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EFFECT OF NITRITE CONCENTRATION ON PIT DEPTH 
IN CARBON STEEL EXPOSED TO SIMULATED RADIOACTIVE WASTE 

Philip E. Zapp 
Savannah River Technology Center 
Westinghouse Savannah River Co. 

AikenSC 29808 

ABSTRACT 

The growth of pits in carbon steel exposed to dilute (0.055 M nitrate-bearing) alkaline salt solutions that 
simulate radioactive waste was investigated in coupon immersion tests. Most coupons were tested in the as- 
received condition, with the remainder having been heat treated to produce an oxide film. Nitrite, which is 
an established pitting inhibitor in these solutions, was present in concentrations from 0 to 0.031 M to 0.16 M; 
the last concentration is known to prevent pitting initiation in the test solution at the 50°C test temperature. 
The depths of the deepest pits on coupons of particular exposure conditions were measure microscopjcally 
and were analyzed as simple, type 1 extreme value statistical distributions, to predict the deepest expected pit 
in a radioactive waste tank subject to the test conditions. While the growth rate of pits could not be 
established from these tests, the absolute value of the deepest pits predicted is of the order of 100 mils after 
448 days of exposure. The data indicate that even nitrite concentrations insufficient to prevent pitting have a 
beneficial effect on limiting the growth of deepest pits. 

Kevwords: Localized corrosion, extreme value statistics, coupon immersion, nitrite 

INTRODUCTION 

Pitting is the principal corrosion concern for carbon steel tanks that contain dilute alkaline salt solutions. At 
the United States Department of Energy's Savannah Rver Site, high-level radioactive liquid waste that has 
been prepared as the feed for the waste vitrification process presents carbon steel tanks with a dilute solution 
(nitrate concentration < 1 M) capable of inducing pitting. The process for vitrifying the waste requires that 
the radioactive waste slurries be washed to remove soluble salts. Washing dilutes the concentration of 
hydroxide, which in stored waste is maintained at a concentration sufficient to prevent both pitting and stress 
corrosion cracking of carbon steel. The hydroxide concentration is further decreased by reaction with 
absorbed atmospheric carbon dioxide. Hydroxide is also destroyed by radiolysis and consumed through 



reaction with organic acids in certain waste streams. Through dilution and chemical reaction, the hydroxide 
concentration in washed waste slurries can fall to yield a pH of the order of 9.5 to 10. In this pH range, the 
nitrate, sulfate, and chloride anions in the waste are able to induce pitting in the carbon steel. 

The initiation of pitting corrosion in SRS waste tanks that contain dilute waste slurries is prevented by 
maintaining specified nitrite concentrations along with a minimum pH.lf2 The nitrite concentrations depend 
upon the waste temperature and the concentrations of the aggressive anions, according to equations that were 
developed from laboratory corrosion tests. A conservative safety factor of 1.5 has been incorporated into the 
nitrite equations to increase the confidence in the application of experimental data to the actual waste tank 
environment. Through regular periodic chemical analysis of the dilute waste and maintenance of the 
minimum safe nitrite concentration, the carbon steel waste tanks (including the cooling coils) should be 
protected against any pitting corrosion. 

Investigations at the Savannah River Site into the pitting phenomenon in carbon steel have predominantly 
focused on the empirical relationship between the temperature and composition of the waste and the nitrite 
concentration that prevents the initiation of pitting. In the last three years work has been performed on the 
propagation of pits to macroscopic size rate. An extensive laboratory coupon immersion program was begun 
to follow the growth of pits in carbon steel exposed to an aggressive ~imulant .~ The objective of this study 
was to reveal the severity of pitting in the event of the loss of a protective concentration of nitrite. There were 
two practical incentives for seeking pitting kinetics information. An understanding of the potential severity 
of pitting is necessary to determine the basis for the operational response to a below-minimum nitrite analysis 
in a waste tank and to guide the potentially less conservative corrosion-control requirements for tanks that 
are scheduled for waste removal and subsequent decommissioning. 

