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The aim of this work is to investigate which alloying element in C-22 is responsible for the cracking
susceptibility of the alloy in bicarbonate and two buffer solutions (tungstate and borate). Six nickel based
alloys, with different amount of chromium (Cr) and molybdenum (Mo) were tested using electrochemical
methods and slow strain rate tests (SSRT) at 90 °C. All Cr containing alloys had transgranular cracking at
high anodic potential; however, C-22 containing high Cr and high Mo was the most susceptible alloy to
cracking. Bicarbonate was the most aggressive of three tested environments of similar pH.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nickel can dissolve a large amount of alloying elements while
still maintaining its austenitic microstructure, which gives them
good ductility and formability behavior at ambient temperatures.
There are several groups or families of nickel alloys depending of
the alloying elements they contain [1,2]. The family of the Nickel-
Chromium-Molybdenum alloys is highly versatile regarding its
applications since: it is resistant to both cracking in chloride solu-
tions and localized corrosion such as pitting and crevice corrosion,
itremains passive in oxidizing acids (because of Cr), and it has a low
corrosion rate in reducing acids (because of the Mo) [3-6]. Hastel-
loy C-22 (N06022), which belongs to the family of Ni-Cr-Mo alloys,
was designed to offer a balanced resistance to corrosion in most
industrial environments, including reducing and oxidizing acids
[7].

Because of its excellent corrosion resistance, Hastelloy C-22 was
selected in 1998 by the US Department of Energy for the fabrica-
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tion of the external layer of the high level nuclear waste container
for the Yucca Mountain permanent repository [8,9]. As a result, a
comprehensive testing program was undertaken to characterize
the behavior of C-22 under a myriad of conditions. For exam-
ple, the resistance to general corrosion, localized corrosion and
stress corrosion cracking (SCC) were fully investigated in numer-
ous environmental conditions including electrolyte composition,
temperature and applied potential [10]. On the stress corrosion
cracking side, it was reported that alloy C-22 was resistant to crack-
ing in concentrated chloride solutions up to the boiling point [11].
However, C-22 was reported to undergo SCC using the slow strain
rate technique (SSRT) (ASTM G129) in bicarbonate containing elec-
trolytes at temperatures higher than 60 °C, at highly anodic applied
potentials, which may not be relevant for the repository site con-
ditions [11-26]. These studies also suggest that the coexistence of
HCO3~ and ClI~ ions is particularly damaging to the resistance of
alloy C-22 to SCC. Pure HCO3~ solutions would cause SCC, but the
susceptibility appears toincrease with increasing Cl~ concentration
in the presence of HCO3~ [11-26].

It was found experimentally that SCC will occur in a pH range
between 8.5 and 10.5. It has been suggested that the susceptibility
to SCC (e.g. applied potential, temperature and pH of the solution)
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TABLE 1

Actual composition of the studied nickel alloys.
Actual Composition (wt%) Alloy

C-22 600 800H 201 B-3 Ni-20Cr

Ni 56.58 73.44 31.49 99.50 68.8 79.3
Cr 22.26 16.56 20.92 - 117 203
Mo 13.90 - - - 28.6 0.0004
W 3.15 - - - 0.0145 -
Fe 3.81 8.83 44.89 0.11 1.68 0.0255
Si 0.02 0.27 0.28 0.10 0.014 0.0037
Mn 0.24 0.24 1.03 0.23 0.37 0.0006
C 0.004 0.06 0.09 0.02 0.0015 0.002
Other 0.2Co 0.253Al1 0.49A1 0.57Ti 0.03Co 0.16Al 0.011Cu
Equivalent weight 23.27 26.50 25.72 29.61 2349 25.81
Density (g/cm?) 8.6 8.47 7.95 8.89 9.20 8.44

could be related to the occurrence of an anodic peak in the anodic
polarization curves in these media [11,23].

In a previous work, Zadorozne et al. attempted to correlate the
SCC susceptibility of nickel (Ni)-based alloys with the presence of
an anodic peak in bicarbonate and chloride solutions at 90°C [9].
They found that all the alloys having an anodic peak in the anodic
polarization tests suffered SCC when slowly strained at potentials
where the peak appeared [24]. Therefore, the presence of SCC in
Alloy C-22 could be associated with the presence of the peak, and
both (the peak and SCC) could be linked to the presence of Cr in the
alloy [24].

