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ABSTRACT 

Alloy 22 (N06022) may be susceptible to crevice corrosion in 
chloride solutions. Nitrate acts as an inhibitor to crevice 
corrosion. Several papers have been published regarding the 
effect of nitrate on the corrosion resistance of Alloy 22 at 
temperatures 100°C and lower. However, very little is known 
about the behavior of this alloy in highly concentrated brines at 
temperatures above 100°C. In the current work, 
electrochemical tests have been carried out to explore the 
anodic behavior of Alloy 22 in high chloride high nitrate 
electrolytes at temperatures as high as 160°C at ambient 
atmospheres. Even though Alloy 22 may adopt corrosion 
potentials in the order of + O S  V (in the saturated silver chloride 
scale), it does not suffer crevice corrosion if there is high nitrate 
in the solution. That is, the inhibitive effect of nitrate on crevice 
corrosion is active for temperatures higher than 100°C. 

Keywords: N06022, Calcium Chloride, High Nitrate, High 
Temperature, Corrosion Potential, Corrosion Rate 

INTRODUCTION 

Alloy 22 (N06022) is a nickel base alloy designed to be 
resistant to all forms of corrosion. Alloy 22 (N06022) contains 
approximately 56% nickel (Ni), 22% chromium (Cr), 13% 
molybdenum (Mo), 3% tungsten (W) and 3% iron (Fe) (ASTM 
B 575). ’ Because of its high level of Cr, Alloy 22 remains 

passive in most industrial environments and therefore has an 
exceptionally low general corrosion rate. *-‘ The combined 
presence of Cr, Mo and W imparts Alloy 22 with high 
resistance to localized corrosion such as pitting corrosion and 
stress corrosion cracking even in hot high chloride (CI-) 
solutions. ’-I2 It has been reported that Alloy 22 may suffer 
localized corrosion such as crevice corrosion when it is 

is also known that the presence of nitrate (NO3-) and other 
oxyanions in the solution minimizes or eliminates the 
susceptibility of Alloy 22 to crevice corrosion. 84031G-23 The 
value of the ratio ([NO,-]/([Cl-]) has a strong effect of the 
susceptibility of Alloy 22 to crevice corrosion. The higher 
the nitrate to chloride ratio the stronger the inhibition by nitrate. 

From the general and localized corrosion point of view, it 
is important to know the value of E,,, for Alloy 22 under 
different environmental conditions. I* The corrosion 
degradation model for the Yucca Mountain nuclear waste 
container assumes that localized corrosion will only occur 
when E,,, is equal or greater than a critical potential (E,,,,) for 
the onset of localized corrosion. That is, if E,,,, < E,,,, or AE 
- E,,,, - E,,, >O, general or passive corrosion will occur and 
localized corrosion is not expected. Passive corrosion rates of 
Alloy 22 are generally exceptionally low. In environments that 
promote localized corrosion, E,,,, is the lowest potential that 
would initiate crevice corrosion. The value of E,,,, is generally 

anodically polarized in chloride containing solutions. 8-10913-15 It 
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rods were 1/8-inch in diameter and 12-inch long. The rods were 
immersed 1-inch deep into the electrolyte solutions. 

Where k is a conversion factor (3.27 x IO6 pm*gA".cm- 
'.yr-'), i,,, is the corrosion current density in A/cmZ, which is 
calculated from the polarization resistance (Rp) slopes (Eq. I ) ,  
EW is the equivalent weight of Alloy 22 (23.28), and p is  the 
density of Alloy 22 (8.69 g/cm3). The EW was calculated 

elements as Ni2+, C?', Mo6+, Fez+, and W6+ (ASTM G 102). 25 

types Of electrolytes were used' from pure 
solutions to solutions containing high concentration of nitrate., 

temperatures. For the constant potential and cyclic polarization 
tests the electrolytes were deaerated with purified nitrogen and 

shows a list Of tested electrolytes and tested assuming an equivalent dissolution of the major alloying 

for the long-term corrosion potential monitoring the 
electrolytes were naturally aerated (air was circulated above the 
solution but it was not purged through the solution). The gas 
stream (N2 or air) exited the vessel through a condenser to 
avoid evaporation of the electrolyte. The volume of the 
electrolyte solutions was 2 liters (2 L) for the E,,, monitoring 
and 900 cc for the constant potential and cyclic polarization 
tesis. Potentials were monitored using saturated silver chloride 
electrodes [SSC] through a Luggin capillary. The reference 
electrode was kept near room temperature using a jacketed 
electrode holder through which cooled water was re-circulated. 
The potentials in this paper are reported in the saturated silver 
chloride scale [SSC]. At ambient temperature, the SSC scale is 
199 mV more positive than the normal hydrogen electrode 
( N W .  