The experimental approach of the study applied extreme value statistical theory to the analysis of the deepest 
pits on a number of identically exposed specimens. The statistics of extreme values were developed by 
Gumbel and have been found useful in analyzing and characterizing the distribution of deepest pits.$ The 
theory provided the mathematics to predict the deepest corrosive attack in a large structure from a limited 
number of measurements on a small number of representative samples that are similarly exposed to a 
corrosive environment. The conditions for the SRS test consisted of the exposure at 50°C of ASTM A537 Class 
1 carbon steel coupons to an intentionally corrosive simulant of a dilute (0.055 M nitrate) Extended Sludge 
Processing slurry that contained just 3% of the nitrite concentration required to inhibit pitting. Three sets of 
36 coupons were placed in test for 64,150, and 350 days, respectively. Most coupons had what is termed 
uneven local corrosion with large areas of passivated metal.5 The deepest pits were measured within the 
areas of uneven local corrosion; they ranged from 0.001 in. to 0.049 in. (25 to 1200 pm) deep. The ordered 
deepest pits for each exposure period were fitted linearly to a type 1 extreme value distribution, with good 
correlation coefficients obtained in each case. 

An objective of the extreme value analysis is to estimate the maximum pit depth expected in an actual 
structure (e. g., waste tank) from the measured deepest pits on a small number of samples. The area of the 
tank interior surface that is thought to be most susceptible to pitting lies beneath a conservatively estimated 
six-inch (0.015 m) high aqueous film extending above the waste/air interface. The natural log of the ratio of 
the area of tank surface under the film to the area of a single coupon is used to extrapolate the linear fit to the 
predicted deepest pit. The 64-, 150-, and 350-day data sets led to predicted maximum tank pit depths, 
assuming identical exposure conditions, of 46,66, and 49 mils, respectively. (These values represent corrected 
versions of those given originally in Reference 3.) The sigruficant conclusion drawn from these predictions is 
that the development of pitting is slow enough in unprotected tanks to present no risk of penetration of a tank 
wall within one year. Unfortunately, these data did not show a monotonic increase of depth with time, and 
so they cannot provide an accurate time dependence for deepest pit growth. The fact that the 350-day data 
did not show an increase over the 150-day data probably is due to variations in exposure conditions, which 
included the presence of oxygen concentration cells in some, but not all exposures. 

. 



There were three objectives for the new experiments reported here. The first was to determine the effect of 
increasing the nitrite concentration from an unprotective to a protective level on the development of growing 
pits, 2) to compare the effect of different unprotective nitrite concentrations on pit growth, and 3) to 
determine the effect of an air-formed oxide on pitting. 

EXPERIMENTAL 

Coupon immersion tests were conducted with ASTM A537 Class 1 carbon steel coupons in a non-radioactive 
simulant of a dilute sludge slurry expected in Extended Sludge Processing Tanks 42H and 51H. The simulant 
composition is shown in Table 1 and was mixed from reagent-grade chemicals and distilled water. The 
solutions were adjusted to a pH of 9.73 with sodium hydroxide. The total nitrate concentration was 0.0546 M, 
with the nitrate ion contributed mainly by sodium nitrate, aluminum nitrate, and ferric nitrate. The corrosion 
database indicates that for this nitrate level, the minimum nitrite concentration required to prevent pitting is 
0.16 M at the 50°C test tem~erature.~ The nitrite concentration was varied, with many of the tests being 
conducted with a zero-nitrite level to ensure highly corrosive conditions. 

The coupons used in this study were fabricated from ASTM A537 class 1 carbon steel and supplied by Metal 
Samples, Inc., Munford, Ala. Their size was 4.0 in. by 2.0 in. by 0.12 in.; some coupons were used in the as- 
received condition with a 600 grit surface finish, and some were heat-treated in air at 625°C for one hour to 
develop an oxide layer. This heat treatment modeled the post-fabrication, stress-relieving heat treatment 
performed on the most recently constructed (1967-1981) double-walled waste tanks at SRS. Coupons were 
placed in 1-L polyethylene bottles, which were filled with 800 mL of test solution to cover the coupons. The 
coupons were suspended from the bottle lid with wires insulated with polytetrafluoroethylene. The bottles 
were tightly sealed to reduce evaporation losses and placed in convection ovens maintained at 5W"C. Some 
evaporation occurred during the test, and the liquid level was restored with distilled water periodically. 