Recently, Mishra et al. observed an anodic peak in chloride solu-
tions containing bicarbonate for Hybrid BC-1 (a Ni-Cr-Mo alloy).
They demonstrated using X-ray photoelectron spectroscopy (XPS)
analyses that, at a lower potential, prior to the current increase, the
surface was covered by a thin oxide with high Cr (IIT) oxide (Cr,03)
content and containing Mo in several oxidation states [25,26].
Mishra et al. also showed that a pH > 8.6 is required for the anodic
peak to appear in various commercially available Ni-Cr-Mo (W)
alloys in different buffer solutions, like bicarbonate/carbonate and
borates [25,26]. It was also noticed that the apparent breakdown
potential (when no peak was observed) and the anodic peak poten-
tial were independent of the concentration of Ni, Cr, Mo, W and
other minor alloying elements [25,26].

It is important to investigate which alloying element in C-22
is responsible for the cracking susceptibility of the alloy in bicar-
bonate containing solutions. Six nickel based alloys with different
amount of Cr and Mo (among other elements) were selected for the
electrochemical tests and response to SSRT. Tests were conducted
in several environments with pH>8.5at 90°C. The alloys studied
were: (1) C-22, (2) 600, (3) 800H, (4) Ni-20Cr, (5) B-3 (Ni-Mo) and
(6) 201 (99.5% Ni).

2. Experimental procedures
2.1. Electrode and solution preparation

The specimens for the electrochemical and SCC tests were
machined from mill annealed 1 in (2.54 cm) diameter commercial
bar stock wrought alloys (Figs. 1 and 2). The chemical composition
of the materials used in this study is provided in Table 1.

The specimens for the electrochemical anodic behavior were
parallelepipeds with approximate dimensions of 12 x 12 x 15 mm,
avariation of the ASTM G5 [27] specimen (Fig. 1). The exposed area
of the specimen to the solution was approximately 10 cm?2. The
specimens had a finish grinding of abrasive silicon carbide (SiC)
paper #600, and were degreased in acetone and washed in dis-
tilled water within the hour prior to testing. All the electrochemical
tests were conducted in a 1L three-electrode glass vessel. Nitrogen
(N2) was purged through the solution 1 h prior to testing and was

continued throughout the entire electrochemical polarization test.
A water-cooled condenser combined with a water trap was used
to avoid evaporation of the solution and to prevent the ingress of
air (oxygen) to the test cell. The temperature of the solution was
controlled by immersing the cell in a water bath, which was kept
at a constant temperature. The reference electrode was a saturated
calomel electrode (SCE), which has a potential of 0.242 V more pos-
itive than the standard hydrogen electrode (SHE). The reference
electrode was connected to the solution through a water-cooled
Luggin probe; the reference electrode was kept at room tempera-
ture outside of the cell. The electrode potentials were not corrected
for the thermal liquid junction potential because it was assumed to
be on the order of a few millivolts [28]. The counter-electrode con-
sisted of a flag of platinum (Pt) foil (total area 50 cm?2) spot-welded
to a platinum wire. All the potentials in this paper are reported
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Fig. 1. Image and sketch of prismatic specimens used for polarization studies.
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Fig. 2. Specimen used for straining tests. Sketch of glass cell used for SSRT under
controlled temperature and potential.
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in the SCE scale. The SSRT specimens of C-22, 600, 800H, B-3 and
201 alloys were cylindrical, approximately 180 mm in length and
2.9 mm diameter at the gage (Fig. 2). In the case of the Ni-20Cr alloy,
awire of 1.6 mm diameter was used as the tensile specimen. Before
starting the tests, the specimens were longitudinally abraded with
#600 abrasive papers, degreased in acetone and rinsed in distilled
water.

The SSRT tests were conducted under two conditions: (1) Air
at ambient temperature as a control test, and (2) In the studied
electrolyte at a constant applied potential of +400 mV SCE to eval-
uate their susceptibility to SCC. For the SSRT in the electrolyte, a
three-electrode electrochemical glass cell was used (Fig. 2). For
the SSRT test the temperature of the electrolyte was kept constant
by circulating 90°C water through the glass cell jacket. Both the
electrochemical and SSRT tests were performed in: (1) 1.1 mol/L
NaHCOs3 solution (8 < pH<10),(2)0.5 mol/LNa;WO4-2H, 0 solution
(pH: 9.5), and (3) 0.05 mol/L Na;B407.10H,0 solution (pH: 10).

It has been previously reported [10,11] that the presence of an
anodic peak in the polarization curves of the Ni-Cr-Mo alloys was
independent of the concentration of Ni, Cr, Mo, W and other minor
alloying elements. At the same time it has been reported that the
anodic peak was present only in electrolytes with higher pH val-
ues (pH>9)[25,26]. Taking into account the literature observations
[25,26], the current tests were conducted in two media with pH
above and near 9 (borate and tungstate), where the anodic peak in
the polarization curves becomes discernible.

