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Abstract: The stress corrosion cracking (SCC) behavior of aged plates of Inconel 600 welded to
Inconel 600 plates in the as-received condition was studied using the slow strain rate test (SSRT) in
two sodium containing electrolytes at 25 and 80 °C. The aged plate was used to simulate damage
by the operation service. Electrochemical noise (EN) was used to monitor the SCC. The plates were
gas metal arc welded (GMAW) employing ERNiCrMo-3 and ER310 filler wires along with 95% Ar
+ 3% Ny + 2% O, and 97% Ar + 3% N as the shielding gas, respectively. The microstructure of
the welded joints was characterized using optical and scanning electron microscopy. The results
of the SCC revealed that when sodium thiosulfate was used, the loss in plasticity was higher in
the NiCrMo-3 joint with around a 20 percent decrease. Conversely, in the 310 welds, the loss in
plasticity was higher in the sodium hydroxide, which diminished by 12 percent. A few secondary
microcracks were observed in the transversal section in specimens of both welds. The results of the
EN showed an increase in the potential and current when the sample reached the tensile strength
and then decreased when the neck was formed; these changes indicate that some events occurred
during the SSRT. The EN data showed two types of corrosion: general corrosion for NiCrMo-3 and
mixed corrosion for the 310 welded joint in both environments. Electrochemical polarization was
also employed to understand the mechanism of SCC.

Keywords: Inconel 600 (IN600); Laves phase; slow strain rate test; electrochemical noise; polarization
test; localization index; corrosion resistance; weld joint corrosion behavior

1. Introduction

Inconel 600 (IN600) is a Ni-based alloy with high contents of Cr and Fe, elements
that confer strength to the alloy via a solid solution mechanism. The attractive mechanical
and corrosion properties exhibited by IN600 make it suitable for different applications in
the nuclear, aerospace, and chemical industries. Different studies support the excellent
properties and mechanical behavior of the Inconel 600 alloy as reported by Al-Rubaie [1],
who described the fatigue crack growth of Inconel 600, whereas Chandrasekar [2] studied
the effect of surface pretreatment before the ATIG welding of Inconel 600 and Kwon [3]
reported the fretting fatigue life of Inconel 600 at high temperature. Ru et al. [4] reported that
Inconel could be used in the mill annealed condition or heat treated because of its superior
performance compared with other corrosion resistance alloys. Zhang [5] studied the effect
of Cr carbide precipitation at the grain boundaries and within the grains during extended
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exposure at high temperatures on the fretting wear in IN600. Lim et al. [6] observed that
the precipitation of Cr carbides occurred preferentially in high-energy zones at the grain
boundaries. In his study, Abraham [7] corroborated that the mechanism of precipitation
was principally due to the low solubility of C in the Ni matrix and the high thermodynamic
affinity of Cr to form compounds of different stoichiometry with C. The formation of Cr-rich
carbides in IN600 may reduce the solid solution strengthening mechanism and lead to a
loss in the intergranular corrosion resistance (IGCR) of the alloy. Yoo et al. [8] reported that
the precipitation of chromium carbides, namely, Cr;Cs and Crp3Cg, in IN600 occurred in the
temperature range of 550-1050 °C, but it might also occur at lower temperatures after very
long exposures during service. The behavior and microstructural characterization of IN600
welds have been studied using a variety of filler materials and welding processes [2,7,9-12].
When alloys are welded, a variety of microstructural changes take place at the base material
(BM), leaving a heat affected zone (HAZ) with different microstructural features at each side
of the welded joint. In the case of heat and corrosion resistant alloys, the mechanical and
corrosion behavior will be negatively affected and designers must be aware about this. After
a long time in service, super alloys such as IN600, which are used as structural support or
fluid transportation, start to fail and in the majority of cases, the mechanical integrity of the
component becomes risky to the staff. Monitoring and supervising materials in operation
have to be an important practice for the safety in any industry. The damage might be due
to the prevailing environmental conditions, applied load, mechanical fatigue, temperature,
and wear. To guarantee the mechanical integrity, it may be restored by two paths: the first
one is totally changing the damaged component and the second is the replacement of one
part of the component. The advantage of the second is the reduction in the associated cost
in the repairs. Some studies have assessed the welding viability of service damaged or
degraded materials to as-received (AR) non used or dissimilar materials. Bhaduri et al. [13]
evaluated the welding repair procedures for steels with different contents of Cr and Mo to
establish the best welding parameters. Other research has focused on studying the effect of
microstructure evolution during welding on the mechanical properties of dissimilar welds
such as the work reported by Pandey [14]. Shi [15] evaluated the effect of aging in service
on the hot ductility of heat-resistant stainless steel castings and found that the loss of repair
weldability after service exposure could be related to the loss of ductility. For example,
Wang et al. [16] aged a T23 steel after welding for 3000 h in a temperature range from 500 to
650 °C. The authors found that when the steel was welded in the as-received condition,
the mechanical properties were similar in comparison with the aged welded plates, but a
decrease in the microhardness and toughness was observed. The decrease was attributed to
the formation of niobium and vanadium carbides at 650 °C while the formation of Cry3Cg
showed a negligible effect.