Upon removal from the test, the coupons were cleaned of corrosion products in an inhibited hydrochloric 
acid solution according to ASTM standard practice. Considerable corrosion product remained and was 
removed mechanically from pits with either a sharp steel stylus or a carbide-tipped vibratory engraving tool. 
The coupons were then examined with optical microscopy, and depth of corrosion attack was measured with 
a binocular microscope whose stage is equipped with a digital micrometer. The standard practice for pit 
depth measurement was first to focus the microscope on the uncorroded metal near the location of interest 
and then zero the micrometer. The bottom of the pit was then brought into focus and the change in 
micrometer reading was read as the pit depth. The sensitivity of the measurement technique was 0.1 mil (2.5 
p). However, the uncertainty in the point of sharp focus for the bottom resulted in an uncertainty in the 
measurement of about f 0.3 m i l s  (8 p). The uncertainty in excavating the bottom of the pit was higher, of 
the order of a few mils. 

RESULTS 

Eleven separate sets of coupons were immersed in the dilute sludge simulant for various lengths of time and 
under various nitrite concentrations. These coupon sets and their test conditions are listed in Table 2. As- 
received coupon set numbers 1,3,5, and 7 and heat-treated coupon set numbers 2,4,6, and 8 were immersed 

- for 50,100,200, and 448 days, respectively in ESP simulants that contained no nitrite. The as-received coupon 
tests supplemented the immersion tests run previously, in which pitting response was influenced by the 
liquid-vapor interface and the formation of crevices on the coupons. A more smoothly behaved time- 
dependence was sought in the present test. The heat-treated coupons were run to investigate the influence of 
their air-formed oxide on corrosion in the dilute aqueous environment. Coupon sets 9 and 10 were as- 
received coupons immersed for a total of 100 days to test the effect of increasing the nitrite concentration to a 
pitting-preventing level in the middle of the exposure. The nitrite concentration in the set 9 solution was 
0.031 M, or 20% of the 0.16-M level required to prevent pitting in the tank operating requirements. Coupon 
set 10 was immersed in this same solution, but after 50 days the nitrite concentration was raised to 0.16 M. 
The set 10 immersion continued for the subsequent 50 days in the inhibited solution. Finally, coupon set 11, 



also in the as-received condition, was exposed for 65 days with 0.031 M nitrite to compare this nitrite level 
with the nitrite-free condition of set 1. 

As with the earlier pitting test, the coupons of the present test developed considerable corrosion in the 
aggressive simulant. The shorter exposures of sets 1,2, and 11 resulted in isolated pitting corrosion; these pits 
had widths equal to, or greater than, their depths. Longer immersions resulted in greater surface area of 
corroded metal in a morphology that has been termed uneven local corrosion (areas of corrosion of varied 
depth beside areas of unattacked metal).5 The corroded surface rose to 50% of the coupon surface with the 
longest immersion periods. Within the areas of uneven local corrosion were locations of especially deep 
attack that were recorded as the "deepest pit" in a particular coupon. The corrosion product consisted of 
Fe304 magnetite and hydrated Fez03 goethite. 

As indicated above and as used in the previous coupon test, the deepest pits have been analyzed as a type 1 
extreme value statistical distribution. The type 1 distribution is the simplest of the possible distributions, 
having an exponentially decreasing probability of occurrence with increasing value of the variate (pit depth). 
Many common distributions, such as the exponential and normal distributions, converge asymptotically at 
extreme values to the type 1 distribution. Its form is the double exponential 

with the "reduced variate" y given by 

y =  a ( x - u )  (2) 

where u is a parameter defining the location of the distribution, and a a parameter defining the scale (or 
width) of the distribution. F(x)  is interpreted as the probability that any pit that is measured is shallower 
than a depth x. The quantity 1 - F(x)  then is the probability of measuring a pit deeper than x, or, 
alternatively, the risk of accepting x as the deepest possible pit. 