The value of the free corrosion potentials or open circuit 
potentials were acquired using a commercial data acquisition 
(DA) unit that had the input resistance set at 10 G-ohm. 
Typically, the measurements were acquired every minute for 
the first day and every hour after the first day. The data was 
logged into in the internal memory of the DA unit and 
simultaneously to a spreadsheet in an interfaced personal 
computer. Usually, data back up was performed monthly. 
Corrosion rates were calculated both for 24-h immersion tests 
(just before performing the cyclic polarization tests) and for the 
long-term immersion in aerated electrolytes. The corrosion 
rates were calculated using the polarization resistance (PR) 
technique (ASTM G 59). 25 The polarization resistance values 
(i2.cmz) were later converted to corrosion rates (pdyear). To 
measure the polarization resistance, an initial potential of 20 
mV below the corrosion potential (E,,,) was ramped to a final 
potential of 20 mV above E,,,, at a rate of 0.167 mV/s. Linear 
fits were constrained to the potential range of 10 mV below 
E,,, to 10 mV above E,,,. In a plot potential vs. current the 
slope is defined as & or polarization resistance (ASTM G 59). 
To calculate &, the potential was plotted in the X-axis and the 
current (dependent variable) in the Y-axis. The Tafel constants, 
b, and b,, were assumed to be $0.120 Vldecade. Corrosion 
rates were calculated using Equations 1 and 2 

- 1 ba .bc 
lcorr - - *  

R ,  2.3O3(ba + bc)  

EXPERIMENTAL RESULTS AND DISCUSSION 

Evolution of the Corrosion Potential and the 
Corrosion Rate 

Figure 3 shows the evolution of the E,,, for three Alloy 22 
specimens as a function of the .immersion time in naturally 
aerated 18 m CaCI2 + 9 m Ca(NO& solution at 155OC. The 
reading of the E,,, was generally done monthly. More detailed 
(every hour) readings still need to be analyzed. Figure 3 shows 
that the E,,, for the three types of specimens was high, i.e. near 
the region of transpassivity of chromium. The E,,, slightly 
decreased as the time increased. The E,,,, for the rod and the 
creviced specimens was practically the same (Fig. 3). Also the 
E,,, of as-welded polished PCA specimen was the same as the 
PCA. specimen containing the black annealed film on the 
surface (Fig. 3). This is an on-going test, that is, examination of 
the corroded specimens is not possible at this time. 

8 
r/) 700i- 

NO6022 in Aerated 
18 m CaCl, + 9 m Ca(NO,), 

155°C (Cell 35) 
0 JE2078 ASW Rod 
0 KE0268 ASW PCA 

KE0238 ASW + SHT PCA 

Figure 3. Monthly E,,,, of Rod and PCA of Welded 
Alloy 22 in 18 rn CaCI2 + 9 rn Ca(NO& at 155°C 

Figure 4 shows the evolution of the corrosion rate of 
welded Alloy 22 specimens in the same environment as in Fig. 
3 .  Figure 4 shows that the corrosion rate for the PCA specimen 
containing the black annealed oxide film on the surface was 

3 



- - ,  - . . .  , 

4 



I 

m 



I 

r ' I  

I' 



5. R. B. Rebak and P. Crook “Influence of the Environment 
on the General Corrosion Rate of Alloy 22,” PVP-Vol 483 
pp. 131-136 (ASME, 2004: New York, NY). 

6. R. B. Rebak and Joe H. Payer, “Passive Corrosion 
Behavior of Alloy 22,” ANS Conf. International High 
Level Radioactive Waste Management, Las Vegas 30Apr- 
04May 2006. 
R. B. Rebak and P. Crook “Improved Pitting and Crevice 
Corrosion Resistance of Nickel and Cobalt Based Alloys,” 
ECPV 98-17, pp. 289-302 (The Electrochemical Society, 
1999: Pennington York, NJ): 

8. B. A. Kehler, G. 0. Ilevbare and J. R. Scully, Corrosion, 
1042 (2001). 

9. K. J. Evans and R. B. Rebak in Corrosion Science - A 
Retrospective and Current Status in Honor of Robert P. 
Frankenthal, PV 2002-13, p. 344-354 (The 
Electrochemical Society, 2002: Pennington, NJ). 

