Optical image of interface of a, b grade 92 BM and IN82 BZ, ¢, d IN§2 BZ and IN 617 WM, e, f IN617 WM and AISI 304L BM

concentration of Ni and Fe at the interface enhances resist-
ance to etching agents [44] which is also seen in Fig. 5a, b.
It's worth noting that epitaxial growth does not occur due to
significant disparities in chemical composition and crystal
structure between grade 92 steel and IN82 BZs. Further-
more, the presence of a Type II boundary [35], consistently
aligned parallel to the fusion line, is evident in Fig. 5(b),
although it appears discontinuous in some areas of the IN82
BZ, as depicted in Fig. 5a. Additionally, there are Type I
boundaries present in the microstructure of the IN§2 BZ,
resulting from columnar growth originating from the grade
92 BM into the grains (as shown in Fig. 5a) [4]. These Type

I boundaries are oriented nearly perpendicular to the fusion
line. Researchers have substantiated that both Type I and
Type II boundaries, primarily characterized by high-angle
boundaries, are susceptible to stress corrosion cracking
(SCC) [4, 45-47]. Surprisingly, discussions regarding their
presence in DW1J are rare. A consensus amongst researchers
leans towards the idea that Type II boundaries are linked
to 86—y phase transformations occurring in the base metal
during welding [45, 46]. In the microstructure of the IN82
BZ (Fig. 5a—c), the solidification grain boundary (SGB),
migrated grain boundary (MGB), and solidification sub-
grain boundary (SSGB) can be identified easily. Notably,
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there is an absence of a martensitic layer near the interface,
a phenomenon commonly observed in welded joints fabri-
cated without the application of a buttering zone [28]. The
formation of a martensitic layer at the interface between the
weld and the base metal is typically attributed to changes
in chemical composition, carbon diffusion and rapid cool-
ing rates. It's interesting to note that the diffusion of carbon
and other alloying elements seems to have no impact on the
microstructure and chemical composition of the IN82 BZ.
Figure 5c, d displays the interface between the buttering
zone of IN82 and the WM of IN617, and both regions are
distinguished in the optical image. Despite the similarities
in microstructure and melting points between the two fillers,
there is a remarkably slender dark region observed at the
interface. This phenomenon may be attributed to limited ele-
mental diffusion, which is influenced by variations in chem-
ical compositions. The interface between AISI 304L and
IN617 WM is illustrated in Fig. Se, f. At the interface, there
is a filler-deficient zone (FDZ) that manifests as a region
with a shortage of filler material, taking on the appearance
of beaches (Fig. 5f), islands and peninsulas (Fig. 5e) [48].
The FDZ composition consistently falls within the range
intermediate to that of the base metal and the filler metal
[49]. The typical AISI 304L HAZ comprises twins, auste-
nitic grains and ferrite, as depicted in Fig. 5f. Notably, the

Interface: Buttering layer and weld

Al Elements

s

ferrite density was observed to be higher in the HAZ adja-
cent to the fusion line, as shown in Fig. 5f.

In dissimilar welding, three distinct fusion line (FL)
microstructures were identified: sharp and narrow FL, tem-
pered martensitic microstructure region and wide PMZ
[25]. The predominant FL type microstructure, constitut-
ing roughly 80-85% of the sharp and narrow FL where the
microstructure transitioned from a BCC to an FCC structure
without a visibly distinctive transition zone. The ~ 15% of
the FL. microstructure consists of the tempered martensitic
microstructure region which looks dark and appears less dis-
tinct due to the lath-like microstructure. The least common
FL microstructure is wide PMZ, which was found only in a
few locations and occupied approximately 1-2% of the FL.