Stress corrosion cracking (SCC) is the net result of exposing metallic materials in
corrosive environments, while at the same time, tensile stresses are being applied and/or
high residual stresses are present, resulting in the nucleation and sub-critical growth of
cracks, inducing the failure of the material. Faichuk et al. [17] reported that the properties of
passive films formed on Alloy 600 at different passive potentials contained a bilayer oxide,
whose composition changed as a function of the applied potential, which played a great
role in the susceptibility of suffering SCC. Some factors of the welding parameters used
might have an impact on SCC behavior, for example, the boundary between the weld metal
and the HAZ may be a place for crack initiation and/or a barrier for crack propagation.
Furthermore, if the corrosion resistance in the HAZ has been compromised by excessive
heat input, the risk of the welded joint to undergo SCC may be increased, as this zone is
prone to intergranular corrosion (IGC). Moreover, the microstructural characteristics of the
weld metal also play an important role in the SCC behavior depending on the direction
of the dendritic growth [18,19]. Considering the effect of SCC in welding, several studies
have been performed using dissimilar materials in the as-received condition and some
techniques have been used to monitor the SCC process [19-22]. Nevertheless, only a few
studies have been carried out to evaluate the effect of SCC in IN600 welded joints [8]. As
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there is insufficient literature with respect to the replacement of a partial component, the
purpose of the present study was to investigate the susceptibility of IN600 to SCC using the
slow strain rate test in welds of nickel alloys and ensure the mechanical integrity when a
partial repair of components under service for extended periods of time underwent thermal
damage. The assessment was performed in two near neutral environments commonly
found in some industries.

2. Materials and Methods
2.1. Materials and Welding Process

In the current study, 6.35 mm thick plates of IN600 with the chemical composition
shown in Table 1 were used. The chemical composition was checked by optical emission
spectroscopy (OES) and the analysis drew very low contents of elements such as Mo, Nb, N,
W, V, Mg, and Co with a total weight of 0.27%. In order to simulate thermal aging in IN600
during service, pieces of the alloy in the as-received (AR) condition from the supplier were
heat-treated (HT) at 700 °C in a muffle furnace for 300 h and quenching in water. AR plates
were gas metal arc welded (GMAW) to HT plates using a Miller Dimension 652 power
source machine. Prior to welding, the plates were machined for a single V-groove butt joint,
as schematically shown in Figure 1a. Maintaining an appropriate distance between plates
will help to achieve the full penetration particularly with the low fluidity Ni-based filler; for
this reason, a root gap of 2.5 mm was chosen. ER310 and ERNiCrMo-3 filler wires of 1.2 mm
in diameter were employed and their chemical compositions are also listed in Table 1. Gas
mixtures of 97%Ar + 3%N, and 95%Ar + 3%N; + 2%0, were supplied at 18 L /min to shield
the weld pool while welding with the ER310 and ERNiCrMo-3 electrodes, respectively. The
filler wires were fed at 120 mm/s. A constant potential power source was employed and to
succeed in the fusion welding of the butt joints, 1.286 and 1.75 k] /mm were input for the
ER310 and ERNiCrMo-3 electrodes, respectively.

60°
7

IN600 AR
\

6.35

IN600 HT

(©)

Figure 1. (a) Single-V groove joint design (b) schematic representation of the specimens machined

for SCC and the (c) dimension and geometry of the SCC specimens. Dimensions in mm.
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Table 1. The chemical compositions of the IN600 plates and filler wires (wt.%).

C Si Mn Cr Ti Fe Cu P S Al Ni Nb Mo
IN600 OES 0.018 0219 0197 1633 0267 9.107 0125 <0.01 - 0264 7347 - -
IN600 supplier 0.02 0.19 0.2 16.41  0.25 9.11 0.13  0.006 - 0.2 73.09
ERNiCrMo-3 0.01 0.05 0.05 2206 - 0.921 - 0.006  0.003 - 64.38 3.6 8.92
ER310 0.1 0.45 1.7 26.0 - 51.02 0.1 <0.02 <0.01 - 20.5 - 0.1

2.2. Microstructural Characterization

Microstructural characterization of the IN600 base materials and welded joint was
performed by optical (Zeiss Axio Observer 7 Materials, Carl Zeiss Microscopy, Oberkochen,
Germany) and electronic (field emission gun scanning electron microscope, Jeol 7600F,
Jeol Ltd., Tokyo, Japan, equipped with energy dispersive X-ray detector, XFlash Detector
6110, Bruker AXS GmbH, Berlin, Germany) microscopy. The samples were ground using
standard metallographic techniques and electropolished with 10-20% perchloric acid in
ethanol at 13 V for 20-30 s. Subsequently, the samples were electro etched in 10% sulfuric
acid at 3 V for 8 s.

2.3. Slow Strain Rate Tests (SSRTSs)

SSRTs were carried out on cylindrical samples (as can be noted in Figure 1b,c) by
using the InterCorr mobile constant extension rate test (MCERT) machine (InterCorr In-
ternational, Inc., Houston, TX, USA) at a strain rate of 1076 s71 in air for reference and
in aqueous solutions of 0.1 M of NayS,03 and 5 M of NaOH at room temperature (RT)
and at 80 °C. In some cases, the test was repeated twice to verify reproducibility. The
load capacity of the MCERT machine is 44 kN and has a total extension of 50 mm. No
cathodic or anodic potential was applied during the SSRTs. The SSRTs were monitored
using electrochemical noise (EN) at a frequency of 1 Hz in a potentiostat/galvanostat Gill
AC (ACM Instruments, Inc., Cumbria, UK) with a thermal control unit. The EN setup
was performed in an arrangement with the specimens as the working electrode (WE), the
platinum electrode as a second working electrode (WE2), and saturated calomel electrode
(SCE) as the reference electrode. The EN data were analyzed to evaluate the localization
index (LI) and transients of the current and potential. Prior to performing the SSRTs, the
samples were immersed in the testing solution and the open circuit potential was recorded
for 40 min. The electrolyte container was a glass autoclave that was hermetically sealed.
Electrochemical potentiodynamic polarization was performed in the as-welded samples in
both environments and temperatures. A conventional three electrode electrochemical cell
was used, but in this instance, a graphite bar was used as the counter electrode (CE). The
susceptibility to SCC was measured with the following expressions:

1
Iscc = % (IFRAG +Ipe + Is + oy g0, + IRT + Lo + ITF) ¢Y)

where:

Irrac = Fragility index.

