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ABSTRACT 

 
 The U.S. Department of Energy (DOE) has indicated that it may use Alloy 22 as the waste package 
outer container materials for the potential repository at Yucca Mountain, Nevada. Under the high-level waste 
repository conditions, hygroscopic salts may deposit on the waste package surfaces and sorb moisture from 
the atmosphere when the relative humidity is near or above their deliquescence relative humidity, potentially 
causing aqueous corrosion of the waste package. 
 
 The corrosion rates of Alloy 22 were measured in the liquid and vapor phases in a system containing a 
NaCl-NaNO3-KNO3 mixture at temperatures ranging from 130 to 220 oC [266 to 428 oF]. The general corrosion 
rates of Alloy 22 in the NaCl-NaNO3-KNO3 system were found to be strongly affected by the solution pH. When 
the solution was near neutral, the corrosion rates of Alloy 22 were low (<1 μm/yr). However, if the solution was 
acidic, the corrosion rate increased with decreasing pH. This pH dependence was verified using an in-situ 
coupled multielectrode array sensor in a separate experiment.  
 

Keywords:  deliquescent corrosion, Alloy 22 corrosion, nuclear waste container, high temperature 
corrosion, coupled multielectrode, multielectrode array sensor 



 
INTRODUCTION 

 
 Alloy 22 is a nickel-chromium-molybdenum alloy (Ni-22Cr-13Mo-4Fe-3W) that is highly corrosion 
resistant in oxidizing environments.1 Alloy 22 is being considered as the outer container material in the 
possible waste package design2 for the potential high-level waste repository at Yucca Mountain, Nevada. The 
waste package will be used to prevent or delay the release of radionuclides to the accessible environment 
before and after permanent closure. Under a nominal-case scenario, corrosion is considered to be the primary 
degradation process limiting the lifetime of the waste package. Loss of containment may allow radionuclides to 
be released to the environment immediately surrounding the waste package. 
 
 During the preclosure period, expected to last for 50 to 300 years, the potential repository drift will be 
ventilated for at least part of the time. Atmospheric aerosols and dusts may be introduced into the drift by the 
ventilation, leading to the accumulation of hygroscopic salts on the waste package surfaces.4,5 The 
hygroscopic salts could sorb moisture from the atmosphere and form brine solutions on the waste package 
surfaces when the relative humidity is near or above the salt’s deliquescence relative humidity. These brine 
solutions could promote the corrosion of waste package materials.6–8 The soluble component of aerosol and 
dust in a given geographic area is directly related to the soluble constituents of rainfall in the area. Sodium, 
potassium, nitrate, and chloride are among the principal soluble cation and anion constituents in the samples 
of precipitation collected in the vicinity of Yucca Mountain.8 
 
 The NaCl-NaNO3-KNO3 salt system is highly hygroscopic, and the boiling point of solutions having 
compositions in this system is as high as 220 oC [428 oF] at ambient pressure.9 According to a recent analysis 
by Bechtel SAIC Company, LLC, the maximum temperature at the waste package surface will be 203 oC [397 
oF]10 after closure of the repository drift without drift degradation. Hence, brine solutions may be present during 
the thermal pulse period shortly after closure. The presence of brines has important implications because 
many metals are more susceptible to localized corrosion or have higher general corrosion rates at higher 
temperatures. Orme et al. measured the corrosion rates of Alloy 22 in nitrate-chloride mixtures from 120 to 180 
oC [248 to 356 oF] using a closed autoclave system and found that the general corrosion rate was less than 0.1 
µm/yr.6 Because the drifts in the potential repository are open to the ambient environment, the closed system 
used in the study may not simulate conditions predicted for the potential repository. The oxygen partial 
pressure in the closed autoclave system may be lower than that in the potential repository system. In a 
previous CNWRA study, the corrosion behavior of Alloy 22 was evaluated in a NaCl-NaNO3-KNO3 mixture at 
ambient pressure without deaeration. The general corrosion rate of Alloy 22 in the liquid phase of the nitrate-
chloride system ranged from 2 to 9 µm/yr [0.079 to 0.35 mil/yr].8,11 Because of the wide range in the corrosion 
rate derived  from the preliminary study and because the test duration was short, a long-term experiment was 
conducted and the results are reported in this paper. 
 

EXPERIMENTS 
Test Specimens 
 
 Alloy 22 specimens with different metallurgical conditions were used in the experiments.  The 
experiments include both creviced and uncreviced specimens. The metallurgical conditions and geometry of 
the different specimens are provided in Table 1. The shape of the creviced specimens is similar to that used by 
Dunn et al.12 and is shown in Figure 1. The chemical compositions of these specimens are given in Table 2. All 
specimens were polished with 600-grit silicon carbide paper before use. 
 