Figure 5 demonstrated mainly these three FL types cor-
related with varying levels of grain coarsening. The major
alloying element variations, as determined through SEM/
EDS analysis, at the fusion line and interfaces are illustrated
in Fig. 6. During the deposition of the buttering layer, the
INS82 filler becomes diluted with substrate grade 92 steel
which results in the formation of a very narrow partially
mixed zone (PMZ) at the fusion interface (Fig. 6a). At other
locations, a sharp and narrow FL is seen (Fig. 5a, b). The
variation in composition of grade 92 steel and IN82 BZ leads
to the composition gradient across the FL which is presented

!’ M
S A { Aol

i i i YR A il i Al VT Mt Rl R R il B Tl
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460
pm

Interface: Weld and AISI 304L

All Elements

Fig.6 Alloying element variations by SEM/EDS across a interface of grade 92 steel and BZ; b interface of BZ and WM, c¢ interface of WM and

AISI 304L steel
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in Fig. 6a. The EDS results, as depicted in Fig. 6a, provide
profiles of the primary alloying elements, including Fe, Ni,
Nb and Cr. Closer to the FL, there was a noticeable increase
in the Fe content, accompanied by a decrease in the Ni and
Cr contents. This change in elemental composition resulted
in the creation of a dilution zone, extending from the BZ
towards the FL. Variations in chemical composition within
the PMZ due to dilution can enhance hardenability through
the formation of martensite, influenced by the cooling rate
during solidification. The significant increase in Ni concen-
tration at the FL. markedly raises the probability of austenite
phase formation. Furthermore, any elevation in Ni content
leads to a lowering of the M (martensite start temperature),
thereby reducing the likelihood of martensite formation,
even when subjected to rapid cooling conditions. The equa-
tion is as follows [50]:

M,(°C) =540 — (497 x C+ 6.3 Xx Mn + 36.3 X Ni

+10.8 X Cr +46.6 X Mo) M

The occurrence of the martensitic zone is frequently
observed at the interface between steel and a Ni-based filler
weld in the DWJ produced without any buttering layer [23,
24]. This phenomenon may be attributed to the low Ni con-
tent at the fusion line, which is required to stop the forma-
tion of martensite. The other elements like C, Mn, Cr and
Mo also play an active role in the creation of martensite as
mentioned in Eq. (1). In the present work, width of the mar-
tensitic layer at interface of BZ and grade 92 BM was meas-
ured 4—4.5 um (Fig. 7). The line map across the martensitic
layer was captured at higher magnification and presented
in Fig. 7. This map reveals a similar pattern to what was
depicted in Fig. 6a, showing an increase in the concentration
of Fe and a decrease in the concentrations of Ni and Cr as
one moves from the BZ to the FL. Notably, an increase in
the concentration of C within this layer was also observed
(see Fig. 7). The increase in the Nb and Ti peaks within the
IN82 BZ (as depicted in Fig. 6a) could be attributed to the
presence of phases abundant in Nb and Ti, such as NbC and
TiC. Figure 6b shows the EDS map across the interface of
the IN82 BZ and the IN617 weld. There is also a composi-
tion gradient present at the interface between the BZ and
the WM, arising from the differences in the composition of
both fillers. However, the change in chemical composition
across the interface displays a fully linear profile for Cr and
an almost linear profile for Ni and Fe. Additionally, other
elements exhibiting changes in concentration are Mo, Co
and Nb. As you move from the BZ to the WM, the concen-
tration of Mo and Co increases, whilst the concentration of
Nb decreases. At the interface, there is an abrupt increase in
the intensity of the Ti peak, which serves as a confirmation
of the presence of TiC phases at the interface (Fig. 6b). The
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Fig.7 Line map across the martensitic layer formed at interface of
BZ and grade 92 BM

line map across the interface of IN617 WM and AISI 304L
BM is displayed in Fig. 6(c). As evident, there is a marked
reduction in Ni content along the interface, coupled with an
increase in Fe, whereas Cr content exhibits almost negligible
change. A sharp decrease in the concentration of the Mo and
Co is also observed as moves from WM to AISI 304L BM.