Ipg = Reduction of plastic elongation index.

Is = Loss of plasticity.

Iy, 5y, = Reduction of yield stress index.

Irt = Reduction of UTS index.

I = Reduction of plastic deformation index.

ITr = Reduction of time to failure index.

From Equation (1), each index “I” was calculated with respect to the reference envi-
ronment (air) as follows:
_ Xfair — Xfelectrolite

X fair

I @)

where “x;” represents the final results in each environment.
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The loss of plasticity was calculated as the ratio of the final elongation in the testing
environment, &,jectrolite, t0 the elongation of the specimen in the reference environment, 6,

as given in Equation (3).
Is = (1 _ 6electrolite) )
dir
Finally, after the SSRTs, the fractured specimens were cut with a diamond blade and

meticulously observed in the scanning electron microscope (SEM) along the length of the
gauge section and in the fractured surface.

3. Results and Discussion
3.1. Microstructure of the Base Metal and Welds

Aged plates of IN600 were gas metal arc welded (GMAW) to plates in the AR condition.
Figure 2 shows the microstructure of the base metal in the AR condition and after 300 h
of thermal exposure at 700 °C. As can be seen in the optical micrographs, the samples of
the base metal showed a fully austenitic matrix with irregular and some equiaxed grains
and twinning. In Figure 2a,c, some particles of sizes from 1 to 5 um (those indicated by the
arrows in the images) could be observed in the grain boundaries or inside the grains. Energy
dispersive X-ray (EDX) analysis in the SEM indicated that these particles corresponded to
TiC and NbC. Another feature that could be seen in Figure 2c was the prior-austenitic grain
boundaries (PAGB) as revealed by the etching process. According to Da Silva et al. [23], the
PAGB are zones where there is some segregation of alloying elements such as C, P, and Mn.
Nishikawa et al. [24] reported that the segregation of P in the IN600 alloys played a crucial
role in the susceptibility to stress corrosion cracking (SCC), and that an increase in the P
concentration may increase the susceptibility to SCC. Therefore, if P is allocated in specific
areas such as the PAGB, these zones will be susceptible to SCC.

(b)

(d)
Figure 2. Microstructure of IN600 (a,b) AR and (c,d) HT at 700 °C for 300 h.

Consistent with a previous study [10], carbides of different stoichiometries were seen,
namely, M»3Cq allocated at the grain boundaries and twins, MC and M;C3 carbides ap-
peared mainly within the austenitic grains. The carbide formation in the limit of the grains
was observed in the AR and HT IN600 in the SEM images shown Figure 2b,d, respec-
tively, which were acquired in secondary electron mode. Wang et al. [25] demonstrated



Metals 2022, 12,1112

6 of 20

that the grain boundary carbides only caused a significant loss in the reduction in area,
but, otherwise had little effect on the other tensile properties on IN600. Kikuchi et al. [26]
reported that though IN600 usually exhibits paramagnetic properties, it shows ferromag-
netic properties along the grain boundaries when chromium depletion occurs. This means
that magnetic nondestructive evaluation of sensitization is possible. In this sense, when
IN600 is subjected to HT at temperatures between 400 to 1000 °C, the Cr will diffuse to the
grain boundaries and react with C, forming Cr-rich carbides, thus making the alloy suscep-
tible to sensitization. The carbide formation in the AR condition is due to the annealing
treatment during secondary processing and the size and shape of the particles might vary.
After aging at high temperature, more carbides nucleated, the preexistent ones became
coarser, and some coalesced. The formation of carbides in some alloys may improve the
SCC resistance because they act as blocky tip cracks [27,28]. Cr depletion may affect the
mechanical behavior of the alloy during service, since it is known that Cr is found in a solid
solution in the Ni matrix. When Cr is relegated to the grain boundaries, it might cause a
decrease in the solid solution hardening effect. The formation of carbides along the grain
limits was in a serrated way, which may be helpful in the reduction of the susceptibility to
SCC (see Figure 2b).

Two different types of filler metal compatible to IN600 with the same crystalline
structure, similar corrosion properties, and close mechanical properties were used with the
aim to assess the susceptibility to SCC of an IN600 welded joint when the alloy was reused
after some metallurgical damage during operation. The microstructure of each weld is
shown in Figures 3 and 4. The welded joints of super alloys are prone to cracking, porosity
formation, the formation of non-metallic inclusions, the lack of penetration, lack of fusion,
and undercut. Therefore, it is important, in principle, to ensure sound welds. The factors
that might have a high influence in the SCC resistance of welded joints are the fusion line,
non-mixed zones, the HAZ, and the transition zone between the HAZ and the unaffected
base metal. In particular, the susceptibility to SCC can be raised when the HAZ is prone to
intergranular corrosion (IG). Furthermore, the solidification mode of the weld pool also
plays an important role in the SCC behavior, depending on the direction of the dendritic
growth [18,19].