10. K. J. Evans, S. D. Day, G. 0. Ilevbare, M. T. Whalen, K. J. 
King, G. A. Hust, L. L. Wong, J. C. Estill and R. B. Rebak, 
PVP-Vol. 467, Transportation, Storage and Disposal of 
Radioactive Materials - 2003, p. 55 (ASME, 2003: New 
York, NY). 

11. Y-M. Pan, D. S. Dunn and G. A. Cragnolino in 
Environmentally Assisted Cracking: Predictive Methods 
for Risk Assessment and Evaluation of Materials, 
Equipment and Structures, STP 1401, pp. 273-288 (West 
Conshohocken, PA: ASTM 2000). 

12. R. B. Rebak in Environmentally Assisted Cracking: 
Predictive Methods for Risk Assessment and Evaluation of 
Materials, Equipment and Structures, STP 1401, pp. 289- 
300 (West Conshohocken, PA: ASTM 2000). 

13. C. S. Brossia, L. Browning, D. S. Dunn, 0. C. Moghissi, 
0. Pensado and L. Yang “Effect of Environment on the 
Corrosion of Waste Package and Drip Shield Materials,” 
Publication of the Center for Nuclear Waste Regulatory 
Analyses (CNWRA 2001-03), September 2001. 

14. D. S. Dunn, L. Yang, Y.-M. Pan and G. A. Cragnolino 
“Localized Corrosion Susceptibility of Alloy 22,” Paper 
03697 (NACE International, 2003: Houston, TX). 

15. K. J. Evans, A. Yilmaz, S. D. Day, L. L. Wong, J. C. Estill 
and R. B. Rebak “Comparison of Electrochemical Methods 
to Determine Crevice Corrosion Repassivation Potential of 

7. 

. 

Alloy 22 in Chloride Solutions,” JOM, p. 56, January 
2005. 

16. G. A. Cragnolino, D. S. Dunn and Y.-M. Pan “Localized 
Corrosion Susceptibility of Alloy 22 as a Waste Package 
Container Material,” Scientific Basis for Nuclear Waste 
Management XXV, Vol. 71 3 (Materials Research Society 
2002: Warrendale, PA). 

17. D. S. Dunn and C. S. Brossia “Assessment of Passive and 
Localized Corrosion Processes for Alloy 22 as a High- 
Level Nuclear Waste Container Material,” Paper 02548 
(NACE International, 2002: Houston, TX). 

18. J. H. Lee, T. Summers and R. B. Rebak “A Performance 
Assessment Model for Localized Corrosion Susceptibility 
of Alloy 22 in Chloride Containing Brines for High Level 
Nuclear Waste Disposal Container,” Paper 04692 (NACE 
International, 2004: Houston, TX). 

19. D. S. Dunn, L. Yang, C. Wu and G. A. Cragnolino, 
Material Research Society Symposium, Spring 2004, San 
Francisco, Proc. Vol 824 (MRS, 2004: Warrendale, PA) 

20. D. S. Dunn, Y.-M. Pan, L. Yang and G. A Cragnolino and 
X. He “Localized Corrosion Resistance and Mechanical 
Properties of Alloy 22 Waste Package Outer Containers” 
JOM, January 2005, pp 49-55. 

21. R. B. Rebak, “Factors Affecting the Crevice Corrosion 
Susceptibility of Alloy 22,” Paper 056 IO, Corrosion/2005 
(NACE International, 2005: Houston, TX) 

22. D. S. Dunn, Y.-M. Pan, L. Yang and G. A Cragnolino, 
Corrosion, 6 1, 1 1, 1076,2005 

23. G. 0. Ilevbare, K. J. King, S. R. Gordon, H. A. Elayat, G. 
E. Gdowski and T. S. E. Summers, Journal of The 
Electrochemical Society, 152, 12, B547-B554,2005 

24. J. Rard, K. Staggs, S. D. Day and S. A. Carroll, “Boiling 
Temperature and Reversed Deliquescence Relative 
Humidity Measurements for Mineral Assemblages in the 
NaC1+NaN03+KN03+Ca(N03)2+H20 System” J. Solution 
Chemistry (accepted for publication) 

25. ASTM International, Volume 03.02, Standards G 5, G 48, 
G 59, G 61, G 102 (ASTM International, 2003: West 
Conshohocken, PA). 