The pH of each solution was measured before and after the
experiments at room temperature. Post-test examination of the
specimens was performed using optical and scanning electron
microscopy (SEM).

2.2. Anodic behavior

Before the electrochemical tests, the specimens received a
cathodic galvanostatic pretreatment of 50 wA/cm? for 5 min. Then
the electrochemical anodic response of the alloys in the electrolytes
was evaluated using potentiodynamic polarization tests at a scan
rate of 0.167 mV/s. The anodic scan was terminated when the cur-
rent density reached 3 mA/cm?,

2.3. Susceptibility to SCC using SSRT

The SSRT technique was used in accordance with the ASTM
G129 standard practice [29]. The initial strain rate used in the ten-
sile tests was 1.6 x 10~6s~1, A potentiostat was used to keep the
applied potential constant throughout the test at + 400 mV SCE. The
temperature was 90°C.

3. Results
3.1. Corrosion potential and corrosion rate

Figs. 3 and 4 show the values of the corrosion potential and the
corrosion rate respectively, for the six tested alloys in the three
deaerated tested electrolytes. The corrosion potential values were
taken from the anodic polarization curves when the net circu-
lating current was zero. The values of corrosion potential are for
short immersion times and may not represent the values for longer
immersion or in aerated electrolytes. The corrosionrates (also listed
in Table 2) were calculated from the anodic polarization using Tafel
slopes and the Faraday second law to convert corrosion current into
corrosion rates with the densities and equivalent weights listed in
Table 1 [ASTM G 102]. In all the calculations the Tafel constants
were assumed to be +0.120V/decade. These values of Tafel slopes
do not imply the postulation of any corrosion mechanism, they are

just the most common values used in literature [30]. The corro-
sion rates are instantaneous values for short immersion times and
used here for comparative purposes only. These corrosion rates may
not represent the behavior of the materials for longer immersion
times or in aerated electrolytes. Figs. 3 and 4 show that, in general,
the lowest corrosion potential for the six alloys was obtained in
the bicarbonate solution and the highest corrosion potential cor-
responded to the borate solution. Some of the lowest corrosion
potentials (Fig. 3) were displayed by the alloys B-3 (1.17% Cr) and
Ni-201 (without Cr). Fig. 4 and Table 2 show that some of the high-
est corrosion rates corresponded to the alloys without chromium,
that is, the highest corrosion rates in general were related to the
lowest corrosion potentials (Fig. 4 and Table 2). In general all the
alloys had a higher corrosion rate in the bicarbonate solution.

3.2. Anodic behavior

The potentiodynamic polarization curves of alloys C-22, 600,
800H, Ni-20Cr, B-3 and 201 in the different media at 90 °C are pre-
sented in Figs. 5-7. The parameters obtained from these tests are
presented in Table 2. The values of anodic peak potential (Epgak)
and the maximum current density at the peak (Ipgak) are listed in
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Fig. 3. Corrosion potential of nickel-based alloys in three electrolytes at 90 °C after
30 min immersion in the respective electrolytes. The lowest corrosion potentials are
for the bicarbonate solution.
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Fig. 4. As immersed instantaneous corrosion rates of nickel-based alloys for three
different electrolytes at 90 °C. The highest corrosion rates are for the alloys without
significant Cr. The corrosion rates were calculated by converting corrosion current
obtained via Tafel slopes and using the Faraday law.
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Data obtained from potentiodynamic polarization curves of alloys C-22, 600, 800H, Ni-20Cr, B-3 and 201 in different media at 90°C. The corrosion current density was
obtained by using Tafel extrapolations from the polarization studies. The Tafel slopes were assumed to be +120 mV/decade for all the cases. The density and equivalent
weights are listed in Table 1. Corrosion rates were calculated using Faraday equation to convert the corrosion current to penetration rates in nanometers per hour.