Figure 3. (a) Macrograph of the welded joint obtained with the ERNiCrMo-3 filler and (b—d) mi-
crostructural details as observed in the OM.
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Figure 4. (a) Macrograph of the welded joint obtained with the ER310 filler and (b—d) microstructural
details as observed in the OM.

Figure 3a shows the transversal section of the welded joint with the ERNiCrMo-3 filler
where complete lateral fusion, acceptable reinforcement in the weld and root faces of the
weld metal, no porosity, and free of flaws or cracks to the naked eye could be observed. The
use of oxygen in the shielding gas along with the relatively high voltage for the welds with
the ERNiCrMo-3 filler enabled full penetration, despite the low fluidity of the Ni-based
alloy [29,30]. Additionally, it was noted the formation of islands and peninsulas, which
might affect the corrosion behavior because of the different composition in the weld metal.
The entrapment of unmelted base material into the weld metal was produced and favored
by the difference in the melting points between the alloys T} -1ne00 > T1-NiCrMo-3-

The micrographs Shown in Figure 3b,d exhibited a change in the solidification mode.
Freezing of the weld pool began with the typical epitaxial grain growth and then the com-
petitive columnar dendritic grain growth prevailed, until it changed to equiaxed dendritic
growth. This change was due the composition of the filler wire, with Nb being the princi-
pal element that induces this transition in the solidification mode, and the supercooling
increased in the center of the solidified weld metal [31,32]. In Figure 3c, the equiaxed
dendritic growth could be observed, typically in the interdendritic spaces a high quantity
of secondary phases precipitated due to the low solubility of Nb and Mo in the Ni matrix.
Nb and Mo were rejected ahead of the solidification front produced under cooling. These
elements predominantly form secondary phases such as Laves, carbides, and carbonitrides.
It is known that when the secondary space arm is reduced, the precipitation of these phases
might be reduced [33,34]. Ruiz-Vela et al. [33] found that the high quantity of precipitation
produced cracks and observed that the growth rate increased during fatigue and tensile
tests. Competitive grain growth can be easily noticed in Figure 3d; usually in the FCC
crystal structure, it preferentially occurs in the <100> direction [11].

The macro- and microstructural characterization of the welded joint performed with
the ER310 filler is shown in Figure 4. As in the previous case, the weld was sound at the
macro scale, as seen in Figure 4a. Regarding the microstructural details, similar charac-
teristics were also revealed by the images captured in the OM and the growth pattern
also changed. The grain growth from the partially melted grains of the base material was
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observed at the fusion line, which occurred due the similitude of the crystal lattice [35]. Al-
though there are not many elements with a partition coefficient of k < 1 in the 310 austenitic
stainless steel, the form of the dendritic morphology changing to very equiaxed structure
occurs due to the cooling rate in this weld [36]. When the cooling rate is fast, the equiaxed
structure will be present in almost all of the weld metal (WM). In Figure 4, it can be ob-
served that the cellular growth prevailed more on the HT side (Figure 4b) in comparison
to the AR side (Figure 4d) due the similar thermal conductivity between the IN6OOHT
and ER310 [37]. The increase in the thermal conductivity was possible as the sample was
HT and the grain growth reached a higher mean size. Irrespective of the metallurgical
condition of the base material and electrode employed, a significant grain growth was
evident in both the welded joints in the HAZ. Figure 4 shows, however, that the HT side
presented a narrower width in the high temperature HAZ. This might be due to the effect
of the significant presence of particles that restrict the displacement of the grain boundaries.

Another important feature is the similarity in the HT side where the dendritic growth
was suppressed, which may be due to the coarse chromium carbides that are not completely
dissolved during the welding process (as shown in Figure 4b). They acted as nucleation
sites stopping the dendritic arm growth, which became thinner and shorter. It can be
suggested that if the thermal conductivity increases with the heat treatment, the heat
extraction will be higher, producing the formation of thinner and smaller dendrites (see
Figures 3b and 4b).

Figure 5a shows the SEM image captured in secondary electron mode of the weld
obtained with the ERNiCrMo-3 filler. As expected, the weld metal was crowded with a
variety of secondary phases. The particles exhibited complex shapes and were randomly
distributed within the grains and in the grain limits. Figure 5b presents the chemical com-
positions obtained with the EDX punctual analysis of the microstructural features indicated
in the micrograph. According to these data, the secondary phases were composed of Nb, Ti,
and Mo, with traces of C and O. Similar results were found by Cipriano-Farias et al. [38].
Silva et al. [34] found the formation of Laves phase around some nitrides and carbonitrides
of Nb; the Laves phases grew from those particles toward the matrix. The formation of
secondary phases in the WM of this joint was caused by the rejection of Nb and Mo when
the Ni matrix was rapidly saturated in these elements during solidification. The Laves
phase formation in the WM was estimated to be 2.2%, according to Dupont’s et al. [39]
formula, by using the distribution coefficient, k, equal to 0.55 for Nb, as calculated from the
EDX punctual microanalysis in the weld metal. It has been documented that the formation
of a Nb-rich phase such as Laves may cause cracking during solidification due to the
melting point of this phase [40], but in the current study, this defect was not observed.

Atomic weight (%)

N (0] Ti Mo Nb
Element

(b)

Figure 5. (a) The SEM image at the weld metal with the ERNiCrMo-3 filler and (b) the results of the
EDX dot chemical compositions of the points indicated in (a).