Figure 8 shows the microstructure of the IN§2 BZ and
IN617 WM. The distinctive development of columnar aus-
tenite grains, oriented perpendicular to the FL and aligned
with the heat transfer direction, is readily observable in
IN82 BZ. A similar type of growth is also confirmed from
the previous work of Hyt onen et al. [25] and Priya et al.
[5]. Figure 8a—c displays the presence of SGBs, SSGBs
and MGBs [34]. IN82 BZ near interface also confirms the
presence of the crack susceptible type II grain boundary
(Fig. 8a). The formation of these boundaries can be attrib-
uted to grain growth that occurred during the buttering pro-
cess. The interface of two layers of buttering is visible in
Fig. 8b. The grain size in the BZ is noticeably larger when
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Fig.8 BZ captured at different locations with different magnifica-
tions: a showing growth of dendrites near fusion line, b interface of
two layers of buttering (BL), ¢ centre of buttering zone demonstrat-

compared to the WM. An image of the IN82 BZ captured at
200 x magnification reveals the presence of boundaries and
the segregation of alloying elements along them (Fig. 8c).
The segregation of alloying elements in IN82 base metal
(BZ) primarily results in the formation of secondary phase
particles within the microstructure. These secondary phase
particles are reported to be complex Ti/Nb carbides.

The segregation of alloying elements in the IN82 BZ pri-
marily results in the formation of secondary phases within
the microstructure, which are reportedly complex Ti and Nb
carbides [32]. Figure 9 shows SEM/EDS analyses of sec-
ondary phases found within the microstructure of the IN82
buttering layer. The SEM image represents the boundaries
and dispersion of the secondary phase particles along SGBs
and inter-dendritic areas (Fig. 9a). In Fig. 9b, the particles
and specific points along the SGBs have been marked for
the EDS analysis. The EDS of cubic diamond-shaped parti-
cles (spectrum 3 and spectrum 4) provide confirmation that
these particles are enriched with Ti (12.1-17.8 wt.%) and
Nb (15.7 wt.%), suggesting that they are TiC/NbC carbides
[34]. The EDS analysis conducted at the SGBs reveals a
significant weight percentage of Cr, accounting for approxi-
mately 20.7 wt%. This high concentration of Cr can poten-
tially lead to the formation of the M,;C4 phase under certain
conditions. The weight % of Nb at SGBs was 1.5%. Interest-
ingly, considering the low C content in the IN82 buttering
layer, the presence of these TiC/NbC carbides implies that
C has diffused from the grade 92 BM towards the BZ. This
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SSGBs

ing various types of boundaries, including SSGBs, SGBs and MGBs;
d-f IN617 WM captured at different magnification showing dendritic
structure and boundaries

C diffusion not only leads to the formation of TiC/NbC car-
bides but also has the potential to give rise to other carbides
rich in Cr/Mo.

The IN617 WM primarily exhibits a dendritic micro-
structure, featuring both columnar and equiaxed dendrites,
as indicated in Fig. 8d. The detailed view is presented in
Fig. 8e, f. The dendrite core and the dendritic arm (primary
and secondary arm) are observed clearly from Fig. 7e, f.
The boundaries, including SGBs and SSGBs, have been
highlighted in Fig. 8d—f. In comparison to the IN82 BZ, the
IN617 WM exhibits a significantly lower number of MGBs
and it might be due to the higher density of alloying ele-
ments in IN617 WM. The spaces between the dendrites,
which contain the alloying elements, are depicted in Fig. 8f.
The phase morphology and their segregation along the inter-
dendritic spaces are displayed in the SEM image (Fig. 10a,
b). The greater concentration of secondary phases in the
IN617 weld, as compared to the IN82 BZ, is further substan-
tiated by observations in both Figs. 9 and 10.

