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Abstract: Overlay-welding of IN52M and IN52MSS onto CF8A stainless steel (SS) was conducted by
a gas tungsten arc welding process in multiple passes. An electron probe micro-analyzer (EPMA)
was applied to determine the distributions and chemical compositions of the grain boundary
microconstituents, and the structures were identified by electron backscatter diffraction (EBSD).
The hot cracking of the overlay welds was related to the microconstituents at the interdendritic
boundaries. The formation of y-intermetallic (Ni3(Nb,Mo)) eutectics was responsible predominantly
for the hot cracking of the 52M and 52MSS overlays. The greater Nb and Mo contents in the 52MSS
overlay enhanced the formation of coarser microconstituents in greater amounts at the interdendritic
boundaries. Thus, the hot cracking sensitivity of the 52MSS overlay was higher than that of the 52M
overlay. Moreover, migrated grain boundaries were observed in the 52M and 52MSS overlays but did
not induce ductility dip cracking (DDC) in this study.

Keywords: IN52M; IN52MSS; weld overlay; hot cracking; ductility dip cracking; CF8A stainless steel

1. Introduction

Stress corrosion cracking (SCC) is a major concern in high temperature water environments, which
are commonly found in water reactors and piping systems in nuclear power plants [1-4]. IN82/182
butt joints are used extensively for the joining of dissimilar welds, which have been found to suffer
from SCC in nuclear power plants [1-4]. An alternative to applying a weld overlay onto the damaged
components is performed instead of replacement [5]. IN52, 52M, and 152 alloys are widely used as
the filler metals for the overlay-welding of different components to alleviate SCC damage in those
dissimilar welds [6,7]. Induced compressive residual stress in the inner surface of the pipes is helpful
to lower the SCC sensitivity after overlay-welding [8,9].

Itis known that the Ni-based alloys are prone to hot cracking during welding [10-15]. The formation
of low temperature liquid films and eutectic constituents at the solidified boundaries accounts for
the occurrence of hot cracking of the Ni-based alloys [16,17]. It is reported that, among the distinct
zones in a 52M overlay weld, the weld interface has the highest cracking tendency [18]. The hot
cracking susceptibility of 52M overlay welds is strongly affected by contamination of impurity elements
from the substrate during welding [19-22]. Decreasing the dilution rate of a dissimilar weld will be
an effective way to mitigate hot cracking of 52M overlays [19,20]. In practical application, depositing
proper buffer layers before a 52M overlay is applied decreases the number of hot cracks in the
welds [21,22]. It is reported that for reducing hot crack sensitivity, a 3075i buffer layer is marginally
better than a 308L one [23]. The enrichment of Nb at the interdendritic boundaries favors liquation
cracking of 52M overlays [24]. Moreover, an increase in Nb and Mo contents increases the size and
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amount of interdendritic phases [25]. Coarse (Nb,Ti)C precipitates in 52M overlays will enhance the
formation of Laves phases and increase their size [25,26], leading to increased hot crack sensitivity of
the overlay welds.

Besides the occurrence of hot cracking, Ni-based deposits for repair-welding of nuclear reactor
components can be susceptible to ductility dip cracking (DDC) [27-29]. DDC in a Ni-based alloy weld
mainly occurs in the reheated weld at elevated temperatures, and it is related to grain boundary (GB)
sliding, impurity segregation at GBs, and intergranular precipitation [30]. GB sliding is responsible for
the DDC of 52M deposits in strain-to-fracture tests [31]. Moreover, ductility dip cracks are initiated
due to the combined effects of the strain concentration on the concave side of the grain boundary, the
orientation of the GB to the loading direction, and GB disorientation [32]. In a prior study, IN52 alloy
is reported to be more susceptible to DDC than IN82 alloy [33]. Adding Nb and Ti into IN52 alloy can
reduce its DDC susceptibility due to the precipitation of NbC and TiC at the GBs [30]. It was reported
that the DDC of a 52MSS weld, which was modified from 52M by adding 2.5% Nb and 3.0% Mo, can be
alleviated even after multi-pass welding [34,35].