Regarding the weld with the ER310 filler, few and tiny secondary phases were seen
in the weld metal, as revealed by the micrograph shown in Figure 6. The EDX punctual



Metals 2022, 12,1112

9 of 20

analysis of the spots labelled in Figure 6a indicate that these particles were mainly composed
of Ti, Al, and O (see Figure 6b), suggesting that they are oxides and complex phases such
as oxi-nitrides. The amount of secondary phases present in the WM will depend on the
amount of alloying elements that compose the material and their tendency to form a solid
solution with the matrix (k > 1) or to segregate (k < 1). For example, Cr has been reported to
be an element that can be segregated in the WM [41], in this work, this was not the case.
A feature that was noted and reported in a previous study [42] was that some austenitic
dendrites showed slip bands generated during the welding due the high quantity of the
tensional residual stress through the effect of the solidification process.

Atomic weight (%)

Element

(b)

Figure 6. (a) The SEM image at the weld metal with the ER310 filler and (b) the results of the EDX
dot chemical compositions of the points indicated in (a).

3.2. SSRT Analysis at Ecopr

The engineering stress—strain profiles obtained from the SSR tests in the two welding
conditions are shown in Figure 7a,b for the ERNiCrMo-3 and ER310 fillers, respectively.
Immediately, it can be seen from the o—¢ curves plotted in Figure 7 that the mechanical
properties of the welded joints changed when the welded specimens were immersed in
NaOH or NayS;03 at two different temperatures. These changes were reflected in the
ductility, ultimate tensile strength (UTS), and yield strength (0q29,) and these changes
involved an increase or decrease in some of these properties, these being more notable in
the ER310 welds. The UTS of the ERNiCrMo-3 weld in the 5 M NaOH solution showed a
moderate increase with respect to the UTS obtained in air. It could be observed that the
sodium thiosulfate was more corrosive to the ERNiCrMo-3 welded joints compared to
the sodium hydroxide (see Figure 7a). Meanwhile, the ER310 weld exhibited sensitivity
in the two electrolytes (see Figure 7b). In Figure 7a,b, it can be seen that the plastic zone
at room temperature (RT) showed a similar behavior in the two electrolytes whereas
when the temperature increased, this behavior changed (also in both electrolytes). A
plateau that formed in the plastic zone was observed at RT; this effect may be attributed
to the combination of the electrolyte with the movement of dislocations that are probably
controlled by slip bands at RT during strain. In contrast, when the temperature increases,
this movement will speed up, breaking through the slip bands and secondary phases. If
this mechanism takes place, the plastic zone will exhibit a concave shape [43]. As was
previously observed, the mechanical behavior of the IN600 joints with the ERNiCrMo-3
and ER310 filler materials presented almost the same yield stress [42], but in the low strain
rate test, this similarity no longer manifested.

Table 2 shows the mechanical properties obtained and the susceptibility to stress
corrosion cracking, Iscc, as calculated from the data of the curves plotted in Figure 7.
According to these results, it can be observed that the susceptibility to SCC increases when
the test temperature is higher. The Iscc was found to be quite discrete when the weld
specimens were tested in the 5 M NaOH solution. In this media, there was only a 3%
reduction in the Iscc. This may have been caused by the formation of Cr carbides, which
positively influenced the SCC resistance [27,28]. In this regard, the aging of the IN600 alloy
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might not be a concern in this environment. It has been said that the increase in the number
of dislocations may reduce the possibility of SCC [44]. Dislocations and stacking faults
are the consequence of stress. On the other hand, the I; was reduced between 12 and 25%
for the ER310 weld in NaOH and the ERNiCrMo-3 weld in Nay5,03, which means that
the stainless steel was more susceptible to experience damage in caustic alkali solutions
but less susceptible to sulfide containing solutions, where the opposite was true for the
nickel-based alloys. It can be concluded that the electrolyte caused the welded samples to
lose these mechanical properties. In addition, the positive Irrac indicates that the cross
section of the specimen in the test solution showed less reduction in area compared to the
inert medium, indicating that the material was to some extent embrittled in the solution.
When the value of this index is very small (<0.01), it indicates that the material did not
experienced embrittlement in the medium, as observed in the NaOH for the ER310 weld.

ERNiCrMo-3
700 - 700 ER310
600 4 /-:"_:""‘-\ 600 - //' ~
£ 500 A e I £ s00] /D)
5 2 s /NN
= 400 1 .~ < 400 {1/ 7 Y
o} P/ © ! // \
300 - Air 300 ¢ Air
200 - = = = = Sodium hidroxide-RT 200 A - = = = Sodium hidroxide-RT
“ — -+ — Sodium hidroxide-80 — -+ — Sodium hidroxide-80
100 4f e Thiosulfate-RT 100 4f e Thiosulfate-RT
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Figure 7. The stress—strain curves of the IN600 welds immersed in 0.1 M Na;S,03 and 5M NaOH at
Ecorr as tested at room temperature and 80 °C for (a) ERNiCrMo3 and (b) ER310 fillers.

Table 2. The mechanical properties of the welded joints obtained from the different SSR test conditions
and estimated susceptibility indices to SCC. The red color denotes which electrolyte had more effect
on the welds.