Alloy Environment Ecorr (mVscg) Eppak (MVscg) ipeak (A/cm?) Corrosion Current Corrosion Rate Corrosion Rate
Density (wA/cm?) (wmjy) (nm/h)
C-22 1.1 mol/L NaHCO3 —-677 254 6.24 x 1074 0.30 2.64 0.301
0.5 mol/L Na,WO04-2H,0 —439 344 6.14x 1076 0.20 1.72 0.196
0.05 mol/L Na;B407.10H,0 —481 292 2.05x 107 0.10 0.84 0.096
600 1.1 mol/L NaHCO3 —695 293 551 x 104 0.10 1.01 0.115
0.5 mol/L NaWO04-2H,0 —460 384 3.90x 1076 0.01 0.17 0.019
0.05 mol/L Na;B407-10H,0 —555 313 7.40 x 106 0.02 0.26 0.030
800H 1.1 mol/L NaHCOs3 —744 332 2.20x 104 0.52 5.51 0.629
0.5 mol/L Na;WO04-2H,0 —421 425 9.30x 10 0.19 2.04 0.233
0.05 mol/L Na;B407-10H,0 -214 310 7.14x 1076 0.05 0.54 0.062
Ni-20Cr 1.1 mol/L NaHCO3 —588 325 9.80 x 10~* 0.28 2.78 0317
0.5 mol/L NaWO04-2H,0 -598 354 6.03 x 10~ 0.09 0.92 0.105
0.05 mol/L Na;B407-10H,0 -370 293 1.07 x 107> 0.08 0.84 0.096
B-3 1.1 mol/L NaHCO3 -730 - - No peak 15.56 129.88 14.826
0.5 mol/L NaWO4-2H,0 —589 - - No peak 0.62 5.2 0.594
0.05 mol/L Na;B407-10H,0 —460 - - No peak 0.50 4.14 0.473
201 1.1 mol/L NaHCO3 -726 - - No peak 6.29 68.51 7.821
0.5 mol/L NaWO4-2H,0 -625 - - No peak 0.29 3.1 0.354
0.05 mol/L Na;B407-10H,0 -536 - - No peak 0.11 1.24 0.142
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Fig. 5. Potentiodynamic polarization of alloys (a) C-22, 600, 800H, and Ni-20Cr and (b) B-3 and 201 in 1.1 mol/L NaHCO; at 90°C.
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this Table together with Ecorr, the corrosion current, and the cor-
rosion rate (Table 2). The anodic behavior of alloys C-22, 600, 800H,
Ni-20Cr, B-3 and 201 in 1.148 mol/L NaHCO3 at 90°C is shown in
Fig. 5(a) and (b). The bicarbonate solution had a pH of 8 at room
temperature before starting the polarization experiments in nat-

Fig. 6. Potentiodynamic polarization of alloys (a) C-22, 600, 800H, and Ni-20Cr and (b) B-3 and 201 in 0.5 mol/L Na;WO4-2H,0 (pH 9.5) at 90°C.

urally aerated conditions. Once the tests were completed, the pH
of the bicarbonate solution was found to increase to 10. For the
alloys containing chromium such as Alloy C-22, above Ecorr, the
current displayed a passive behavior with current density values
in the order of a few pA.cm~2. After a passive potential range of
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0.05 mol/L. Na,B,O_-10H,0 (pH:10) at 90°C
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Fig. 7. Potentiodynamic polarization of alloys (a) C-22, 600, 800H, and Ni-20Cr and (b) B-3 and 201 in 0.05 mol/L Na;B407.10H,0 (pH 10) at 90°C.

almost 800 mV (from —600 to +200 mV SCE), the current started to
increase at a potential higher than 150 mV SCE (Fig. 5a). The current
peaked at approximately 300 mV SCE and then started to decrease.
Subsequently the current increased again for potentials higher than
600mV (Fig. 5a). Even though the current-potential trends of the
four alloys (C-22, 600, 800 and Ni-20Cr) were similar, Alloy 800 dis-
played an additional small current peak at a potential near +20 mV
SCE. Alloy 800 also had the lowest decrease in current after the
anodic peak in the vicinity of +300 mV. The behavior of 201 (no Cr)
and B-3 (1.17% Cr) was different from the other four alloys (Fig. 5b).
Both 201 and B-3 showed a large active to passive transition peak
and a pseudo passivation current in the potential range from —300
to +600 mV with a current density that was at least one order of
magnitude higher than the passive current density observed for
the Cr containing alloys (Fig. 5a). Due to the absence of a definite
anodic peak for Alloy 201, it was assumed that the anodic peaks in
Fig. 5a were associated primarily with one or more of the alloying
elements in Alloy C-22. Since alloys without Mo (600 and 800H)
also presented the anodic peak, it seems obvious to assume that
the anodic peaks in Fig. 5a were produced by the presence of a sig-
nificant amount of Cr (higher than 15%) in the alloys. This was also
confirmed by observing an anodic peak in the Ni-20Cr alloy, while
alloy B-3 (1.17% Cr) did not show this peak.