In this study, IN52M and IN52MSS fillers were employed to perform overlay-welding on CFS8A
SS substrate. The microstructures and chemical compositions of the microconstituents at the solidified
boundaries of the overlay welds were investigated. The hot cracking tendency and DDC of 52M and
52MSS overlays were evaluated by inspecting the interior microfissures carefully. Grain boundary
micro-constituents were analyzed by electron backscatter diffraction (EBSD) to identify the complex
phases. Furthermore, the relationships between microstructural features and the cracking tendencies
of the overlay welds were correlated with those interdendritic precipitates.

2. Materials and Experimental Procedures

CF8A, a centrifugal cast austenitic stainless steel (CASS), was machined into plate form with
dimensions of 100 mm L X 90 mm W X 30 mm T as the substrate for overlay-welding. Gas tungsten-arc
welding process in multi-passes was applied for the overlay-welding. In general, a SS buffer layer
was deposited before the nickel-based filler metal was applied onto the CF8A substrate. In this study,
ER (Electrode Rod) 308L filler of 1.2 mm diameter was deposited onto the CF8A substrate as the
buffer layer. Alloy 52M and 52MSS fillers of 0.9 mm diameter were deposited either directly onto
the CF8A substrate or onto the 308L buffer layer. The chemical compositions of the CF8A substrate,
ER308L, 52M, and 52MSS fillers used in this work are listed in Table 1. The welding parameters used
in this study were welding current of 185 amperes, welding voltage of 19.5 volts, and travel speed of
125 mm/min. The filler-feeding speed was changed to alter the deposition rate or effective heat input
of the overlay-welding.

Table 1. The chemical compositions (in wt.%) of the materials used in this work.

Elements
Materials 3 . .
C Cr Ni Fe Mn Nb Mo Ti Si P S Nb + Ta
CF8A 0.05 183 82 Bal. 130 - - - 0.50 0.020 0.0060 -
308L 0.01 200 100 Bal. 1.70 - 0.10 - 040 0.020 0.0100 -
52M 0.02 297 Bal. 88 070 08 0.05 017 011 0.002 0.0005 0.14

52MSS 0.023 295 Bal. 88 031 25 350 018 011 0.004 0.0005 0.01

After the overlay-welding, the samples were sliced from the welds with an electro-discharged wire
cutter in the direction either parallel or normal to the top weld surface. The cut samples were subjected
to metallographic preparations for further examinations. Figure 1 is a schematic diagram showing the
investigated samples sectioned from the overlays for inspecting the internal cracks. Hot cracks were
more likely to be observed on the top weld surface, thus the top surface of sample 1 was examined to
find evidence of hot cracks. By contrast, the DDC could be observed in the overlay, which was the
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heat-affected zone (HAZ) of the subsequent passes. After sectioning samples from the overlay weld,
the upper surface of sample 2 was subjected to metallographic preparations for DDC observations.
Figure 5¢,d as well as Figure 6 were the results taken from sample 1. Moreover, sample 2 was used to
examine the DDC in the overlay welds, shown in Figure 5e f.

Figure 1. Schematic diagrams showing (a) macroscopic view of overlay weld, (b) the sample 1 for hot
cracking and sample 2 for ductility dip cracking (DDC) examinations.

The microstructures of various specimens were observed with an optical microscope (OM) and
a scanning electron microscope (SEM). A Mitutoyo MVK-G1500 microhardness tester (Mitutoyo,
Kawasaki, Japan) was applied with a load of 300 gf for 15 sec to measure the hardness of different
samples. Differential scanning calorimetry (DSC) was applied to measure the liquidus and solidus
temperatures of the investigated samples. The chemical compositions of the various phases at the
interdendritic boundaries were determined by using either an X-Max\ energy-dispersive spectrometer
(EDS, Oxford Instruments, Abingdon, UK) or a JXA-8200 electron probe micro-analyzer (EPMA, JEOL,
Tokyo, Japan) equipped with the SEM. Moreover, a field emission SEM equipped with a detector of
NordlysMax? EBSD (Oxford Instruments, Abingdon, UK) was used to identify the structure of those
microconstituents present at the interdendritic boundaries.