Figure 10a displays the dendritic structure of IN617,
featuring a dendrite core surrounded by inter-dendritic
regions exhibiting the segregation of alloying elements
Cr and Mo. The region selected for the EDS study is
marked in Fig. 10b. The inter-dendritic region's precipi-
tates are confirmed to have an enrichment in Mo and Cr
by the EDS examination (spectrum 6: 24.4 wt.% Cr and
17.7 wt.% Mo, spectrum 7: 26.4 wt.% Cr and 26.0 wt.%
Mo). Furthermore, it is possible that these precipitates
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Fig. 9 a IN82 BZ showing core,
boundaries and tiny phases
dispersed along boundaries and
matrix, b showing boundaries
and precipitates marked for
EDS analysis confirming the
phases TiC and NbC (spectrum
3 and 4) and Cr, Fe and Ni pres-
ence at boundaries (spectrum 5)

EMT = 20004V
WD 8.9 mm

are composed of the Cr and Mo-rich phases M,;C4 and
M¢C. By successfully pinning the grain boundaries, the
M,;Cg phase of the IN617 weld contributes significantly
to high-temperature strengthening [27]. The presence of
large Mo-rich M¢C carbides and fine Cr-rich M,;C car-
bides specifically located at the inter-dendritic regions of
IN617 weld has also been reported in previous research
[27]. These findings are further supported by the results of
the EDS line scan (see Fig. 6¢), captured along the inter-
face of IN617 WM and IN82 BZ. The dendrite core shows
notable enrichment in Fe, Co and Ni, as indicated by the
data from Spectrum 8. The presence of the Ti(C, N) phase
has also been previously documented in other research
related to IN617 filler welds [37]. Zhnag et al. [51] also
observed the presence of Ti-rich precipitates with diam-
eters ranging from 2 to 3 pm in IN617 filler weld. In the
EDS analysis, the presence of a new phase known as the
titaniferous phase has been confirmed by Zhnag et al. [51].
This phase is known to form during welding processes
conducted at temperatures exceeding 973 K. The presence
of these carbides is likely to contribute to an increase in
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the microhardness of IN617 weld whilst simultaneously
leading to a decrease in impact toughness.

3.3 Mechanical properties of the welded joint

Figure 11 illustrates a hardness profile across the transverse
direction of the welded joints. The hardness ranges from a
minimum of 198 HV in the base metal of AISI 304L to a
maximum of 334 HV in the FGHAZ of grade 92. The aver-
age hardness for grade 92 and AISI 304L BMs was 239+2
HYV and 202 +2 HV, respectively. The hardness of the IN82
BZ measured at 221 +8 HV was found to be lower than
the IN617 WM, which exhibited a hardness of 276 +6 HV.
For similar IN82 buttering layer, the hardness of the BZ
was reported 219+ 15 HV in previous study of Dak et al.
[34]. Despite both the BZ and WM displaying an austenitic
microstructure, as shown in Fig. 12, their significant differ-
ence in hardness may be attributed to variations in alloying
elements and their precipitation behaviour. In the IN82 BZ,
the predominant precipitates were NbC and TiC, as observed
in Fig. 9. In contrast, the IN617 WM exhibited the presence
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Fig. 10 a IN617 WM showing
core, boundaries and carbide
phases dispersed along inter-
dendritic spaces, b showing
boundaries and precipitates
marked for EDS analysis
confirming the phases Mo-rich
M¢C carbides and fine Cr-rich
M,;Cq carbides (spectrum 6 and
7) and Ni, Fe and Co presence
at dendrite core (spectrum 8)
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Fig. 11 a Hardness plot along the weldments, b Various zone of weldments and their corresponding hardness values
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Fig. 12 HAZs formed along grade 92 side: a, d CGHAZ, b, e FGHAZ, ¢, f ICHAZ, g-i HAZ formed along AISI 304L steel side

of M»;Cy and MogC precipitates, as shown in Fig. 10. The
higher hardness observed in the IN617 WM can also be
attributed to the solid solution strengthening provided by
the presence of Mo and Co in the IN617 filler material. The
decreased hardness observed in the IN82 BZ compared to
the IN617 WM can also be attributed to a slightly lower
carbon content in the IN82 BZ. In the IN82 BZ, the hardness
varies between 203 and 232 HV, whilst in the IN617 WM,
it ranges from 263 to 289 HV. The variations in hardness
observed in both the IN82 BZ and IN617 WM can likely
be attributed to the cumulative heating effects of multi-pass
deposition during welding/buttering. Additionally, varia-
tions in chemical composition within the microstructure,
often resulting from the segregation of alloying elements,
may also contribute to these differences in hardness. In a
similar joint created using IN617 filler without the butter-
ing layer, the hardness was measured at 254 HV, which is
lower than the current hardness value of 276 +6 HV [52].
However, for the joint produced without the buttering layer,
using INS82 filler, the hardness was measured at 185 HV,