In order to determine whether the presence of the bicarbonate
ion was a necessary condition for the formation of the anodic peak
in alloy C-22, potentiodynamic anodic polarization tests were per-
formed in other electrolyte media with a pH higher than 9. Results
of the anodic potentiodynamic polarization tests in a tungstate
solution with pH=9.5 and in a borate solution with pH=10at 90°C
are shown in Figs. 6 ((a), (b)) and 7 ((a), (b)), respectively. The
anodic behavior of the six alloys in borate and tungstate electrolytes
were in general different from the bicarbonate solution. The corro-
sion current density of Ni-201 in the potential range from —0.4V
to +0.4V in tungstate and borate solutions was approximately 2
orders of magnitude lower than in the bicarbonate solution. Also, in
the bicarbonate solution Ni-201 had a large anodic peak just above
the corrosion potential which was nearly four orders of magnitude
higher than in the tungstate and borate solutions. Figs. 5-7 and
Table 2 show that all the alloys with anodic peaks in the vicinity
of +300 mV SCE had their highest peak current values in the bicar-
bonate solution. The two alloys with higher iron content (600 and
800H) had the smallest current values at the peaks in the bicarbon-
ate and borate solutions.

3.3. SCC susceptibility

Figs. 8 through 13 show the results of the slow strain rate tests.
The stress in Figs. 8 through 13 was calculated using the mea-
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Fig. 8. Stress versus straining time for alloy C-22 in air and in three different solu-
tions at 90°C and at applied potentials of +400 mVscg.
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Fig.9. Stress versus straining time for alloy 201 in air and in three different solutions
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sured load and the initial cross sectional area of the specimens.
Table 3 shows the values of area reduction, rupture times, maxi-
mum stress and elongation to rupture in the environment and in
air at room temperature (control test). For Alloy C-22, the time to
rupture in air was 110 h while in the bicarbonate solution it was
only 66 h (Table 3). Observation of the specimens after the tests
showed the presence of secondary cracks on the side surface. The
tungstate and the borate solutions also induced cracks but the rup-
ture time was longer than in the bicarbonate solution. Alloy C-22
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TABLE 3
SSRT Conditions and Results for Nickel Alloys.
Alloy Environment Test Applied Potential mVscg ~ Maximum Elongation to Reduction of Failure Time Results
Stress (MPa) Rupture (%) Area (%) (h)
201 Air, RT - 418.11 39.71 85.48 49 Ductile Failure
1.1 M NaHCO3 400 398.3 39.24 85.17 44 No SCC
0.5M Na; W04-2H,0 pH: 9.5 417.67 31.41 88.68 40 No SCC
0.05M Na,B407-10H,0 pH: 10 392.22 37.65 85.76 49 No SCC
800H Air, RT - 681.86 40.15 62.88 53 Ductile Failure
1.1 M NaHCOs 400 516.34 36.9 57.55 47 ScC
0.5M Na; W04-2H, 0 pH: 9.5 537.42 31.20 62.00 45 No SCC
0.05M Na,B407-10H,0 pH: 10 546.53 35.57 63.20 47 No SCC
600 Air, RT - 733.87 41.35 68.12 67 Ductile Failure
1.1 M NaHCOs 400 685.20 33.70 47.86 61 ScC
0.5M Na;W04-2H,0 pH: 9.5 732.10 35.07 57.80 64 No SCC
0.05M Na;B407-10H,0 pH: 10 697.02 37.18 63.27 67 No SCC
B-3 Air, RT - 838.14 43.95 69.94 60 Ductile Failure
1.1 M NaHCOs 400 697.26 24.82 42.83 36 SCC
0.5M Nay;WO4-2H,0 pH: 9.5 688.75 21.04 51.29 33 ScC
0.05M Na3B407-10H,0 pH: 10 819.71 42.27 70.33 60 No SCC
Ni-20Cr Air, RT - 704.99 27.17 71.40 45 Ductile Failure
1.1 M NaHCOs 400 662.0 21.09 53.70 28 ScC
0.5M Nay;WO4-2H,0 pH: 9.5 688.39 21.04 51.29 33 No SCC
0.05M NayB407-10H,0 pH: 10 708.36 21.05 42.59 33 No SCC
C-22 Air, RT - 765.79 63.16 68.05 110 Ductile Failure
1.1 M NaHCO3 400 575.7 37.61 31.83 66 ScC
0.5M Na; W04-2H,0 pH: 9.5 656.83 57.65 56.32 96 ScC
0.05M Na,B407-10H,0 pH: 10 730.34 40.44 63.60 106 SCC
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Fig. 10. Stress versus straining time for alloy 600 in air and in three different solu- Fig. 12. Stress versus time for alloy B-3 in air and in three different solutions at 90 °C
tions at 90°C and at applied potentials of +400 mVscg. and at applied potentials of +400 mVscg.
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Fig. 11. Stress versus straining time for alloy 800H in air and in three different

solutions at 90°C and at applied potentials of +400 mVsce. Fig. 13. Stress versus time for alloy Ni-20Cr in air and in three different solutions at

90°C and at applied potentials of +400 mVscg.
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was the only tested material that exhibited a clear case of SCC in
the three tested electrolytes. Other alloys such as 800H, 600, and
Ni-20Cr developed clear cases of SCC in the bicarbonate solutions
only (Table 3). The results from Table 3 suggest that not only the
PH of the solution is the responsible for cracking but the precise
composition environment.