3. Results and Discussion

3.1. Macro-Appearance of Overlay Welds

Figure 2 shows the macro-appearance of overlay welds viewed from the top weld surface.
With proper overlap of the weld beads, the overall surface of the overlay welds was quite smooth.
Figure 2a,b show the surface morphologies of overlay welds deposited by using 52M and 52MSS fillers
directly onto the CF8A substrate. The results indicated that hot cracks were more likely to be seen in
the ending craters, especially those of the 52MSS welds. Occasionally, short fine cracks could be found
in the 52MSS overlays after metallographic preparations. It was deduced that the ending craters that
were concave in shape naturally had low resistance to shrinkage stress, resulting in high hot crack
sensitivity. To prevent contamination with harmful elements from the CF8A substrate, 308L filler
was deposited first onto the CF8A substrate as the buffer layer, followed by applying Ni-based fillers
on the buffer layer. As reported in prior studies, introducing a buffer layer can lower the hot crack
susceptibility of overlay welds effectively [18-22]. Figure 2c,d show the surface morphologies of 52M
and 52MSS overlays with the 308L buffer layer. With an extra supply of filler metal during the final
stage of welding, the concavity of the ending crater was alleviated. The smoother crater profile in the
overlay weld was also beneficial in lowering the hot cracking tendency. In fact, only a few surface
cracks appeared in the craters of the 52MSS overlay weld. As compared with the overlay welds without
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a buffer layer, the decreased dilution from the CF8A substrate inevitably improved the resistance to
hot cracking of the overlay welds.

Welding direction ¥

Figure 2. Macro-appearance of overlay welds: (a) 52M, (b) 52MSS without buffer layer; (c) 52M,
(d) 52MSS with buffer layer in the as-deposited condition.

Typical cross-sections of the overlay welds are shown in Figure 3. Figure 3a shows the 52M overlay
directly deposited on the CF8A substrate. When the feeding speed of 52M filler was 1500 mm/min,
a ripple formed at the bottom of the overlays indicated the dissolution of the CF8A substrate into the
52M overlays during overlay-welding. A cross-section of the weld with a 308L buffer layer applied
prior to the Ni-based fillers is displayed in Figure 3b. The buffer layer was applied at a filler-feeding
speed of 1050 mm/min. Although the overall thickness of the buffer layer was not less than 2 mm,
a fluctuation in the thickness of buffer layer at specific sites occurred. A thin buffer layer was associated
with the risk of high dilution of the substrate during the subsequent deposition of Ni-based fillers.
A macro-view of the overlay weld with the 308L feeding speed increased to 1250 mm/min and two
layers applied onto the CF8A substrate before the Ni-based overlay was deposited is shown in Figure 3c.
Due to the thicker buffer layer, the contamination of the Ni-based overlay by the CF8A substrate
was effectively prevented. Moreover, increasing the 52M feeding speed to 1900 mm/min was also
accompanied by a decrease in the observable surface cracks of the overlay, especially at the ending
craters of the weld (Figure 3d).

3.2. Microstructural Observations

Figure 4 presents metallographs showing the microstructures of the overlay welds. The CFSA
substrate consisted of about 8% ferrite, which was in the form of coarse skeleton ¢ ferrite dispersedinay
matrix. The microhardnesses of the CF8A substrate, 52M, and 52MSS overlays were about HV (Vickers
hardness number) 155, 160, and 175, respectively. The hardness of 52MSS overlay was higher than that
of the 52M overlay. The CF8A substrate was softer than the weld overlays. The higher hardness of the
52MSS overlay exhibited greater tensile strength than that of the 52M [25]. When Ni-based fillers were
deposited directly on the CF8A substrate, cracks initiated from the interfacial region, regardless of the
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different fillers (Figure 4a,b). As mentioned previously, only a few surface cracks were observed in the
ending craters of 52MSS overlay welds if a buffer layer was applied. In addition, top surface cracks
were seldom found in the 52M overlay, even without a buffer layer. In the crater regions, the cracks
also tended to grow from the Ni-filler/308L interface into the Ni-based overlays if a buffer layer was
applied (Figure 4c,d). Thus, the internal cracks in the overlay, which were embedded below the top
weld surface, would likely extend to the surface during long-term service.