Plastic Area

ri]ﬁl; Environment ?I\y/i(}-’i/; (II\J/IFf’?\) (m6m) Elnga)tion Red(l:/c)tion F;rillrl?reet(oh) Isce Is (%) Irrac
Air 292.98 604.55 8.27 24.73 80.59 95.62 - - -

NayS;03 at RT 250.02 582.81 6.55 19.39 50.60 75.67 0.80 20.74 1.54

ERNiCrMo-3 NaOH at RT 282.53 625.47 8.09 24.19 70.75 93.53 0.97 2.16 0.51

Na,S,03 at 80 °C 305.35 565.20 6.31 18.54 64.34 72.84 0.83 23.70 0.84

NaOH at 80 °C 292.51 617.21 7.73 23.08 61.79 89.37 0.93 6.48 0.97
Air 340.28 565.61 5.49 1591 68.44 63.38 - - -

NaS,03 at RT 262.00 558.45 5.21 15.17 62.72 60.02 0.92 5.23 0.18

ER 310 NaOH at RT 420.22 629.49 4.79 13.62 69.75 55.16 0.98 12.86 —0.04

Na;S,03 at 80 °C 230.18 485.46 5.43 16.04 71.24 62.64 0.94 1.13 —0.09

NaOH at 80 °C 232.49 485.54 4.81 14.06 79.71 55.41 0.89 12.55 —0.36

3.3. Surface Fracture Analysis after SSRT

The fracture features of each broken sample can be observed in the SEM. Figures 8 and 9
are images captured in secondary electron mode in different directions of the fractured
specimens. The top view of the crack (Figures 8a—e and 9a-e, left column of each ar-
rangement) was used to measure the area reduction to obtain the Irrac. The lateral view
(Figures 8k—n and 9k—n) was used to determine whether or not secondary cracks were
generated in the gauge section as a result of the stress induced under the influence of the
electrolyte. The macrographs of the broken specimens (Figures 8o-s and 90-s) are shown to
identify the place where the welded joint failed. Figure 8 shows the fracture details of the
ERNiCrMo-3 welded joint in the control and corrosive environments. As can be observed,
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almost all of the samples fractured in the NiCrMo-3 WM and showed the formation of
dimples with the characteristic cup and cone failure. The transgranular fracture mode was
observed and the cracks propagated in different directions. The propagation route of the
crack is dictated in the weld metal to some extent by the competitive columnar growth of
the grains during solidification of the weld bead. It has been reported that Ni-based alloys
preferentially show an intergranular mode of fracture in the SCC tests [45]. In Figure 8k, it
is clear that the specimen did not fail with the cup and cone shape formation, but that the
failure occurred somehow perpendicular to the axial force and the density of the dimples
was reduced but increased in its size (Figure 8g) with respect to the reference sample. Lu
and co-workers [19] observed that a higher resistance or lower crack propagation speed was
obtained in specimens that were prepared and tested in the longitudinal direction of the
dendritic growth. Due to the existence of preferential oxidation, chemical composition, and
the concentration of defects in the transversal direction, the SCC susceptibility increased. In
this weldment in the thiosulfate electrolyte, the failure occurred most closely on the AR side,
as shown in Figure 8p, because the dendrite size was much larger and less precipitation
was found, which allowed for the fracture to propagate faster compared to the HT side (as
can be seen in Figure 2). Additionally, this could be due to the formation of islands in the
WM, as can be seen in Figure 3a.

Figure 8. The SEM characterization of the fractured specimens for the ERNiCrMo-3 welded joint
in the inert and corrosive environments. (a,f,0) air; (b,g,k,p) Na;S,0O3 at RT; (c,h,1,q) NaOH at RT;
(d,i,m,r) NayS,03 at 80 °C, and (e,j,n,s) NaOH at 80 °C.
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Figure 9. The SEM characterization of the fractured specimens for the ER310 welded joint in the
inert and corrosive environments. (af,0) air; (b,gk,p) Na5S,03 at RT; (c,h,1,q) NaOH at 25 °C;
(d,i,m,r) NayS,03 at 80 °C, and (e,j,n,s) NaOH at 80 °C.

The fracture of the ER310 samples are shown in the set of Images shown in Figure 9.
Each medium showed a transgranular (in the dendrites growth) quasi-cleavage failure
mode characterized with some dimples and several micro cracks, as could be seen even in
the control atmosphere. The transgranular feature was clearly observed with the increase
in the electrolyte temperature. The ER310 filler material is an austenitic stainless steel and
sometimes is prone to the formation of martensite as a result of plastic deformation. The
features in the rupture zone were similar to the observed in the high strength low alloy steels
(HSLA) when they absorbed hydrogen® [46]. The martensitic structure is very prone to
embrittlement by the hydrogen absorption [47,48]. It might be inferred that the nucleation
of micro cracks and the loss of plasticity are due the diffusion of monoatomic H in the ER310
weld metal in both electrolytes (NaOH and NayS,03) due to the martensitic transformation.
It was noted in the images of Figure 90-s that the failure consistently occurred near the
fusion line (FL) on the HT side, where the microstructure characteristics such as the dendrite
size was smaller than on the AR side (as was observed in Figure 3). Better SCC resistance
was expected on the HT side due the quantity of Cr carbides observed, which arrested the
crack propagation, but the high local energy from the effect of temperature, quenching,
and tensional residual stresses produced the failure in this zone. It has often been reported
that the formation of carbides may enhance the resistance to SCC [28]. It could be observed
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that the micro hollows formed in the fracture surface would be higher in mean size as the
susceptibility to SCC increases (see Figure 9f—), similar to the features found in Figure 8h.
Furthermore, some particles inside the hollows were observed and acted as tri-axial stress
concentrators, where they aided in the bifurcation and propagation of the stress corrosion
cracks more quickly.