To establish whether an alloy was susceptible to SCC, not
only the stresses vs. straining times relationships were taken into
account but also the observation in the SEM of the tested specimens.
If the micrographs did not show evidence of SCC, the specimens
were mounted and abraded longitudinally and observed in an opti-
cal microscope, in order to determine if the alloy suffered from
SCC.

Alloy C-22 showed long cracks when strained in bicarbonate,
tungstate and borate solutions at +400 mV SCE (Fig. 14). The stress
versus straining time plots for C-22 (Fig. 8) showed a marked
decrease both in the maximum load and in the rupture time in the
tested electrolytes compared to the test performed in air (Fig. 8).

Stress vs straining time plots of alloy 201 obtained in the dif-
ferent solutions showed a small decrease in the time to failure
compared to the control test (Fig. 9 and Table 3). However, no
fissures were observed in any of the specimens strained in the elec-
trolytes (Fig. 15). The decrease in testing time in the electrolyte as
compared to air could be a consequence of the higher dissolution
rates of the Ni-201 materials at the anodic applied potential.

Alloys 600 and 800H showed similar behavior (Figs. 11 and 13).
Both Alloys 600 and 800H showed a clear tendency to suffer SCC
only in bicarbonate solution (Figs. 16 and 17). The specimens of
alloy 600 and 800H were free from cracks when strained in the
tungstate and borate solutions. This again speaks of the specific
electrolyte solution effect, besides pH.

The specimens of alloy B-3 tested in bicarbonate solution and
the tungstate solution (pH: 9.5) showed to be susceptible to SCC
(Table 3). While the specimen tested in 0.05 M Na,B407-10H,0 (pH
10), did not present evidence of SCC (Figs. 12 and 18).

The plots obtained for Ni-20Cr alloy in different media differed
from the control test (Fig. 13). However, only the specimen tested
in the bicarbonate solution presented SCC. In contrast to all the
other alloys studied in this work, Ni-20Cr alloy showed cracks
with intergranular morphology, while the others (C-22, 600 and
800H) showed cracks with transgranular morphology (Fig. 19).
At this moment it is not clear why Ni-20Cr alloy suffered inter-
granular cracking while the other alloys suffered transgranular
cracking under the tested conditions. This may be a subject of future
research.

4. Discussion

Figs. 3 and 4 show the corrosion potential and corrosion rate
behavior of the six nickel rich alloys after short term immersion
in the deaerated electrolytes. The corrosion potential and corro-
sion rate (or corrosion current density) (Table 2) are instantaneous
values under the short term tested conditions and are not meant
to represent the long term behavior of these alloys. It is apparent
from Figs. 3 and 4 that the bicarbonate solution offers the lowest
corrosion potentials (most active potentials) and the highest corro-
sion rates. The other two electrolytes (tungstate and borate) offer
higher corrosion potentials and lower corrosion rates. For the three
tested electrolytes, the highest corrosion rates were for the alloys
without Cr, implying that even at the pH values near 9, Cr offers
a protective passivation. Interestingly, alloys 600 and 800, which
also contain iron (Fe) have some of the lowest corrosion rates. This
implies that in the mild alkaline solutions the presence of iron may
be beneficial in protecting the alloys against corrosion. That is, iron
may partner with Cr to offer a better passivation. A future work

may be necessary to actually study the composition of the passive
films for these alloys in the tested electrolytes.

Despite the differences in alloying elements, all the Cr con-
taining alloys (C-22, 600, 800 and Ni-20Cr) exhibited a similar
polarization behavior. A similar anodic behavior for different com-
mercially available Cr-containing Ni-based alloys has been reported
by others. Gruss et al. [30] observed the same type of anodic peak
in the polarization tests obtained for the alloy 625 (Ni-21Cr-9Mo)
in a solution similar to the one used in the current work. Gruss
et al. attributed the anodic peak to the transpassive dissolution of
the Cr(III) species, derived from the passive film. That is, after all the
Cr(IlT) in the passive film is oxidized to Cr(VI), the current decreases,
forming a peak in the middle of the anodic region. Mishra, et al.
[25,26], connected the onset of passive film breakdown to the start
of the anodic destruction of the Cr, 03 (Cr(Ill)) barrier layer to yield
the more soluble chromate (CrO42-) (Cr(VI)).