S2VI S52M

Figure 3. Typical cross-sections of the overlay welds: (a) 52M without buffer layer, (b) 52M with single
buffer layer, (c) 52M with double buffer layer, (d) thicker 52M with double buffer layer.
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Figure 4. Optical metallographs of distinct overlay welds: (a) 52M, (b) 52MSS without buffer layer;
(c) 52M, (d) 52MSS with buffer layer.
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Figure 5 presents photographs showing the detailed microstructures of the various overlay
specimens. The optical microstructures of the 52M and 52MSS overlays were very similar, in that
they were comprised of cellular dendrites with very fine precipitates distributed along the solidified
boundaries (Figure 5a,b). SEM micrographs revealed that the cellular dendrite boundaries consisted of
irregular fine precipitates and even some lamellar white phases (Figure 5¢,d). As reported in prior
studies, the white phases at the interdendritic boundaries were found to be rich in Ti, Nb, and Mo
elements [25]. In addition, the grain boundary precipitates in the 52MSS overlay were more numerous
and larger than those in the 52M overlay. It was noticed that those white phases in the 52M overlay were
more likely in long island-like forms, and some aggregated into irregular morphologies (Figure 5c).
By contrast, chain island-like precipitates were found to decorate the solidified boundaries of the
52MSS overlay (Figure 5d). In addition, coarse white phases were in the Chinese embroidery form,
which could be related to the eutectic constituents formed during the final stage of solidification.
Undoubtedly, the causes of hot cracking of the weld overlays could be associated with those white
phases or precipitates at the interdendritic boundaries. As shown in Figure 1b, the top surface of
sample 2 was inspected to find DDC. Grain boundary migration in the overlays did occur, as shown
in Figure 5e,f. The migrated boundaries in the 52MSS overlay were more tortuous than those in
the 52M overlay. The larger number of precipitates at the boundaries of the former than at those
of the latter could retard or drag the motion of grain boundaries, resulting in the more tortuous
migrated boundaries. After the samples were polished, those migrated boundaries were not observed.
With careful section of the sample in the direction parallel to the welding direction, DDC did not occur
in either sample under the welding conditions of this study.

Figure 5. (a,b) Optical micrographs showing the solidified microstructures of 52M overlay oriented
parallel or normal to growth direction; (c,d) SEM micrographs of 52M and 52MSS overlays showing the
grain boundary microconstituents; (e,f) SEM micrographs of migrated grain boundaries (indicated by
the arrows) in the 52M and 52MSS overlays.
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3.3. Microstructural Identifications

The fracture features of the internal cracks were investigated to distinguish hot cracking from DDC.
The cracks embedded in the overlay were examined after metallographic preparations. Figure 6 shows
the internal cracks present in the Ni-based overlays. Inevitably, the internal cracks propagated along
the white phases in the 52M (Figure 6a) and 52MSS (Figure 6b). The detailed microstructures at the
grain boundaries were chain-island in form and had a lamellar structure (Figure 6¢). The appearance of
partially open cracks showed that the cracked surface was comprised of numerous droplets decorated
with fine precipitates in the 52MSS overlay (Figure 6d). Those precipitates in Figure 6d had nearly the
same features as those in Figure 6¢. Such findings confirmed that predominant solidification cracking
occurred in the Ni-based overlays, particularly in 52MSS. Moreover, the backscattered electron (BSE)
image showed that those white precipitates were likely associated with the segregation of heavy
alloy elements to the solidified boundaries. Therefore, it was deduced that the lamellar structure
on the cracked surface could be related to the eutectic constituents formed during the final stage
of solidification.

Figure 6. Backscattered electron (BSE) images showing the internal cracks in the (a) 52M, (b) 52MSS,
(c) microconstituents in the 52MSS, (d) microconstituents deposited on the cracked 52MSS overlays.

After metallographic preparations, the morphologies of the solidification products were inspected
by SEM in BSE image, and the chemical compositions of the white phases in the 52MSS overlay were
determined by EPMA. The BSE image and EPMA elemental maps of the white phases in chain islands
ahead of the internal cracks in the 52MSS overlay are displayed in Figure 7. The white phases in
lamellar form at the grain boundary (Figure 7a) were expected to be eutectic micro-constituents that
formed during the final solidification stage of the welding. According to the BSE image contrast
(Figure 7a), heavy elements should co-segregate and participate into the final solidification products.
According to the composition of the 52MSS filler, the EPMA elemental maps (Figure 7b) indicated
that the eutectic colony was lean in C, Cr, Ni, and Fe elements, but rich in Nb and Mo. Those fine
precipitates around the major solidification products also showed the same distributions of alloy
elements as the coarse ones. The lamellar white phases were low in C content; thus, they likely were
unrelated to the eutectic constituents of the y-MC (metal carbides) solidification products.
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Figure 7. (a) BSE image, (b) electron probe micro-analyzer (EPMA) elemental maps of grain boundary
precipitates formed ahead of the crack front in the 52MSS overlay.