which is significantly lower than the current hardness value
of 276 + 6 HV for the joint with the buttering layer [28].
The hardness at the interface between the IN617 WM and
the IN82 BZ (IF2) measured at 262 HV falls between the
average hardness values observed for the IN82 BZ and the
IN617 WM. This phenomenon is likely a result of elemental
variations and the diffusion of elements at the interface, as
observed in Fig. 6b. In the non-buttered sample, the hard-
ness distribution reveals spikes on the grade 92 side, with a
peak hardness reaching 445 HV in the CGHAZ [28]. This
increase in hardness was attributed to the formation of
untempered martensite. The presence of the buttering layer
effectively eliminates the hardness spikes near the interface
on the grade 92 side, as given in Fig. 11a. After applying
the buttering layer, the hardness in the grade 92 CGHAZ
was measured at 289 HV (Fig. 11b), indicating a reduction
of 156 HV compared to the previous hardness level. This
reduction in hardness occurred due to the elimination of
the untempered martensitic layer. The multi-pass buttering
layer deposition introduced tempering reactions, which led
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to a decrease in dislocation density and the tempering of
the martensite in the grade 92 CGHAZ. Figure 12a, d also
confirms the presence of the partially tempered martensite
in grade 92 CGHAZ. The hardness of the grade 92 FGHAZ
in the non-buttered sample was measured at 362 HV [28],
which is nearly similar to the current hardness value of
310+4 HV. The hardness of FGHAZ is attributed to the
presence of untempered martensite with partially dissolved
carbide precipitates. The optical and SEM image of FGHAZ
is displayed in Fig. 12b, e. In both the non-buttered and
buttered welded joints, the lower hardness in the grade 92
HAZs was measured in the ICHAZ with values of 217 HV
[28] and 227 HV, respectively. The poor hardness could be
due to the formation of soft ferrite (austenite transform prod-
uct) and the coarsening of the carbide particles [53]. The
micrographs of the grade 92 ICHAZ showed the presence
of over-tempered martensite (Fig. 12f) and coarse carbide
precipitates (Fig. 12c). The hardness of the interface of IN82
BZ and grade 92 BM (IF1) was 242 HV which was lower
than the IN82 BZ and close to grade 92 BM (23942 HV).
The hardness of the AISI 304L HAZ was 211 +£2 HV which
was close to the hardness of AISI 304L BM (202 +2 HV).
The slight increase in hardness of AISI 304L HAZ compared
to BM might be attributed to the higher density of ferrite
in the AISI 304L HAZ, as observed in the microstructure
(Fig. 12g—i). At interface of AISI 304L steel and IN617 weld
metal (IF3), hardness was recorded 212 HV. The SEM image
of the AISI 304L HAZ also reveals the presence of carbide
particles located near the twin boundaries (Fig. 81i).

The impact test outcomes for the welded joints are illus-
trated in Fig. 13. The test specimen before and after fracture
is illustrated in Fig. 13a. The impact toughness of the BZ
was determined to be approximately 72 +4 J, whilst the WM
exhibited an impact toughness of approximately 103 +5 J.
The WM was formed using the IN617 filler, and it was
expected to exhibit inferior impact toughness compared to
the BZ, which was formed using the INS82 filler. This expec-
tation was based on the higher alloying elements present
in the IN617 filler, which are known to have a greater ten-
dency for segregation. The grade 92 HAZ exhibits an untem-
pered martensitic microstructure, as shown in Fig. 12a, and
this microstructure results in a lower impact toughness of
approximately 84 +4 J. The AISI 304L HAZ exhibited the
impact toughness of 132 +2 J. The specimen of grade 92
HAZ and BZ showed the complete fracture into two halves
during the impact testing. The specimen failed after impact
testing was characterized sing the FESEM and displayed in
Fig. 13b—e. The fractured surface of weld specimen revealed
the major presence of brittle area and shallow dimples in
few regions (Fig. 13b). Additionally, EDS analysis (E1) con-
firmed the presence of secondary phases characterized by
high Cr and Mo content. In the fractured specimen of BZ,
a significant portion was found to comprise brittle areas, as
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Fig. 13 a Specimen before and after fracture; SEM image of impact
fractured surface along with EDS b WM, ¢ buttering zone, d AISI
304L HAZ, e grade 92 HAZ