Mishra et al. [25,26] conducted a series of experiments to
determine whether the pH was the critical variable in the anodic
process leading to Cr/Mo loss from de passive film. Varying the
pH of the solution by adding hydroxide showed that the apparent
breakdown/secondary repassivation process (the peak) required an
optimum pH of 8.6 for several commercially available Ni-Cr-Mo
alloys in different buffer solutions, like bicarbonate/carbonate and
borates to generate the peak. That is, the formation of the anodic
peak s a consequence of the presence of a passive Cr,0s film on the
surface and the formation and stability of this oxide film is highly
pH specific.

The potential value at which the anodic peaks appeared shifted
only slightly for the three electrolytes. However, the value of the
peak maximum current changed significantly for the three tested
electrolytes (Figs. 5-7 and Table 2). The fact that the current peak
had the highest value for all the alloys in the bicarbonate solu-
tion needs to be further studied. This may not be an influence of
pH only but also on the nature of the anions present in the elec-
trolyte. Similarly the fact the alloys with iron (600 and 800H) had
the lowest current in the peak both for the bicarbonate and borate
electrolytes needs to be further investigated. It is likely that Fe and
Cr may form a duplex oxide film in the bicarbonate and borate elec-
trolytes offering higher protection of the nickel alloys than with Cr
only.

Figs. 6 and 7 also show that Alloy 201 and B-3 did not show a
large active to passive transition peak in the tungstate and borate
solutions (confirming the higher corrosion rate results for the bicar-
bonate electrolyte in Fig. 5b). Results show that the presence of
bicarbonate ions was not necessary in the electrolyte for Alloy C-22
to exhibit an anodic peak. The anodic peak appeared only when the
pH of the electrolyte was maintained in a pH range between 9.5 and
10; however, the characteristics of the peak (such as total charge)
maybe dependent on the nature of the anions in the electrolyte (i.e.
bicarbonate vs. borate vs. tungstate).

The anodic polarization tests for alloys C-22, 600, 800H, Ni-20Cr,
B-3 and 201 reveal that all the alloys that show an anodic peak in
the bicarbonate solution, also show the peakin the other electrolyte
solutions with pH between 9.5 and 10.

4.1. Correlation between the anodic peak and the susceptibility to
cracking

Previous publications linked the SCC susceptibility of alloy C-
22 to the presence of an anodic peak during anodic polarization
occurring in a range of potentials between +200 and +400 mVscg
in CI~+HCO3~ containing media at temperatures above 60°C
[11-26].

In arecent work, Zadorozne et al. [24]| showed that all the alloys
having an anodic peak in the anodic polarization tests suffered SCC
when strained at potentials where the peak appeared in Cl— and
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Alloy C-22

1.1 M NaHCO; at 90°C &
400 IIIVSCE

Transgranular SCC

0.5 M Na,O4W.2H,0
(pH: 9.5) at 90°C & 400 mVcg

0.05 M Na,B,;07.10H,O
(pH: 10) at 90°C & 400 mVscg

X

Transgranular SCC
R : -

Fig. 14. Macrographs of alloy C-22 fracture surface, after the tensile test in different solutions at 90 °C at 400 mVscg. SCC is observed in the three tested environments.

Alloy 201

1.1 M NaHCO; at 90°C &
400 mVSCE

0.5 M Na,WO,4.2H,0
(pH: 9.5) at 90°C & 400 mVgcg

0.05 M Na,B,07.10H,0
(pH: 10) at 90°C & 400 mVscy:

Fig. 15. Macrographs of alloy 201 fracture surfaces, after the tensile test in different solutions at 90 °C at 400 mVscg. No brittle cracking is observed.

Alloy 600
1.1 M NaHCOs; at 90°C &
400 mVs(:E

&

0.5 M Na,WO,.2H,0
(pH: 9.5) at 90°C & 400 mVscg

0.05 M Na,B,;07.10H,O
(pH: 10) at 90°C & 400 mVcg

Fig. 16. Macrographs of alloy 600 fracture surface, after the tensile test in different solution at 90 °C and at 400 mVscg. TG SCC only in the bicarbonate solution.

HCO5;— containing media at 90 °C. They suggested that the presence
of SCC in alloy C-22 might be associated with the presence of the
peak, and that both (the peak and SCC) might be connected to the
presence of Cr in the alloy [24].

The analysis of the results from the current work show that two
conditions were necessary for the anodic peak to appear; (1) sig-
nificant amount of Cr in the alloy, and (2) an electrolyte with a pH

between 9.5 and 10. The two materials that did not show the anodic
peak were Ni-201 (no Cr) and B-3 (~1%Cr).