 The weight loss measurements were conducted according to ASTM G1–03.13 The posttest specimens 
were first cleaned with soft brushes and rinsed with water and acetone, then cleaned with a dilute HCl solution 
in an ultrasonically agitated bath. The specimens were then brushed with a soft brush and rinsed with acetone 
and water. The corrosion rates were calculated according to Eq. (1) 
 

CR = 8.76 × 107 W/ADt                        (1) 
 



where 
 
CR — corrosion rate (μm/yr) 
W — weight loss (g) 
A — surface area (cm2) 
t — time (hr) 
D — density (g/cm3) 
 
 The microbalance used for the weight loss measurement had a precision of ±0.025 mg  
[3.52 × 10-5 oz], which corresponds to an error of ±20 nm/yr [0.00079 mil/yr] in the corrosion rate for the 
specimens with the smallest surface area as shown in Table 1.   
 
Test Vessels for Weight Loss Corrosion Rate Measurements  
 
 The corrosion test was conducted in the same type of vessel described in a previous study (Figure 2).11 
Approximately 1,000 g [2.2 lb] of a salt mixture containing equimolar quantities of NaCl, NaNO3, and KNO3 
were placed in the glass vessel. The vessel was heated to the test temperature {ranging from 130 to 220 oC 
[266 to 428 oF]}. The system was kept at ambient pressure and vented to the open air through the vent bubbler, 
which was used to trap the vapor phase exiting the test vessel. The water in the bubbler was sampled 
periodically for pH and chemical analyses. 
 

At the start of the experiment, deionized water was added to the test vessel so that approximately half 
of the salts dissolved. A small amount of water {10 to 20 mL [0.34 to 0.68 oz]} was periodically added to the 
vessel to make up the water that evaporated and maintain the same liquid level in the test vessel. The water 
vapor pressure over the liquid phase in the test vessels was close to the atmospheric pressure because of the 
continuous and slow evaporation of the water; the chemical composition in the liquid phase is determined by 
the phase equilibrium.  
 
 Test specimens were placed in the vessel in contact with the vapor and liquid phases (Figure 2). The 
vessels were heated with a mantel, and thermocouples were used to measure the temperatures of the liquid 
and vapor phases. 
 
 At the end of test and while the system was still at the test temperature, samples of known volume and 
weight were taken from the liquid phase of the salt mixture. Because the samples crystallized as soon as the 
temperature decreased, the samples were redissolved and diluted with deionized water approximately 10 
times the mass of the sample. The diluted solution, referred to as diluted samples in this paper, were later 
analyzed for chemical composition and pH.  
 
Test Vessels for Characterization of Vapor Phase Acidity 
 

The vapor phase acidity was characterized by measuring the pH of vapor phase condensates taken 
using a distillation flask system shown in Figure 3. Two-stage liquid-solid traps were used to prevent solid 
particles or liquid particulates formed in the test flask from entering the condenser and possibly contaminating 
the vapor phase condensates. During the test, the valve located between the upper trap and the liquid collector 
was normally open. This valve was only closed when a sample from the collector was being taken.  
 
Corrosion Rate Confirmation Test  
 

A test to verify the corrosion rates derived from the weight loss experiments was conducted using a 
coupled multielectrode array sensor (CMAS) probe described in a previous publication.14 The sensor has nine 
electrodes made with mill-annealed Alloy 22 wires {1 mm [40 mil] in diameter}. The wires were coated with an 
inorganic coating to prevent the formation of a crevice between the wire and the surrounding insulation 
material. 
 



During the test, the CMAS probe was immersed in the liquid phase of a vessel system similar to that 
shown in Figure 2. Reagent grade NaOH and HNO3 were used to adjust the pH of the liquid in the test vessel. 
 
Model Simulations 
 

To provide a preliminary understanding of the pH changes in a solution containing NaCl, NaNO3, and 
KNO3 at elevated temperatures, thermodynamic modeling of the chemistry of the salt system was performed, 
using software developed by OLI Systems, Inc. (Morris Plains, New Jersey).The software calculates 
thermodynamic properties (including pH and solubility).The standard thermodynamic model used in the 
software is described by Gerbino,15 which can be used to simulate aqueous chemical systems for temperatures 
up to 300 °C [572 °F], pressures up to 150 bar [2,205 psi], and ionic strengths as high as 30 molal. For more 
concentrated solutions, the software allows the use of the mixed-solvent electrolyte model described by Wang 
et al.,16 which can represent the thermodynamic behavior of systems ranging from infinite dilution in water to 
molten salts or pure acids at temperatures to 300 °C [572 oF]. 