The early use of extreme value theory in pitting analyses is credited to Aziz6 In his procedure, the method of 
least squares is used to calculate the constants in Equation 2. The values for x are the measured depths of the 
deepest pits. The y values are obtained by assigning the rank, m, of a given depth measurement x divided by 
the sum of 1 plus the total number of measurements (i.e., coupons) N to the probability F(x) 

F(x)  = m/(N + 1) (3) 

The reduced variate y is calculated by transforming the right side of Equation 3 by the double logarithm 

y=- ln  -In - i (Nmt1)I (4) 

The deepest pits on each of the 10 as-received coupons of sets 1,3,5, and 7 are plotted against their respective 
y values in Figure 1. The deepest pits for set 1 (50 days) ranged from 2.2 to 28 mils (56 to 710 pm); for set 3 
(100 days) the range was 13.5 to 27.7 mils (340 to 700 pm); for set 5 (200 days) 17.5 to 27.1 mils (440 to 690 m); 
and for set 7 (448 days) 19.6 to 47.2 m i l s  (500 to 1200 p). The data obtained from the heat-treated coupons of 
sets 2,4,6 (which actually contained only 8 coupons), and 8 are plotted in Figure 2. For sets 2, 4,6, and 8 the 
deepest pits ranged, respectively, from 0.5 to l8.5 mils (10 to 470 p), 17.3 to 32.3 mils (440 to 820 pm), 22 to 
34.7 m i l s  (560 to 880 pm), and 5 to 39 m i l s  (130 to 990 pm). The straight lines through the data points of 
Figures 1 and 2 represent the linear least squares fits (obtained with the least squares routine in Microsoft 



ExcelTM software) to Equation 2. The values of the slope a and vertical intercept au for each fit are listed in 
Table 3, along with the R2 coefficients. 

A population of deepest pits should, with time, translate to increasing depths, and the slope of the linear fit 
should decrease as the very deepest pits continue to grow while certain of the deepest pits cease growing. 
Thus, the linear fits in Figures 1 and 2 should shift to the right and toward the horizontal. Examination of 
Figures 1 and 2 shows that this "regular" behavior is not followed. In Figure 1, the as-received coupon data at 
100 and 200 days have greater slopes than the data at 50 and 448 days; there is also an unexpectedly small 
difference in the absolute depths between the 100- and 200-day data, given the doubling of the immersion 
period. While the 100- and 200-day immersion extreme value statistical fits have very high R2 coefficients 
(0.99), those of the other two sets of as-received coupons are low, reflecting the evident scatter away from 
linearity. 

Among the heat-treated coupon sets of Figure 2, the deviation from "regular" behavior is especially noticeable 
in the position of the 448-day immersion data relative to the 100- and 200-day data, the majority of whose 
deepest pits are in fact deeper than those measured after 448 days of immersion. It is also apparent that the 
50-day data from the heat-treated coupons follows the type 1 extreme value statistical fit the least well, due to 
the presence of quite shallow "deepest" pits on many coupons of that set. A comparison of the 50-day data 
from the as-received and heat-treated coupons indicates an early beneficial effect of the oxide layer produced 
by the heat treatment, but this putative effect did not persist to the longer exposures of 100 and 200 days. In 
these latter immersions, the pit depths of the heat-treated coupons were shifted to greater values compared to 
those of as-received coupons. 

The reciprocal of the quantity 1 - F(x) is called T, the "return period." It can be viewed as the number of 
identical coupons whose total area equals the area of the structure to which one wishes to extrapolate the 
experimental data. The area of a waste tank subject to pitting attack has been postulated to be the area of a 6- 
in. high band on the tank interior above the liquid level, that is, the steel lying beneath an aqueous film of 
corrosive composition. The retum period for 4 in. by 2 in. coupons and a tank of diameter 85 ft is 1200. The 
extrapolated deepest pit at the return period is given by 

In T x = u + -  
' a  (5) 

which is a manifestation of the logarithmic dependence of the depth of the deepest pit upon the area in which 
the deepest pit is measured. Using the values for the coefficients of the least squares fits, one obtains the 
depths of the deepest pits expected in a waste tank under exposure conditions similar to those of the 
laboratory coupons. These depths, also, are listed in Table 3. Unfortunately these deepest pits in the as- 
received coupon data do not support a desired monotonically increasing relationship with time. For coupon 
sets 1,3,5, and 7, the values are 64,49,41, and 92 mils, respectively. The extrapolated depths from the heat- 
treated coupons do show such a relationship, but the anomalous behavior of the longest exposure coupon set 
detracts from its potential value. 