7 



Table 1. Heats and Approximate Composition of NO6022 Specimens 

Specimens 

ASW PCA KEO 15 1 to KE0239 
ASW PCA KE0351 to KE0400 
ASW PCA KE0401 to KE0700 
ASW MCA JE345 1 to JE3470 

ASW MCA JE3201 to JE3239 

ASW MCA JE3240 to JE3300 
ASW PCA KEOlOl to KE0150 

Heat - Manufacturer 

Base Plate by Haynes International 
Heat 2277-0-3 183 
Weld Wire by Inco Alloys Heat 
XX 1 829BG 

Base Plate by Jessop, Heat 
059902LL I 
Weld Wire by Inco Alloys Heat 
XX 1829BG 
Base Plate by Jessop, Heat 
059902LL2 
Weld Wire by Inco Alloys Heat 
XX2048BG 

Approximate Composition 

Base Metal = 55.29 Ni, 21.23 Cr, 13.37 
Mo, 2.93 W, 3.65 Fe, 1.7 Co, 0.23 Mn, 
0.14 V, Filler Metal = 59.3 1 Ni, 20.44 Cry 
14.16Mo,3.07W,2.2Fe,0.21 Mn,0.15 

~~ 

Base Metal = 59.56 Ni, 20.38 Cr, 13.82 
Mo,2.64 W,2.85 Fe,0.16 Mn,0.17 V, 
Filler Metal = See above 

Base Metal = 59.56 Ni, 20.38 Cr, '13.82 
Mo, 2.64 W, 2.85 Fe, 0.16 Mn, 0.17 V, 
Filler Metal = 59.4 Ni, 20.48 Cr, 14.21 
Mo. 3.02 W. 2.53 Fe. 0.2 Mn 
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Table 2. Tested Conditions and Characteristic Potentials (mV, SSC) from the Cyclic Polarization Curves (CPP) 
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Table 2. Tested Conditions etc. (Continued) 
I I I I I 

JE3300 ASW MCA 5 m CaC12 + 5 m Ca(N03)~ 100 1 NA 

JE3252 ASW MCA 5.8 m NaCl + 2.4 m NaNOl + 18.2 100 3.6 NA 
I ~ K N O ~  I >600B 

JE3253 1 ASW MCA I 5.8 m NaCl + 2.4 m NaNO? + 18.2 I 100 I 3.6 I NA 
m KN03 >600 

JE3254 ASW MCA 5.8 m NaCl + 2.4 m NaN03 + 18.2 115 3.6 NA 
m KN03 >600 

JE3255 ASW MCA 5.8 m NaCl + 2.4 m NaN03 + 18.2 115 3.6 NA 
I I ~ K N O ,  I I I >me 

JE3298 ASW MCA 1.5 m CaC12 + 15 m Ca(NO& 125 IO NA ’ 

>600 
JE3299 ASW MCA 1.5 m CaC12 + 15 m Ca(NO3)2 125 I O  869 

JE3292 ASW MCA 0.225 m MgC12 + 22.5 m Ca(NO3)2 145 100 NA 
>600 

JE3297 ASW MCA 0.225 m MgCI2 + 22.5 m Ca(N03)2 145 100 897 

In the concentration of the electrolyte “m” stands for molal, which is moles of the solute (salt) per I 

NA NA NA NA 
I 

NA NA 485 N A  

NA NA 478 NA 

NA 579 259 NA 

NA 592 159 NA 

>600 

>600 * 
>600 

>hnn 

I I I 

logram of solvent (water). NA = 
The potential is not available because the test was finished too soon or in the case of ERCO the intersection does not occur. A = 
Potential reached via an anodic peak, B = Max. Applied Potential of  +600 mV SSC. 
ASW = as-welded. E,, = is the free corroding potential after 24 h exposure in the given deaerated electrolyte. E20 = Is the potential in 
the forward scan of a cyclic polarization curve where the current density first reaches 20 pA/cmZ. ap = When the forward current reaches 
20 pA/cmZ via an anodic peak (the second number shows the potential for the last time the current reaches 20 pA/cmZ in the forward 
scan). E200 = Is the potential in the forward scan of a cyclic polarization curve where the current density reaches 200 pA/cm2. ERlO = 
Is the potential in the reverse polarization where the current density first reaches I O  pA/cmZ. ERI = Is the potential in the reverse 
polarization where the current density first reaches 1 pA/cm2. ERCO = is the cross-over potential. TR = Transpassivity, LC = Localized 
Corrosion (Includes pitting corrosion, crevice corrosion and border attack). 

I 
Table 3. Constant Potential Testing Conditions 

Specimen 

KE0375 

KE0354 

KEO 109 
KE0353 

KE0509 
KE05 10 

KE05 12 
KEO 163 
KE05 1 1 

CC = Crevice 

850 
900 

I O  