 
RESULTS 

 
Weight Loss Tests 
 
 Table 3 shows the general corrosion rates at 130, 160, 190, and 220 °C [266, 320, 374, and 428 °F] 
obtained from the weight loss measurements. Values are listed for the different types of specimens:  (i) welded, 
(ii) annealed, (iii) thermally aged, (iv) annealed and creviced, and (v) welded and creviced. Note that two tests 
were conducted at 160 °C [320 °F] (in Vessels B and E). The corrosion rates varied roughly from 0 to 
500 nm/yr [0 to 0.020 mil/yr] for the specimens exposed to the liquid phase and from 0 to 80 nm/yr  
[0 to 0.0031 mil/yr] for the specimens exposed to the vapor phase. The relatively small negative numbers listed 
in the table are due to experimental error from the weight loss measurement {±20 nm/yr [0.00079 mil/yr]}. No 
correlation between the corrosion rates and the heat treatment conditions is apparent from the data. 
 

Table 3 also lists the corrosion rates averaged at each temperature for specimens exposed to either the 
liquid phase or the vapor phase in the same test vessel and at the same temperature. These average values 
are plotted as a function of temperature in Figure 4. Note that the average values for Vessels B and E are 
plotted separately.  For the specimens exposed to the liquid phase, the average corrosion rate ranged from 7.8 
to 462 nm/yr [0.0031 to 0.018 mil/yr]. For these samples, the average corrosion rate was low at 130 °C 
[266 °F], but significantly higher at 190 and 220 °C [374 and 428 °F].  Experiments conducted in Vessels B and 
E at 160 °C [320 °F], resulted in very different average corrosion rates {27.7 and 462 nm/yr [0.0011 and 0.018 
mil/yr], respectively}. 

 
For the specimens exposed to the vapor phase, the average corrosion rate was roughly the same at 

different temperatures {0.8 to 30 nm/yr [0 to 0.0012 mil/yr]}. The small negative value at 160 °C [320 °F] for 
Vessel E (see Table 3) was within the error that may be caused by the weight loss measurement {±20 nm/yr 
[0.00079 mil/yr]} and was plotted as zero in Figure 4. 

 
Because the corrosion rates of specimens exposed to the vapor phase are insignificant {<0.1 µm/yr 

[0.004 mil/yr]} compared to those exposed to the liquid phase and corrosion rates near 10 to 100 nm/yr  
[0.0004 to 0.004 mil/yr] are the approximate lower detection limits for the weight loss method under the 
conditions of the experiments, the discussions below will focus on the corrosion of Alloy 22 exposed to the 
liquid phase. 
 

Figure 5 shows the posttest appearance of typical specimens tested at 160, 190, and 220 °C [320, 374, 
and 428 °F]. The original polishing marks for the three specimens (Figures 5a, 5c, and 5d) that showed low 
corrosion rates {<200 nm/yr [0.008 mil/yr]} are clearly visible, and the polishing marks on the specimen that 
showed a higher corrosion rate (Figure 5b) completely disappeared. In addition, Figures 5c and 5d show 
visible differences between the welded fusion zone and the base metal. The polishing marks over the welded 
fusion zone are less visible than those over the base metal. Figures 5a and 5b have very different 



appearances although they were exposed to the same temperature, and these appearances confirm the high 
corrosion rate for specimens in Vessel E (Figure 5b) and low corrosion rate for specimens in Vessel B  
(Figure 5a). 
 

Compared with the corrosion rate results obtained in the previous test {1 to 10 µm/yr [0.04 to 
0.4 mils/yr]11 for the specimens exposed to the liquid phase in a similar NaCl-NaNO3-KNO3 system}, the 
corrosion rates listed in Table 3 are significantly lower. No apparent temperature dependence was shown from 
the previous test, and the experimental conditions for the previous tests and the present tests were nearly 
identical, except for the following: 
 
1)  The exposure times in the present tests were longer (80 to 140 days) than the exposure times for the 

previous tests (30 to 80 days); 
 
2)  Some of the reagents were from different batches; 
 
3)  Water from the vent bubbler was recycled back to the vessel as makeup water in the present test; no 

vent bubbler water was recycled back as makeup water in the previous tests. 
  