In the absence of reliable time-dependent information on pitting, the most valuable observation to make from 
the extrapolated deepest pits is the absolute value of expected pit growth. It is noteworthy that after more 
than one year of exposure to highly aggressive (0 M nitrite) conditions the expected deepest pit is of the order 
of 90 mils, a depth less than 20% of the thickness of a waste tank wall. This depth is also less than the 
thickness of the carbon steel piping that carries cooling water through the tanks. 

The effect of nitrite level on pitting can be seen by comparing the response of coupon set 3 (100 days with 0 M 
nitrite and coupon set 9 (100 days with 0.031 M nitrite). The two sets of data are plotted in Figure 3. The 
0.031-M nitrite concentration results in a significantly reduced range of deepest pit depths. The slopes of the 



two fitted lines are nearly equal, which leads to a decrease in the extrapolated deepest pit depth 'from 49 to 39 
mils. The beneficial effect of the small nitrite addition, which contrasts with the 0.16 M level needed to 
prevent pitting, is somewhat unexpected. The classical expectation for anodic inhibitors is that insufficient 
inhibitor levels can lead to highly aggressive attack at a small number of  location^.^ The behavior shown in 
Figure 3 suggests that a nitrite concentration which falls below the minimum effective level to prevent the 
initiation of pitting may yet limit the severity of the attack that does initiate. 

The present operating requirements for corrosion control in high-level waste tanks call for the restoration of 
the specified minimum nitrite or hydroxide concentration within 45 days of the discovery of an insufficient 
inhibitor concentration. This time period is based on engineering judgment and operational capabilities. To 
investigate the response of corroding coupons to an increase in nitrite level, the data of coupon sets 9 and 10 
have been compared. As stated above, both sets were immersed for 100 days; after 50 days the nitrite 
concentration in the set 10 solution was increased from 0.031 M to 0.16 M. The measurements of the deepest 
pits are plotted in Figure 4. Also plotted are the data from a shorter, 65-day-long immersion of set 11 coupons 
with a constant 0.031-M nitrite level. The deepest pits of the increased-nitrite coupons of set 10 are shallower 
than those of set 9, suggesting an effect of the nitrite in arresting pit growth. However, the difference cannot 
be considered conclusive, given the scale of the irregular behavior of pit development seen in Figures 1 and 2. 
Consistent with that irregularity, the data of set 11 lie to right of the data of set 9, in spite of the one-third 
shorter exposure period. The scatter in the data does not permit the conclusion that pits with 50 days' of 
growth can be arrested upon the establishment of the required nitrite concentration. 

CONCLUSIONS 

Coupon immersion tests on ASTM A537 class 1 carbon steel were conducted in dilute alkaline salt solutions 
to study the growth of pits in carbon steel tanks exposed to radioactive waste that lacks sufficient sodium 
nitrite inhibitor. Type 1 extreme value statistics were used to analyze the deepest pits measured 
experimentally and to extrapolate those data to the deepest pits expected in a large radioactive waste tank. 
Coupon sets were exposed for 50,100, 200, and 448 days in a corrosive solution to develop a worst case 
pitting rate. Inconsistency in the data prevents the expression of a pitting growth rate, especially so in data 
obtained on coupons that had been oxidized by heat treatment. The absolute value of the extrapolated 
deepest pit after 448 days of exposure in the absence of any nitrite was 94 mils based on as-received coupon 
tests and 86 mils based on heat-treated coupon tests. These depths are fortunately less than 20% of the 
thickness of a tank wall. Thus under extremely aggressive conditions (absence of nitrite inhibitor) persisting 
over a period that is an order of magnitude longer than the specified response time, the carbon steel appears 
most unlikely to be penetrated by pitting corrosion. 