The phase constituents of the solidified products at the grain boundaries were identified by EBSD
phase mapping, and their compositions were further checked by EPMA, as shown in Figure 8. The EBSD
phase map (Figure 8a) confirmed that the lamellar white phases were predominantly (Niz(Nb,Mo))
mixed with very few (Nig(Nb,Mo)y) intermetallics. The EPMA elemental maps (Figure 8b) indicated that
the eutectic colonies were rich in Nb and Mo but lacked Ni, Fe, Cr, and C. Moreover, MC (metal carbides)
were found occasionally as isolated particles but not in the lamellar structure in the overlays. Therefore,
v-Niz(Nb,Mo) intermetallics were the major phases that formed at the grain boundaries during the
final solidification stage, which were also responsible for the hot cracking of the overlay welds. Despite
their difference in morphology, the grain boundary precipitates in the lamellar form had similar phase
constituents. Therefore, it was deduced that the y-Niz(Nb,Mo) eutectics were the major causes of the
hot cracking of 52M and 52MSS overlay welds.
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Figure 8. (a) Electron backscatter diffraction (EBSD) phase map, (b) EPMA elemental maps of solidification
products in the 52MSS overlay.

3.4. Hot Crack Features

SEM fractographs in BSE image of opened microcracks in 52MSS craters and the associated
EPMA elemental maps are displayed in Figure 9. After the microcracks were opened, the fractured
surface displayed typical columnar features decorated with some terminal solidification products
(Figure 9a,b). The coverings on the cracked surface had different morphologies including chain-island,
leaf-like, and aligned particles. The separations between cellular dendrites were closely associated
with solidification products in the overlay welds. Those terminal solidification products were more
likely in lamellar structures, as shown in Figure 9b. The chemical compositions and the elemental
distributions of those coverings were determined by EPMA and shown in Figure 9c. The EPMA
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elemental maps showed that those interdendritic precipitates had low Ni, Fe, and Cr contents but
were rich in Nb. It was obvious that those lamellar precipitates did not consist of high C content.
According to the EBSD analysis, it was deduced that the segregation of Nb to dendrite boundaries of the
overlay weld assisted the formation of Ni3Nb intermetallics. Therefore, the formation of y-Ni3z(Nb,Mo)
liquid film at the grain boundaries was responsible for the hot cracking of IN52M and 52MSS overlay
welds, particularly for the 52MSS. The C map (Figure 9c) revealed the evidence of segregation of C to
interdendritic boundaries. Some NbC particles and fine carbide particles were found on the fracture
surface (Figure 9b). It seemed that y-MC eutectics did not dominate the hot cracking of the Ni-base
overlays in this study. However, the segregation of C to the grain boundaries could depress the final
solidification temperature, and enhance the hot cracking of the overlay welds.

™ Suml

COMPO Lv. Nilw Cr Lv Felv. NbLv. MolLv. ClLv

4095 960 840 177 208 230 757
307 |?20 '635 | 135 I 156 '1?3 I569
2048 480 430 83 104 ns 380
1024 240 25 I 5 I 52 I 58 I 192
0 0o 20 9 0 00 3

Ave 2185 Aved55 Aved24 Ave 105 Ave 1l Aved 3 Ave 208

Figure 9. (a,b) Fracture appearance of opened hot crack, (c) EPMA elemental maps of solidification
products on the cracked surface in the 52MSS overlay.
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4. Discussion