 
Effect of pH on Corrosion Rate 
 

As discussed above, the corrosion rates from the previous tests11 and the present tests showed no 
reasonable correlation with temperature, immersion time, and metallurgical conditions. The corrosion rates 
varied from 27 to 462 nm/yr [0.0011 to 0.018 mil/yr] for the experiments that were conducted at the same 
temperature {160 °C [320 °F]} and with the same batch of chemical reagents in present tests. 
 

During the experiments, the water in the vent bubbler was frequently sampled and measured for pH. 
Figure 6 shows the pH values for the water collected from the vent bubblers. The pH values of the deionized 
water that was used to fill the bubbler and to add to the test vessels as makeup water are also shown in 
Figure 6. The pH of the water in the vent bubbler connected to Vessel E ranged from 2.2 to 3.2 and was 
significantly lower than that in the vent bubblers connected to the other test vessels. In the tests conducted at 
190 °C [374 oF] (Vessel C) and 220 °C [428 oF] (Vessel D), the pHs of the water from the vent bubblers were 
high (7 to 8.6) initially, but decreased slowly to slightly acidic values (4.5 to 6) after 45 days. The difference 
between the pH of the vent-bubbler water and the pH of the deionized water must be due to the gases exiting 
the test vessels. Therefore, Vessel E produced a significant amount of acid gases during the course of the test. 
The acid gases in Vessel E could have been caused by the impurities in the reagent chemicals used or the 
components in the Pyrex™ glass vessels, such as silica or boron (see below for details), but the cause of the 
relatively high pH of the vapor phase in the other vessels is not known.  

 
Figure 6 also shows the pH for the samples taken from the liquid phase of four of the test vessels at the 

end of each experiment. The samples were diluted 10 times with deionized water (diluted sample) prior to pH 
measurement. In general, the lower the pH in the vent bubbler, the lower the pH of the diluted sample. This is 
expected according to Henry’s Law for the distribution of the acidic components in the liquid phase and in the 
gas phase. It is interesting to note that the pH of the diluted samples from all the different vessels are in a 
narrow range (from 5.9 to 6.3) and none of them are above 7. 
 

The average pH for the vent-bubbler water connected to each test vessel is also given in Table 3. 
Figure 7 shows the corrosion rates plotted against the pH of the vent-bubbler water for the present tests and 
for the previous tests.11 There is strong correlation between the corrosion rate and the pH of the vent-bubbler 
water. When the vent-bubbler water was acidic (pH close to or less than 4), the corrosion rate of the Alloy 22 
was high. The test temperatures are also indicated in the figure. It appears that the corrosion rates are higher 
for previous tests than for the present tests. This may have been due to the fact that the water that collected in 
the vent-bubbler was partially recycled in the present test, but the water that collected in the bubbler was not  



recycled in the previous tests. The recycling of the bubbler water might have lowered the pH in the  
vent-bubbler, whereas the pH in the liquid phase of the vessel remained the same. 
 

For most of the experiments conducted in the present tests, samples were taken directly from the liquid 
phase at the end of the tests and the pH values for the liquid samples were measured. However, only one 
value for the pH of the liquid phase sample was available from the previous test.11  
 

In another short-term experiment that was conducted to characterize the chemistry in the vapor phase 
of the test vessels, samples were taken from the liquid phase of the test flask (Figure 3) after a relatively short 
period (7-10 days) and from the liquid collector for the condenser water. Figure 8 shows the pH of the diluted 
sample taken directly from the liquid phase of the test flasks as a function of the pH of the condenser water for 
the short-term tests and the one data point from the previous tests.11 For the short-term tests, the pH of the 
condenser water and the pH of the diluted sample is linearly related, which is consistent with Henry’s Law. 
Figure 8 also shows that the pH of the diluted lsamples from the short-term tests is significantly lower than that 
of the previous test for the same bubbler water pH. This is probably due to the fact that the liquid samples for 
the previous tests were taken 80 days after the solution was reacted in the vessel and the samples for the vent 
bubbler pH were taken during the course of the 80-day test (the average pH value), whereas the samples from 
the short-term tests were taken only about 10 days after they were reacted in the vessels (see below for more 
discussions). The acidic components of the liquid in the previous long-term tests might have increased with 
time by mechanisms such as degassing. According to Henry’s Law, it is reasonable to assume that the slope 
of the linear correlation between the pH of the diluted samples at the end of the previous tests and the pH of 
the vent-bubbler water averaged over the duration of the previous tests is the same as the slope of the linear 
correlation between the pH of the diluted samples and the pH of the condenser water from the short-term test. 
Based on this assumption, the pH of the diluted sample for two of the previous tests was estimated using the 
one available data point (bubbler water pH = 3 and diluted sample pH = 4.4). Figure 8 shows that the 
estimated pH values for the diluted samples are 4.7 and 3.9 for the bubbler water pH of 3.5 and 2, respectively.  
 