In the analyzed samples, as shown in Figures 8o—s and 90-s, at near neutral pH values,
the HT side tended to be the origin of the failure, which was due the high quantity of storage
energy due to the HT followed by quenching. Somehow, on the AR side, the entrapment of
the base metal in the weld metal did not alter the mechanical properties of the welds, as
previously reported from the plain tensile tests of the welded joints [42]. Furthermore, a
similar mechanical behavior of the monolithic heat treated IN600 was observed compared
to the as-received plates [42], even when the effect of solid solution strengthening decreased
by the formation of Cr-carbides as a result of the extended holding at 700 °C.

Figure 10 shows the formation of secondary cracks near the fracture surface in two
different electrolytes at two temperatures. It can be seen from Figure 10a,b that compared
with the cracks observed in the 310 stainless steel WM, the formation of secondary cracks in
the Ni-based (NiCrMo-3) WM showed that the size of the crack was at least 20 um and the
depth was significantly higher. It can be concluded that Ni-based materials are more prone to
sulfide cracking than stainless steels. This result is very consistent with the findings observed
in Table 2, where NayS,;03 was more sensitive to SCC for the ERNiCrMo-3 welded joint. Tsai
and co-workers [49] found that for IN600 in both AR and HT conditions, the formation of
cracks was likely to occur, even with low quantities of NayS,Os and no potential applied
during the SCC test (at Ecorr). The time needed for crack initiation in the conditions analyzed
was approximately 5 h. On the other hand, from Figure 10c,d the secondary crack formation
in NaOH at 80 °C prevailed for the stainless steel WM. In this instance, the cracks nucleated
and grew principally in the interdendritic zones, while the cracks in the ERNiCrMo-3 welded
joint passed through secondary phases. The SCC analysis of duplex stainless steel showed
that the austenite was more susceptible to the formation and propagation of cracks when the
material was exposed to caustic environments [50]. It is believed that the sensitivity of SCC to
a NaOH environment is due to the Na+ ions in part of the electrolyte [30]. The possibility of
ferrite formation in the ER310 weld metal is due to the dilution percentage obtained in the
joint. If this formation is possible, it is well-known that ferrite is deformed by deformation
slip of the slip system, and austenite can be deformed by dislocation slip, twin formation, and
martensite transformation, depending on its stacking fault energy (SFE). Cr, Mn, Si, and N
reduce the SFE, while Ni and C increase it [51].

3.4. Electrochemical Noise (EN) and Polarization Scan

Figures 11 and 12 display the fluctuation of the current density and potential during
the SSRT in the two electrolytes used to promote the corrosion process. In Figure 11a—c a—
and Figure 12a—c, observations of the current fluctuation signal showed that the current
density rapidly increased to an anodic value in the elastic zone, but when the oy was
overcome, the anodic current only exhibited a lower change. In the failure time, the anodic
currents observed in the previous stage newly changed to a cathodic value (i.e., the current
density decreased), and at the same time, the potential changed to less noble when the
failure was completed (see Figure 11b,d and Figure 12b,d). On the other hand, for the
potential changes observed in Figure 11b,d and Figure 12b,d, Zhiming et al. [52] described
that the potential transients were associated with the sudden rupture of the passive film
on the strained sample, and then the sample gradually re-passivated in the film fracture
zone. In Figure 11c, higher fluctuations could be observed in the Na;S,03 solution at 80 °C
during the SSRT, so these fluctuations, referred to as over position events, were the anodic
and cathodic currents that suddenly changed almost at the same time [30]. This was due to
the high energy from the strain and corrosion processes when the temperature increased.
Another characteristic where the noise behaved with greater fluctuations, as can be seen in
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Figure 12, was because the materials failed, showing a brittle characteristic, as was the case
for the ER310 welded joint (see Figures 8 and 9).

300-625 NaOH-70

SEI MAG: 1500 x_HV: 15.0 kV WD: 25.0 mm
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Figure 10. The secondary cracking of IN600 welds after SSRTs in (a,b) NayS,O3 at RT and (c,d) NaOH
at 80 °C. AF = applied force direction, (a,c) corresponds to the ERNiCrMo-3 weld and (b,d) to the
ER310 weld. Black arrows point to the secondary cracks.
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Figure 11. The current and potential time series from the EN measurements for the ERNiCrMo-3
weld in NayS,03 (a,b) RT and (c,d) 80 °C.
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Figure 12. The current and potential time series from the EN measurements for the ER310 weld in
NaOH (a,b) RT and (c,d) 80 °C.