All the alloys having an anodic peak in the polarization tests
presented cracks during SSRT at applied potentials in the vicinity
of the potential of the anodic peak for the bicarbonate solution only.
The two other electrolytes (tungstate and borate) also induced the
Cr containing alloys to form the peak; however, the alloys did not
develop SCC. It is apparent that not only the pH of the electrolyte is
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1.1 M NaHCO; at 90°C &
400 mVSCE

0.5 M Na,WO,4.2H,0
(pH: 9.5) at 90°C & 400 mVcg

Alloy 800H

0.05 M Na,B,;07.10H,O
(pH: 10) at 90°C & 400 mVscg

® Transgranular SCC i

13

Fig. 17. Macrographs of alloy 800H fracture surface, after the tensile test in different solution at 90 °C and at 400 mVscg. TG SCC only in the bicarbonate solution.

Alloy B-3

1.1 M NaHCO; at 90°C & 0.5 M Na,W0O,.2H,0 0.05 M Na,B,0,.10H,O
400 mVgce (pH: 9.5) at 90°C & 400 mVscg (pH: 10) at 90°C & 400 mVgcg
- ; GRS | ., SR

8| Transgranular SCC é‘
- =N

Fig. 18. Macrographs of alloy B-3 fracture surfaces, after the tensile tests in different solution at 90°C and at 400 mVsce. TG SCC observed in the bicarbonate and tungstate

solutions.

Alloy Ni-20Cr

1.1 M NaHCO; at 90°C and
400 Il'lVSCE

0.5 M Na,WO,.2H,0
(pH: 9.5) at 90°C & 400 mVcg

0.05 M Na,B,;07.10H,O
(pH: 10) at 90°C & 400 mVscg

Fig. 19. Macrographs of alloy Ni-20Cr fracture surface, after the tensile tests in different solutions at 90 °C and at 400 mVscg. IG SCC only in the bicarbonate solution.

important but also the nature of the anion present in the electrolyte.
Moreover, the composition of the alloy is significant. Even though
all alloys with significant Cr developed cracks in the bicarbonate
solution, only C-22 developed cracks in the three electrolytes. In
a similar way as stated in previous publications that bicarbonate
caused cracking in C-22 and the presence of chloride enhanced this
susceptibility, here it can be said that Cr maybe responsible for

cracking in the bicarbonate solution but the content of Mo (such
as in C-22) enhances the susceptibility of the alloy to cracking.

B-3 also presented SCC under the similar tested conditions even
though the low amount of Cr in the alloy may not be significant to
contribute to an anodic peak during potentiodynamic polarization.
It is not clear at this moment if the small amount of Cr in B-3 may
have influenced its susceptibility to cracking.
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It appears that SCC of nickel alloys with chromium in the mild
environment of electrolytes with a pH above near 9at 90°C may
be associated to the disruption of the passive film offered by Cr,03.
A partial second oxidation of this film to chromate species seems
to be the trigger to nucleate cracks during slow strain rate tests.
Results also seem to suggest that the presence of Cr+Mo in the
alloy makes it more susceptible to cracking since alloys without Mo
(such as 800H and 600) do not suffer SCC in tungstate and borate
solutions.

Current results show that cracking occurred under dynamic
straining conditions (SSRT), that is, it is not known if cracking would
also occur under constant load, which could be more representa-
tive of an actual industrial application of the chromium containing
nickel rich alloys.

5. Conclusions

1 Potentiodynamic polarization tests show that alloys C-22, 800H,
600 and Ni-20Cr presented an anodic peak in a range of potentials
between 200 and 400 mVscg when tested in 1.1 M NaHCOs3, 0.5 M
NayWO0,4.2H,0 (pH: 9.5) and 0.05 M Na;B407.10H,0 (pH: 10) at
90°C. This peak was mainly attributed to the presence of Cr in
the alloys, and the peak was formed when Cr in the passive film
was oxidized from Cr(Ill) (Cr,03) to Cr(VI) (CrO4 2-).

2 The anodic peak in C-22, 800H, 600, Ni-20Cr appeared when the
pH of the electrolyte was in the vicinity of 9. However the size of
the peak (total charge) was always the largest in the bicarbonate
solution. That is, the peak is not only pH sensitive but the nature
of the electrolyte is also important.

3 Specimens of Alloys C-22, 600, Ni-20Cr, 800H and B-3 tested by
SSRT in bicarbonate solutions at +400 mVscg and 90 °C showed
SCC. It is apparent that cracking developed at potentials and pH
where the passive film is disrupted by a secondary oxidation
(Cr(IIT) to Cr(VI)).

4 C-22 also suffered SCC during SSRT in the borate and tungstate
electrolytes at +400 mV SCE and 90 °C. The particular composi-
tion of C-22 appears to be the most susceptible to cracking in the
tested conditions.
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