With these two estimated data points, the corrosion rates of Alloy 22 were plotted against the pH of the 
diluted samples for both the present and the previous tests, as shown in Figure 9. The two sets of corrosion 
rate data exhibit an exponential relationship with pH. When the pH of the diluted sample phase samples is 
higher than 6, the corrosion rates are low, but when the pH of the diluted samples is lower than 6, the corrosion 
rates are much higher. Therefore, the high corrosion rates for Alloy 22 in the liquid phase observed in the 
previous tests are likely to have been caused by the low pH in the liquid phase (diluted sample pH <4.8). The 
low corrosion rates observed in the present tests were due to the relatively high pH of the liquid phase (diluted 
sample pH >5.8). 
  
Verification of the Dependence of Alloy 22 Corrosion Rate on pH Using Coupled Multielectrode 
Array Sensors 
 

The verification test for the pH-corrosion rate dependence shown in Figure 9 was conducted with a 
coupled multielectrode array sensor.14 Figure 10 shows the maximum corrosion rate16 (the rate derived from 
the current that was measured from the most anodic electrode) and the pH of the diluted samples. The 
temperature varied from 124 to 134 °C [255 to 273 oF] for most of the time and occasionally reached 145 °C 
[293 oF] during the test. It is anticipated that the general corrosion rate, as measured with the weight loss 
method and shown in Figures 7 and 9, would be lower than the maximum corrosion rate from the 
multielectrode array sensor because the maximum corrosion rate of the multielectrode array sensor is derived 
from the small sensor electrode {surface area = 0.0785 cm2 [0.0122 in2]} experiencing the most corrosion,17,18 
whereas the corrosion rate from the bulk tests is averaged over the entire surface area {>2.66 cm2  



[00.412 in2]}.The pH of the solution in the test vessel was initially adjusted with a dilute NaOH solution so that 
the pH of the diluted sample was about 8.5 and the maximum corrosion rate of Alloy 22 stabilized at low values 
around 1 µm/y [0.04 mil/yr]. Dilute nitric acid was added to the test vessel from time to time, and such additions 
are reflected by the instant drops in the pH of the diluted samples as shown in Figure 10. The pH of the 
solution increased slowly after each sharp decrease, probably due to the evaporation of the acid in the system. 
After the pH of the diluted sample was lowered below 5, the maximum corrosion rate started to increase every 
time the dilute nitric acid was added to the vessel. Figure 11 shows the relationship between the maximum 
corrosion rates and the pH of the diluted sample from the liquid phase. The maximum corrosion rate remained 
low (about 1 µm/yr) in a wide range near neutral pH (from 4.8 to 8.5) and increased exponentially with a 
decrease in pH when the pH of the diluted sample approached 4.8. 
 

The maximum corrosion rate, as shown in Figure 11, agrees very well with the general corrosion rate 
shown in Figure 9. Both figures show low corrosion rates for Alloy 22 at pH >4.8 for the diluted sample and a 
sharp increase in the corrosion rate of Alloy 22 with a decrease in pH when the pH of the diluted sample was 
lower than 4.5. 
 
Causes for the Variations in the pH of the NaCl-NaNO3-KNO3 System 
 

As discussed earlier, the pH of the vent-bubbler water varied significantly even for the vent-bubblers 
that were connected to the vessels that contained the same salts and were at the same temperatures (Vessels 
B and E). The CO2 in the air and impurities in the chemical reagents used for the test and their interactions 
with the salts as well as the components of the glass vessel (silica and boron) were suspected to cause the pH 
variations. For the effect of CO2 in the air, a test was conducted using the experimental setup as shown in 
Figure 3. In this test, the venting line (from the condenser to the vent bubbler) was closed in the first 30 days 
and opened to the air for the remaining three months. For the effect of the impurities and glass components, 
preliminary model simulations were conducted to understand the effects of these chemical species on the pH 
of the solutions containing NaCl-NaNO3-KNO3. 
 