Two different media were used to perform the corrosion stress cracking (CSC) tests;
for this purpose, potentiodynamic polarization tests were performed on the NaOH and
Na5,05 electrolytes at room temperature and at 80 °C on the ERNiCrMo-3 and ER310
welds. Figure 13 displays the polarization curves of the two weldments in NayS,03 and
NaOH. The ERNiCrMo-3 weld showed an active region up to potentials of —0.15 V vs.
SCE in the 5 M NaOH electrolyte, and after this potential, a passive region (Figure 13a) was
seen up to E = 0 V vs. SCE and then a trans-passive region was formed. The welds showed
passivity in the sodium thiosulfate and sodium hydroxide solutions and pitting corrosion
was not present during the anodic scanning. When the temperature of the electrolyte was
80 °C, both the anodic and the cathodic reactions presented higher current densities than
those at RT, and the corrosion potential was displaced to more active values. The effect
was more severe in the welds made with the ER310 than with the ERNiCrMo-3 filler metal.
However, the anodic and cathodic kinetics maintained the same tendency (slope) at RT and
at 80 °C for both the filler metals and the electrolytes tested. The anodic polarization did
not induce localized corrosion. The results are in good agreement with the observations
in the SSRT results (Table 2). According to the results of the EN, the corrosion potential
during the SSRT was anodic, which indicates that the passive film formed in the surface
of the welds was stable, maintaining the passive state that was seen in the polarization
scanning. Thus, it might be concluded that if the passive film breaks, it will be rapidly
regenerated. Meanwhile, the current density oscillations could be due to the breaking and
regeneration of the passive film, which entered the trans passive dissolution zone (as seen
in Figure 13a). In the NaOH solution, the trans passivity was caused by the breaking of
the film in the mode of metal vacancy [53]. The increase in the output current in NaOH for
the ERNiCrMo-3 weld was less pronounced than in the ER310 weld, and this difference
was almost at 1 order of magnitude. It was observed that the results of the traces shown in
Figure 13a,b were consistent with the results obtained in the SSR tests. In Figure 13c,d, it
was observed that the susceptibility in the ER310 weld was lower than in the ERNiCrMo-3
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weld. It has been reported in the literature that stainless steel shows a susceptibility to
SCC when it is in contact with NaOH [50], and conversely, the Ni-based alloys showed a
susceptibility to SCC in sulfide environments [54].
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Figure 13. The polarization curves of the IN600 joints in (a,b) NaOH and (c,d) Na;S,0s3.

Figure 14 shows the localization index (LI) obtained in thiosulfate and caustic sodium
for the two weldments. As can be seen in Figure 14a, during the SSR tests, the LI was very
close to zero, but a change in the corrosion behavior was evident. For example, the LI in
NayS,03 increased, and the corrosion behavior changed from uniform corrosion to mixed
corrosion. In the counterpart, the LI in caustic sodium at 80 °C showed localized corrosion,
since LI is directly dependent on the current density. According to the results of the polar-
ization curves (Figure 13), the corrosion rate increased with the increment in temperature.
This effect is related to the reduction observed for the index mechanical properties of the
SSRT results (Table 2). This may be explained by the formation of metastable pits (passive
with the time) during SSRT. The sample showed a similar behavior of LI during the SSRT
when it was immersed in NaOH and Na5,03, as can be seen in Figure 14a. Conversely, in
Figure 14b, with an increase in the solution temperature, the corrosion mode observed in
the LI results shifted from localized corrosion to mixed corrosion. A remarkable observation
in Figure 14 was that when the samples were in the plastic zone, they suffered a change in
the LI value, but in this plastic zone, the LI behaved linearly or the slope was ~0. Another
finding was that when a material showed higher susceptibility (see I in Table 2) in a media,
the LI tended to have a value of zero or the corrosion type was uniform corrosion.
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Figure 14. The change in the LI through different conditions for the (a) ERNiCrMo-3 weld and
(b) ER310 weld. LC: Localized corrosion, MC: Mixed corrosion.

4. Conclusions

The effects of sodium thiosulfate and sodium hydroxide to the susceptibility to SCC
using the SSR technique in the welded joints of IN600 in the AR condition to IN600 HT
using two different filler metals were investigated. From the study, the most relevant
conclusions are as follows.

The microstructure in the weldments showed some features that were differentiated
by the chemical composition, cooling rate, and the formation of secondary phases (i.e.,
when the ERNiCrMo-3 filler metal was employed, the main secondary phases observed
were carbides, nitrates, and Laves phase). The segregation of Nb and Mo promoted the
formation of Laves phase; moreover, the solidification mode changed along the WM in the
ERNiCrMo-3 weld. On the other hand, mainly oxides were observed as secondary phases
in the WM of the ER310 filler.

According to the plasticity lost index (I5) results, the plastic elongation of the ER310
weld was reduced by 12% when the NaOH solution was used, while the plastic elongation
was reduced by 25% when the ERNiCrMo-3 weld was immersed in Na;S,03. A reduction
in this index may mean that stainless steel is more susceptible to damage in caustic solutions,
but less sensitive to sulfide-containing solutions, while nickel-based alloys are very sensitive
to Nay5,0s.

In the SSRT fracture analysis, it was observed that the dendrite size influenced the
crack propagation due the lower barriers obtained in the larger dendrite size. According
to the potentiodynamic polarization tests in NaOH, the welds presented transpassive
dissolution at high anodic potentials.

High fluctuations were observed in both solutions during the SSRT. This phenomenon
is believed to occur due the high energy from the strain and corrosion process when the
strain, temperature, and corrosion process increased. In addition, the EN showed that
when the noise behaved with greater fluctuations, the weldment displayed a brittle failure
characteristic, as was the case in the ER310 joint. Even when the values of the current
density were ~1 x 107, the joint showed SCC susceptibility, but in some cases, the Na
and sulfide ions affected the ERNiCrMo-3 welded joint more than that of the ER310 in the
global I but not in the Is.

The LI showed a change in the corrosion process during the SSRT when the ERNiCrMo-
3 sample was immersed in NaOH, where the LI changed from 0.002 to 0.14 when the temper-
ature was decreased. In contrast, in Na;S,03, the LI increased from 0.003 to 0.02 when the
temperature of the solution was increased. According to the potential transients, the welds
were located in the SCC zone because the values were higher than the potential corrosion
measured in the polarization curves as well as proximally to the passivation range.
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