Hot cracks were found to originate in the diluted zone near the weld interface in this work and in
prior studies [18,21]. The solidification modes, microstructures, and morphologies of austenitic welds
are known to be strongly affected by their compositions and Ni, Cr equivalents. To prevent hot cracking
during welding, a fully austenitic weld should consist of very low concentration of impurities [36].
A drastic change in composition in the diluted zone around the weld interface occurs [18], leading to
a change in solidification mode from the primary ferrite to the primary austenite mode in a dissimilar
metal weld. Therefore, those impurities from the substrate were expected to initiate hot cracks at the
weld interface. Applying a buffer layer was helpful in reducing the harmful impurities coming from
the CF8A substrate to initiate hot cracking. Thin slices were cut parallel to the top surfaces of the
overlay welds for more extensive examinations of the hot cracks in the samples with buffer layers in
this study. Internal cracks were not seen in the 52M overlay, and few fine short cracks were observed
in the 52MSS overlay with a buffer layer. Therefore, applying a buffer layer of sufficient thickness is
necessary to prevent hot cracking of 52M and 52MSS overlay welds.

The metallographic examinations of this work confirmed that the hot cracking susceptibility
of the 52MSS overlay was higher than that of the 52M overlay [34,35]. Table 2 lists the solidus
and liquidus temperatures of different samples determined by DSC. It was found that the solidus
temperature of the overlay was lower than that of the filler in each group. This could be related to the
segregation and formation of low melting point constituents at the solidified boundaries. The lower T
(solidus temperature) also meant a greater accumulation of shrinkage strain during solidification after
welding, which was detrimental to its weldability. Moreover, the results indicated that the solidification
temperature range (AT} _,s) decreased in the following order: 52MSS overlay > 52MSS filler > 52M
overlay > 52M filler (81, 57, 48, and 36 °C, respectively). A wider AT} _,s temperature range of the
52MSS overlay also implied that it was more susceptible to solidification or hot cracking than other
samples were.

Table 2. The solidus and liquidus temperatures of different samples determined by differential

scanning calorimetry.

Temperature (°C)

Materials
Ts T ATy g
52M filler 1345 1381 36
52MSS filler 1342 1399 57
52M overlay 1310 1358 48
52MSS overlay 1291 1378 81

Ts: Solidus temperature; Ty : Liquidus temperature; ATy _,s: Solidification temperature range.

Liquation cracking of grain boundary precipitates such as gamma prime [37], MC carbides [38],
Cr-Mo borides, and intermetallics [39] is responsible for the poor weldability of the Ni-based superalloys.
It is reported that two eutectic-type reactions at the terminal stages of solidification, L—(NbC-y)
and L—(Laves-y), occur at the interdendritic boundaries during the solidification of Nb-bearing
superalloys and IN 625 alloy [40,41]. Those reactions are responsible for the increased susceptibility
of Nb-bearing alloys to solidification cracking. In this work, the hot cracking of 52M and 52MSS
overlay welds was attributed mainly to the formation of y-Niz(Nb,Mo) eutectics at the boundaries
during the terminal stage of solidification. Due to the greater Nb and Mo contents in the 52MSS
overlay, coarser and greater amounts of microconstituents were formed at the interdendritic boundaries,
thus, the hot cracking susceptibility of the 52MSS overlay was naturally higher than that of the 52M
overlay. Moreover, The C maps showed the segregation of C and the formation of fine carbides on the
cracked surface. The segregation of C to the grain boundaries could depress the final solidification
temperature, and enhance the hot cracking of the overlay welds.
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5. Summary

In this study, gas tungsten arc welding process in multiple passes was applied to deposit IN52M
and 52MSS onto CF8A stainless steel. The susceptibility to hot cracking and ductility dip cracking
(DDC) of the IN52M and IN52MSS overlay welds was investigated. The hot cracking tendency of the
overlay welds was associated with the presence of low-melting microconstituents at the interdendritic
boundaries. The formation of y-(Niz(Nb,Mo)) eutectics was responsible predominantly for the hot
cracking of the 52M and 52MSS overlays, especially that of the 52MSS overlay. The solidification
temperature range (AT _s) decreased in the following order: 52MSS overlay > 52MSS filler > 52M
overlay > 52M filler (81, 57, 48, and 36 °C, respectively). The results also confirmed that the 52MSS
overlay was more susceptible to solidification or hot cracking than the 52M overlay. Migrated grain
boundaries were observed in the 52M and 52MSS overlays, but they did not induce DDC in this study.
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