Effect of CO2 in Air: It was reported that the salts containing sodium, chloride, and nitrate ions are not stable in 
CO2 environments19. In this environment, hydrochloric acid or nitric acid will be formed according to the 
following reactions:. 
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Figure 12 shows the pH of the condenser water (see Figure 3) as a function of time. The venting line 

was connected to the bubbler as shown in Figure 3 during the first 23 days of the test and opened to the air for 
the remaining duration of the test. The pH of the condenser water was high initially (7.9), but decreased to 6.9 
within the first 15 days. The pH of the condenser water continued to decrease after the venting line was open 
to air, but showed no acceleration in the decrease of the pH. It is not evident from Figure 12 that the CO2 in the 
air has caused the decrease in the pH; however, the opening of the venting line to the air did not cause the 
bubbler pH to change to 2 or 3, which was observed in Vessel E as shown in Table 3. 
 
Model Simulated Effect of Silica: Silica is a primary component of the glass container (about 81% SiO2) used 
during the test. Figure 13 shows the result of thermodynamic modeling that was conducted to evaluate the 
effect of adding SiO2 on the pH of the NaCl-NaNO3-KNO3 solution. The calculated initial pH of the solution is 
8.0. As SiO2 is added, the pH decreased and reached 6.6 when SiO2 reached its solubility limit (337 pm), 
which is expected under the test condition because of the abundance of the silica in the glass and the relatively 
long duration of the tests.  

 



Model Simulated Effect of Boron: Boron is a major component of the glass container (about 13% B2O3) used in 
the tests. Figure 14 shows the result of thermodynamic modeling that was conducted to evaluate the effect of 
adding boron [added in the form of B(OH)3] on the pH of the NaCl-NaNO3-KNO3 solution. The pH of the 
solution decreased from 8.0 to 7.0 with an increase in the added B(OH)3 to 210 ppm. The pH of the solution 
continued to decrease with increasing boron addition and reached about 6.5 at a boron content of 500 ppm. 
The results indicate that boron leached from the glass container will not cause the NaCl-NaNO3-KNO3 solution 
to have acidic pH. 
 
 Model Simulated Effect of Phosphorous: Phosphorous is one of the impurities listed in the specification sheet 
for the reagents used in the experiments (e.g., 4 ppm PO4

- in one of the NaCl batch). Figure 15 shows the 
calculated effect of phosphorous addition (added in the form of P2O5) on the pH of the NaCl-NaNO3-KNO3 
solution. The pH of the solution decreased sharply from 8.0 to 5.0 with a P2O5 content as low as 2.5 ppm. The 
results indicate that the presence of phosphorus impurity, most likely from the reagent grade chemicals used in 
the experiments, could have caused the low pH of some of the NaCl-NaNO3-KNO3 solutions. 
 
Other Impurities: The reagents also contain other impurities that may affect the pH of the solution. For example, 
the KNO3 used in the experiment contains 20 ppm calcium and 10 ppm magnesium. If these impurities are in 
the soluble form such as chlorides or nitrates, they would undergo hydrolysis to form acid at the test 
temperatures.20,21 In addition, the combination of the impurities mentioned above may even have a 
stronger effect.  
 

CONCLUSIONS 
 

 The corrosion rates of Alloy 22 specimens were measured in the NaCl-NaNO3-KNO3 system in 
the temperature range from 130 °C to 220 °C [266 to 428 °F] using the weight loss method. Analysis showed 
that the measured corrosion rate for Alloy 22 specimens in the solution containing NaCl, NaNO3, and KNO3 
was strongly affected by the solution pH. When the solution was neutral, the corrosion rates of Alloy 22 were 
low {<1 µm/yr [0.04 mil/yr]}. However, if the solution was acidic, the corrosion rate increased with a decrease in 
pH. When the pH of the sample that was from the liquid phase and diluted by 10 times in weight (diluted 
sample) reached 6, the corrosion rate of Alloy 22 increased exponentially with further decrease of the solution 
pH. This pH dependence was verified using a real-time coupled multielectrode array sensor, which gives 
instantaneous results. The coupled multielectrode array sensor made of Alloy 22 showed a low corrosion rate 
when the pH of the diluted sample from the liquid phase ranged from 8.5 to 4.8 and showed an exponential 
increase with a decrease in pH when the diluted sample from the liquid phase had a pH below 4.5. Model 
simulations suggest that phosphorus, which might have been introduced as an impurity in the chemical 
reagents used for the tests, could lower the solution pH to 5 at a P2O5 concentration of 2.5 ppm. 
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Table 1.  Specimens Used in the Experiment 