depicted in Fig. 13c. The extent of brittle areas observed in
the BZ was greater than that in the WM. The EDS analysis
revealed a predominant concentration of Ni and Fe (E2),
with the elevated weight percentage of Fe potentially attrib-
uted to the propagation of cracks from the BZ to the grade 92
HAZ. The fractured specimen of AISI 304L HAZ exhibits a
distinctive pattern of shear dimples alongside brittle areas.
Notably, the dimple density in the HAZ is observed to be
greater than that in both the WM and the BZ (Fig. 13d). The
EDS analysis of the particle observed at the fracture surface
indicated a significant concentration Ni and Cr (E3). This
suggests that the particle may be the Cr-rich M,,C¢ phase.
The sample tested in the grade 92 HAZ exhibited a duc-
tile fracture mode, characterized by a higher density of fine
dimples with only a few brittle regions present (Fig. 13e).
However appearance of the fracture surface does not support
the impact test results. The secondary phases observed on



Archives of Civil and Mechanical Engineering (2024) 24:109

Page 150f20 109

o CALSI3oAI }

After Test

600+

500+

400+

300+

Stress (MPa)

2004

——  WC_RT

100 _ BZ _RT

(=]

v T M 1 M ) M 1 1
20 25 30 35 40
Strain (%)

8001 758
7007
6001
5001
400+

3004

Tensile properties

2004

1004

.....................

Weld Centre

B
Centre

Fig. 14 a Specimen before and after fracture, b variation in tensile properties of welded joint including base metals [35-37], ¢ stress—strain plot

of welded joint

the fracture surface have been confirmed as carbides rich in
Cr, W and Mo of the M,;Cq type (E4).

Figure 14a illustrates the macrograph of the specimens
both before and after fracturing. The specimens used for
testing the WM are referred to as WC_RT, whilst the one
for the buttering zone is denoted as BZ_RT. The test results
are presented in Fig. 14b, which also includes the prop-
erties of the base metals. Additionally, Fig. 14c provides
the stress—strain plot for the welded specimen. The test
results revealed specimen failure originating from the but-
tering zone (BZ) (Fig. 14a) for both WC_RT and BZ_RT,
with an ultimate tensile strength (S,,) of 607 +2 MPa and
592 +2 MPa, respectively. The S, of WC_RT and BZ_RT
was found to be lower than that of the base metals (AISI
304L: 632 +6 MPa and grade 92: 758 +4 MPa) (Fig. 14b).
In a prior study conducted by Dak et al. [28], they reported
that the S, of a welded joint with a similar grade 92/AISI
304L joint, produced using the INS82 filler without a butter-
ing layer, was 610 MPa. However, the fracture location was
identified within the IN82 WM. In a separate study involv-
ing a similar joint configuration with IN82 buttering and
IN82 WM, the S, for WC_RT was measured at 612 MPa,
which closely aligns with the current S, value. However, for