The data also indicate that intermediate, unprotective concentrations of nitrite may have a beneficial effect in 
limiting the growth of pits that do initiate. Deepest pits in a 0.031 M nitrite solution were substantially 
shallower than those which grew in a solution with no nitrite. This observation contrasts with the expectation 
for anodic inhibitors that an insufficient concentration can lead to fewer, but deeper pits compared with the 
absence of the inhibitor. It suggests that pitting that may initiate under realistic conditions of a small drop in 
nitrite concentration below the specified limit would be less severe than that revealed by the long-term zero- 
nitrite tests. 

The response of established, growing pits to the introduction of a pitting-preventive nitrite concentration was 
investigated by increasing the nitrite concentration of a test solution after one half of a 100-day immersion 
had passed. Though the deepest pits measured were shallower than in a control set of coupons, the scatter in 
the data does not permit a conclusion that the added nitrite affected the growing pits. 
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TABLE 1 
COMPOSITION OF EXTENDED SLUDGE PROCESSING SIMULANT 

Compound 

Sodium Carbonate 
Sodium Bicarbonate 
Sodium Nitrite 
Manganese Dioxide 
Aluminum Nitrate 
Sodium Oxalate 

Sodium Chromate Anhydrous 
Sodium Molybdate 
Sodium metasilicate 
Sodium Phosphate Tribasic 
Chromic Chloride 
Cupric Nitrate 
Ferric Nitrate 
Nickel Nitrate 

Mercuric Nitrate 
Cobalt Nitrate 

Sodium Chloride 
Sodium Fluoride 
Sodium Sulfate 
Sodium Nitrate 

Concentration 

1.73E-02 
4.46E-02 
varied 

1.50E-03 
1.94E-04 
7.94E-05 
1.03E-05 
7.86E-05 
2.23E-04 
3.75E-05 
4.30E-05 
1.25E-03 
1.50E-03 
2.50E-04 
3.00E-05 
7.13E-04 
4.13E-04 
3.63E-03 
4.28E-02 

5.75E-03 



TABLE 2 
Identification of Coupon Sets and Test Conditions 

Coupon Set Condition* Test Duration (days) Nitrite Concentration (M) 

1 
2 
3 
4 

" 5 
6 
7 
8 
9 
10 
11 

AR 
HT 
AR 
HT 
AR 
HT 
AR 
HT 
AR 
AR 
AR 

50 
50 
100 
100 
200 
200 
448 
448 
100 
100 
65 

*AR = &-Received; HT = Heat Treated AT 625°C for 1 hr. 

TABLE 3 
RESULTS OF LEAST SQUARES FITS OF 

TYPE 1 EXTREME VALUE DISTRIBUTION 

Coupon Set 

1 

2 

3 

4 

5 
6 

7 

8 

9 
10 

11 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.031 

0.031 raised to 0.16 
0.031 

Extrapolated 
Slope, a InterceDt. au  - ~2 Coefficient Max. DeDth (mils) 

0.12 

0.16 

0.22 

0.19 

0.32 

0.21 

0.10 

0.10 

0.23 

0.17 

0.28 

-0.61 

-0.22 

-3.84 

-4.30 

-6.42 

-5.85 

-2.29 

-1.53 

-2.05 
-1.12 

-3.42 

0.85 

0.81 

0.99 

0.93 

0.99 

0.86 

0.90 

0.92 

0.84 
0.95 

0.84 

64 

45 

49 

60 
41 

61 

92 

84 

39 

48 

21 
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Figure 1. Deepest pits on coupons of sets 1,3,5, and 7, as-received material, with linear 
least squares fits to the data according to type 1 extreme value statistics. 
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Figure 2. Deepest pits on coupons of sets 2,4,6, and 8, heat-treated material, with linear 
least squares fits to the data according to type 1 extreme value statistics. 
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Figure 3. Deepest pits on coupons of sets 3 ([NOy] = 0 M) and 9 ([NOy] = 0.031 M) 
immersed for a total of 100 days, with linear least squares fits to the data according to type 
1 extreme value statistics. 
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Figure 4. Deepest pits on coupon sets 9 ([N02-]= 0.031 M) and 10 ([NOz-] = 0.031 M raised 
to 0.16 M after 50 days) immersed for a total of 100 days, and 11 ([NOz-] = 0.031 M) 
immersed for 65 days, with linear least squares fits to the data according to type 1 extreme 
value statistics. 
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