Specimens 
Code 

Heat 
Treatment 

Heat Number 
of Base Metal 

Heat 
Number of 
Filler Metal Geometry (cm3) [in3] 

Surface 
Area 

(cm2) [in2] 
Thermally  
aged *  

Thermally 
aged at 870 °C 
[1,598 oF] for 
30 minutes   

2277-1-3150 Not 
applicable 

1.27 × 0.787 × 0.152  
[0.5 × 0.31 × 0.06] 

2.66 
[0.212] 

Annealed*  Mill-annealed 
specimens 

2277-3-3266 Not 
applicable 

1.27 × 2.54 × 0.25 
[0.5 × 1.0 × 0.1] 

8.48 
[1.31] 

Welded* Welded 
specimens 

2277-3-3292 WN 813 1.27 × 2.54 × 0.25 
[0.5 × 1.0 × 0.1] 

8.48 
[1.31] 

Annealed, 
Creviced 

Creviced, 
mill-annealed 
specimen 

2277-3-3266 Not 
applicable 

Figure 1 12.9 
[2.00] 

Welded, 
Creviced  

Creviced, 
welded 
specimen 

2277-3-3292 WN 813 Figure 1 12.9 
[2.00] 

*Specimens have a 2-mm (0.08 in) diameter hole drilled at top for hanging in the test cells 



 
Table 2.  Chemical Compositions of Spciments and Weld Fillers (In Weight Percent) 

Heat 
Number Ni* Cr* Co* Fe* Mo* Mn* W* Vi* Si* C* S* P* 
2277-1-
3150 

Bal† 21.1 1.70 4.5 13.2 0.35 2.9 0.16 0.03 0.003 0.004 0.008 

2277-3-
3266 

Bal† 21.4 1.19 3.75 13.30 0.23 2.81 0.14 0.03 0.005 0.004 0.008 

2277-3-
3292 

Bal† 21.22 1.32 3.69 13.64 0.23 2.96 0.13 0.02 0.004 0.003 0.005 

WN813 Bal† 22.24 0.41 2.37 13.7 0.34 3.13 0.01 0.02 0.003 0.001 0.003 
*Ni–Nickel, Cr–Chromium, Co–Cobalt, Fe–Iron, Mo–Molybdenum, Mn–Manganese, W–Tungsten,  
Vi–vanadium, Si–Silicon, C–Carbon, S–Sulfur, P–Phosphorus 
†Bal–Balance 

 



 
Table 3.  Corrosion Rates of Alloy 22 Specimens in the Liquid and Vapor Phases and the pH of the Water in the Vent Bubbler 

  Vessel A, 130 oC Vessel B, 160 oC Vessel E, 160 oC Vessel C, 190 oC Vessel D, 220 oC 

Coupons Coupon 
ID 

CR-Liq* 
(nm/yr) 

CR-Vap† 
(nm/yr) 

Coupon 
ID 

CR-Liq* 
(nm/yr) 

CR-Vap† 
(nm/yr) 

Coupon 
ID 

CR-Liq* 
(nm/yr) 

CR-Vap† 
(nm/yr) 

Coupon 
ID 

CR-Liq* 
(nm/yr) 

CR-Vap† 
(nm/yr) 

Coupon 
ID 

CR-Liq* 
(nm/yr) 

CR-Vap† 
(nm/yr) 

AW3 15.6   BW3 22.0         CW3 129.9   DW3 217.8   

AW4 19.4   BW4 25.2         CW4 171.7   DW4 215.0   

AW7   7.5 BW7   25.2       CW7   36.7 DW7   31.0 
Welded   

AW8   24.2 BW8   30.4       CW8   24.9 DW8   6.8 

A3 9.7   B3 27.8         C3 128.4   D3 134.5   

A4 -2.7   B4 36.2         C4 152.6   D4 148.0   

A7   11.3 B7   24.1       C7   0.0 D7   5.6 
Annealed  

A8   3.2 B8   19.9       C8   -2.2 D8   -6.2 

G44 -15.4   G48 23.4   G40   -4.8 G52 269.0   G56 231.5   

G45     G49 40.1   G41   1.6 G53 322.8   G57 249.4   

G46     G50   40.1 G42 424.8   G54   79.5 G58   62.8 

Thermall
y aged 

G47     G51   21.7 G43 498.6   G55   65.5 G59   77.2 

A9   30.9 B9   4.5       C9   -4.3 D9   -10.4 Annealed 
Creviced A10   46.3 B10 24.5         C10 162.1   D10 105.8   