similar joints, the S, of BZ_RT was reported as 628 MPa,
which was higher than the S, observed in the current study.
The reason for failure from the IN82 BZ instead of the
IN617 WM could be attributed to the higher hardness of the
IN617 WM compared to the IN82 WM, as indicated by the
hardness plot. The minimum S, requirement for the IN82
filler has been reported at 600 MPa in one study [32], whilst
in another research work, it was reported as 586 MPa [35].
Therefore, the welded joint obtained with the INS2 butter-
ing layer meets the minimum S, criteria required for USC
boiler applications, as it exceeds the reported minimum S
values of 600 MPa and 586 MPa for the INS2 filler from
different research sources. Another noteworthy observa-
tion following the application of the buttering layer was the
shift in the fracture location, accompanied by a substantial
increase in the % elongation. Previously, it was situated
within the IN82 WM with a % elongation of 19% [28], but
in this study, the fracture point shifted to the IN82 BZ with
a % elongation of 35+2%. The deformation in BZ is also
confirmed by the macrograph displayed in Fig. 14a. The test
specimen BZ_RT exhibits a decrease in S, of 15 MPa and a
decrease in % elongation of 8% when compared to WC_RT.
The yield strength (Sy[) was measured at 257 +4 MPa for
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Fig. 15 Fracture surface reveal-
ing the dimples and voids in
FESEM image for (a, b) WC_
RT, (¢, d) BC_RT along with
EDS of the particles present at
the fracture surface
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WC_RT and 338 +4 MPa for BZ_RT, respectively. These
values were higher than the S, of the AISI 304L BM but
lower than that of the grade 92 BM, as shown in Fig. 14b.
The fractured specimen underwent a FESEM study, and the
resulting image is presented in Fig. 15. The fractography
analysis of both WC_RT and BC_RT samples indicates a
mixed mode of failure, characterized by a combination of
brittle features (cleavage area) and ductile features (dimples
and voids). However, dimples and voids are the predominant
features on the fracture surfaces of both WC_RT (Fig. 15a,
b) and BC_RT (Fig. 15¢, d). Notably, the fracture surface of
BC_RT exhibits a lower density of shallow dimples com-
pared to WC_RT. A higher density of dimples is indicative
of a ductile-dominated fracture mechanism. In both sam-
ples, the failure occurred in the buttering layer, which is
confirmed by the EDS results (EDS 1, EDS 2 and EDS 3)
revealing the presence of NbC/TiC particles at the fracture
surface (Fig. 15).

The specimens subjected to high-temperature testing
are referred to as WC_HT (representing the WM in the
centre of the gauge length) and BZ_HT (indicating the
buttering zone in the centre of the gauge length). The mac-
rograph of the tensile specimen is displayed in Fig. 16a.
The test was performed at 620 °C. Both specimens,
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namely WC_HT and BZ_HT, exhibited plastic deforma-
tion, as evidenced by necking occurring at the fracture
point before the ultimate fracture occurred (Fig. 16b).
The stress—strain plot and the variation in tensile prop-
erties are illustrated in Fig. 16c, d, respectively. The S,
was determined to be 284 MPa for WC_HT and 290 MPa
for BZ_HT, respectively. The fracture location, initially
located in the IN82 BZ region during room temperature
testing, shifted to the AISI 304L BM region during high-
temperature testing (Fig. 16b). The yield strength (S,,) was
165 MP and 155 MPa for WC_HT and BZ_HT, respec-
tively. The % elongation and % reduction in area were
found to be the same in both cases. The top view of the
fracture surface is depicted in Fig. 16d, and this surface
was further analysed using SEM/EDS. Images of this anal-
ysis are presented in Fig. 16e, f. The macrograph of the
fractured surface (Fig. 16a) reveals evidence of necking
prior to fracture, whilst the top view of the fracture surface
(Fig. 16d) confirmed its brittleness. The fracture surface
exhibited both ductile (dimples and microvoids) and brittle
area (Fig. 16e, f) and confirmed the mixed mode domi-
nated fracture. The formation of these profound dimples
results from the nucleation, growth and gradual merging
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Fig. 16 a Macrograph of the
tensile specimen tested at high
temperature before and after
fracture, b stress—strain plot,

¢ variation in tensile proper-
ties, d top view of the fractured
surface; SEM image of the
fracture surface and their EDS,
e WC_HT, f BZ_HT
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of vacancies within an atomic lattice subjected to stress,
signifying increased ductility in the sample. The average
diameter at the fracture tip measured 2.93 mm for WC_HT
and 2.77 mm for BZ_HT. The presence of inclusions on
the fracture surface is also apparent in Fig. 16e, f. The
EDS analysis (E1 and E2) confirms the presence of MnS
inclusions. These inclusions serve as localized sites for
the initiation of micro-cavities. The inclusion are observed
besides the deeper dimples. In the vicinity of the inclu-
sions, the development of cracks in neighbouring planes
is expedited, leading to the formation of deeper dimples
when compared to other areas. The deeper dimples are
seen higher in number for BZ_HT (Fig. 16f). A higher
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density of ductile dimples and voids is observed in WC_
HT compared to BZ_HT.