AW9   37.2 BW9   21.0       CW9   33.3 DW9   4.4 Welded 
Creviced AW10 20.2   BW10 22.4         CW10 269.2   DW10 280.8   
Average‡   10.8 23.0   27.7 23.4   461.7 0.8   200.7 30.0   197.9 23.5 

Days   184 184   189 189   197 197   135     176 176 
Points   6 7   8 8   2 2   8 8   8 8 

Average 
bubb. pH 7.2 7.8 2.9 6.6 6.3 

*CR-Liq―stands for corrosion rate in liquid phase 
†CR-Vap—stands for corrosion rate in vapor phase 
‡Calculated after all negative values that are within experimental error {±20 nm/yr [0.00079 mil/yr]} were set to zero.   Note:  1 mil/yr = 25,400 nm/yr 
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Figure 1.  Schematic Diagrams for the Creviced Specimens Used in the Tests. 
 

Note:  PTFE—polytetrafluoroethlene:  1 mm = 0.04 in. 
 



 

Figure 2.  Schematic of Typical Glass Vessels Used for the Weight Loss Experiment. 
 

Note:  The Total Volume of the Vessel is Approximately 3 L. 
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Figure 3.  Schematic of Typical Glass Flask Used for the Characterization of 
Vapor Phase pH 

 
Note:  The Volume of the Flask is Approximately 1L. 



 

 

Figure 4. Corrosion Rates of Alloy 22 Averaged for Each Test Vessel as a Function  
of Temperature. 

 
Note:  1 mil/yr = 25400 nm/yr 
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Figure 5.  Optical Appearance of the Specimens after the Tests in Liquid Phase  
from (a) Vessel B at 160 °C [320 °F], (b) Vessel E at 160 °C [320 °F], (c) Vessel C at 190 °C) [374 °F],  

and (d) Vessel D at 220  °C [428 °F]. 
 

Note:  Publishing Marks in (b) Completely Disappeared. 
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Figure 6.  pH of the Vent-Bubbler Water and the Deionized Makeup Water That Was  
Added to the Test Vessels and Vent-Bubblers During the Corrosion Tests, and pH  
of the Diluted Sample From Four Test Vessels at the End of the Corrosion Tests. 

 
Note:  T(oF) = 1.8T(oC) + 32. 
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Figure 7.  Average Corrosion Rates for Alloy 22 as a Function of pH of the  

Vent-Bubbler Water.   
 

Note:  Previous Data were Published by Yang, et al.11 
Note:  T(°F) = 1.8T(°C) + 32. 
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Figure 8.  Relationship Between the pH of the Diluted Sample From the Liquid Phase  
and the pH of the Bubbler Water.  Two Values for the pH of the Diluted Sample  

for the Previous Tests (3.9 and 4.7) Were Estimated Using the Linear Relationship  
for the Short-Term Data From the Present Work.   

 
Note:  The Previous Data Were Published by Yang, et al.11 
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Figure 9.  Relationship Between Corrosion Rates of the Alloy 22 Specimens Exposed to the  

Liquid Phase and the pH of the Diluted Samples From the Liquid Phase.   
 

Note:  The pH Values for Two of Previous Data Points Were Estimated as  
Shown in Figure 8. 
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Figure 10.  Maximum Corrosion Rates for Alloy 22 Measured With a Coupled  
Multielectrode Array Sensor at Different pH in the NaCI-NaNO3-KNO3 System  

at 130 °C [266 °F]. 
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Figure 11.  Relationship Between the Maximum Corrosion Rates Measured with the  

Alloy 22 Coupled Multielectrode Array Sensor and the pH of the Diluted Samples From the  
Liquid Phase of the NaCl-NaNO3-KNO3 System. 
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Figure 12. Effect of Atmospheric Components on the pH of the Condenser Water  

Above the Test Flasks Containing Wet NaCl, NaNO3, and KNO3 Salt Mixtures  
at 130 °C [266 °F]. 
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Figure 13.  Calculated Effect of Addition of SiO2 and Dissolved SiO2 Concentration on  

the pH of the NaCl-NaNO3-KNO3 Solution at 160 oC [320 oF]. 



 

 
Figure 14.  Calculated Effect of the Addition of B(OH)3 and Dissolved B(OH)3 Concentration  

on the pH of NaCI-NaNO3 Solution at 160 °C [320 °F] 



 

 
Figure 15. Calculated Effect of the Addition of P2O5 and the Dissolved P2O5 Concentration  

on the pH of NaCl-NaNO3-KNO3 Solution at 160 oC [320 oF]. 
 