4 Conclusions

The paper presents the effect of the IN82 buttering layer on
the mechanical and microstructural behaviour of the dis-
similar welded joint of grade 92 steel and AISI 304L steel,
produced using a multi-pass GTAW process by employing
the IN617 filler. The main research findings are mentioned
below:
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1. The macrograph analysis of the weldments unveiled a
noticeable heat-affected zone (HAZ) on the grade 92
steel side, with a width ranging from 1.40 to 4.96 mm.
The width of the buttering layer was measured within
the range of 5.63 to 6.16 mm.

2. The buttering zone adjacent to the fusion line of grade
92 steel displayed a columnar dendritic microstructure
characterized by the presence of both type I and type
II boundaries. In this region, grade 92 steel exhibited
a higher concentration of the softer 8 ferrite. However,
when examining the SEM image, a narrow unmixed
zone was observed, along with a martensitic layer with
a width measuring between 4 and 4.5 um. A notable
area with a filler-deficient zone, characterized by an
unmixed zone, islands and peninsulas, was detected near
the fusion line on the AISI 304L steel side.

3. The line map analysis across the martensitic layer
revealed a notable increase in carbon concentration,
confirming the diffusion of carbon. Furthermore, as one
moved from the buttering zone towards the fusion line,
an increase in Fe concentration and a decrease in Ni
and Cr concentration were also confirmed. At the inter-
face between the IN82 BZ and the IN617 weld metal,
there was a major concentration gradient for Fe, Ni and
Nb, accompanied by the segregation of Ti and Nb-rich
phases. The interface between the IN617 weld metal and
the AISI 304L BM displayed a distinct concentration
gradient for Ni and Fe.

4. Both IN82 BZ and IN617 weld metal exhibited the den-
dritic microstructure having distinct grain boundaries
including SGBs, SSGBs and MGBs. However, the IN82
buttering zone had a greater number of MGBs in com-
parison to the IN617 weld metal. This difference could
be attributed to the higher concentration of alloying
elements in the IN617 weld metal, particularly along
the inter-dendritic areas. The SEM/EDS study unveiled
that the primary concentration of the NbC/TiC phases
was observed in the IN82 BZ, whilst the IN617 weld
metal showed the presence of Cr and Mo-rich M,;Cy and
Mo,C phases. The density of the carbide phases was also
noticed higher in IN617 weld metal than in INS2 BZ.

5. Buttering of grade 92 steel side limited the maximum
hardness of the HAZ to 334 HV (in the FGHAZ). The
greater density of alloying elements within the inter-den-
dritic regions and throughout the matrix of the IN617
weld metal resulted in a higher hardness measurement
for the IN617 weld metal, which was 276 HV, compared
to the IN82 buttering zone, which had a hardness of 221
HV.

6. The ultimate tensile strength (S,,) of WC_RT and BZ_
RT was determined to be 607 +2 MPa and 592 +2 MPa,
respectively. These values are close to the minimum
required value of 600 MPa. The introduction of the

@ Springer

buttering layer led to a significant increase in ductility
(35 +2%) without compromising the S,,. It can be con-
cluded that the joint is safe for application in USC boil-
ers. The Sut for high-temperature tensile tested specimen
was found to be 284 MPa for WC_HT and 290 MPa for
BZ_HT, respectively with a fracture location in AISI
304L BM.

7. The results of the impact test confirmed the qualification
of the weldments for use USC boiler applications. The
impact toughness of the WM and BZ were 103+ 5 J and
72 +4 ], respectively.
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