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ABSTRACT 

The pitting potentials of nickel-rich Alloy 825 are measured 
in chloride-containing solutions at different temperatures 
and adjusted to different pH values. The pitting potentials 
were determined by potentiodynamic polarization of Alloy 
82S test specimens from the corrosion potential until a sharp 
increase in the electrochemical current indicated a 
breakdown of the protective passive film on the metal 
surface. Results show that Alloy 825 is susceptible to pitting 
attack in aggressive electrolytes containing more than 
10,000 ppm chloride at 90°C and acicified to a pH value 
less than 2 J . 

L INTRODUCTION AND BACKGROUND 
As part of the effort in determining the suitability of the 

Yucca Mountain site in Southern Nevada for emplacement 
of high-level nuclear waste in a repository, possible failure 
modes of candidate waste package container metallic 
mateiials are being investigated. Localized forms of 
corrosion such as pitting attack on the metal surface or 
attack in creviced areas are particularly pernicious failure 
modes that may shorten the container lifetime. 

The anticipated environment surrounding the waste 
package through most of the containment period is an 
air-water vapor mixture, and this environment is not 
expected to cause localized corrosion attack. However, a 
number of scenarios have been developed where aqueous 
phases can contact the metal surface, and pitting attack 
could occur on susceptible candidate materials if certain 
ionic species are present in sufficient concentration in the 
water. Entry and propagation of certain micro-organisms 
in the vicinity of the container can cause widely chemically 
different and much more aggressive conditions than the 

natural geochemical environment. While efforts are being 
made to design and fabricate the waste package container 
to minimize the number of crevices, it is impossible to 
eliminate all contact surfaces where crevices could form. 
Emphasis is therefore placed on determining the resistance 
to localized corrosion, and then selecting container 
materials with sufficient resistance to this form of corrosion 
under a reasonable set of credible environmental 
conditions. 

Electrochemical experimental approaches are useful for 
determining the environmental conditions where localized 
attack occurs. In electrochemical approaches, a potential is 
applied to a metal specimen and the electrochemical 
current, which is proportional to the reaction rate, is 
measured. 

A. Container Materials 

The current reference Conceptual Design candidate 
container materials under investigation by the YMP are 
three iron to nickel base austenitic alloys, and three copper 
base alloys. The alloys are: AISI 304L stainless steel (UNS 
S30403); AISI 31CL stainless steel (UNS S31603); Alloy 
825 (UNS N80825); oxygen-free copper (C10200); 7% 
aluminum bronze (UNS C61300); and 70/30 copper-nickel 
(UNS C71500). 

The work presented in this paper is largely centered 
around the nickel-base Alloy 825. There has already been 
a great deal of work performed and reported in the literature 
on the localized attack on 304L and 316L stainless steels. 
While Alloy 825 usually shows greater resistance to 
localized corrosion than the 300 series of stainless steels, it 
is not immune to attack, especially in creviced geometries 
in a relatively concentrated electrolyte such as sea water. 



Alloy 825 is substantially more resistant to stress corrosion 
cracking in many environments (especially chloride 
containing environments) than 304L and 316L stainless 
steels. Contrasted to the behavior of metastable austenitic 
stainless steels (such as 304L and 316L), the high nickel 
content of Alloy 825 assures a stable austenitic 
microstructure over the entire temperature range of interest 
For these reasons, Alloy 825 remains an attractive candidate 
material for nuclear waste containers. Analysis of the 
possible degradation modes of this alloy in the context of 
containment of nuclear waste has been published [1]. 

Although copper-base materials can also undergo 
localized corrosion attack in specific environments, study 
of their susceptibility is not amenable to the same 
experimental techniques as those used for the austendc 
materials. This is due primarily to differences in the nature 
of the protective layers that form on the different alloy 
classes. 

B. Alloy Passivity 

The mechanisms for passivity and its breakdown, as well 
as the implications of these mechanisms on modeling the 
container performance, have been discussed elsewhere for 
the candidate materials [2]. For austenitic alloys, the 
chromium content of the alloy is one of the most important 
considerations, since the passive films are Cr-rich. 
Nickel-base alloys generally passivate and retain passivity 
more readily than iron-base alloys. The molybdenum 
content is also important as Mo seems to play an important 
role in the rapid reformation of the passive film if it is 
broken. It is important to note that maintenance of passivity 
is a dynamic process and relies on the continuous supply of 
a mild oxidant (such as dissolved oxygen). Under creviced 
conditions, the supply of oxidant is often inadequate 
because of geometric hindrance. Chloride ion (and to a 
lesser extent other halide ions), are well-known for their 
ability to destroy passive films, possibly by their 
preferential absorption into the film. Other ionic species 
aggravate or mollify the effect of chloride by their effect on 
pH or redox potential. While a mild oxidation is beneficial 
in promoting passivity (and therefore resistance to localized 
corrosion), strong oxidation destroys passivity (possibly by 
oxidation of Cr to the soluble hexavalent state). Many 
metallurgical features (grain size, grain boundary 
compostion, inclusion kind and distribution, and so on) also 
play a role in strengthening or weakening the passive film. 

C. Critical Parameters 

From a materials engineering point of view, the 
resistance to localized corrosion can be thought to be bound 
by a number of "critical" environmental parameters, where 
the "critical" value represents a threshold between 

susceptibility and effective immunity to localized attack. 
For austenitic materials exposed to aqueous solutions, 
environmental parameters such as the chloride ion 
concentration, pH, and temperature are important. Regions 
of localized corrosion susceptibility can be viewed as bound 
by critical chloride concentrations (higher chloride contents 
increase susceptibility), critical pH (acidic pH values favor 
localized attack), and critical temperature (higher 
temperatures increase susceptibility). 

These environmental parameters are interrelated, and a 
useful index that connects them is the "critical" 
electrochemical potential on the metal surface where the 
usually protective film breaks down and corrosive attack 
initiates in the film denuded locations. Additionally, other 
significant environmental parameters that affect the 
resistance to localized attack can be related through the 
electrochemical potential. These parameters include the 
effect of gamma radiation (from radioactive decay of spent 
fuel and vitrified reprocessed waste inside the container) 
and the effect of oxidizing species in the environment (for 
example, nitrate ion which is naturally present in the 
groundwater, and ferric ion which would be introduced 
during corrosion of a carbon steel or cast iron borehole 1 iner, 
if these materials were used.) The presence of 
microbiological entities that produce acid-forming 
metabolism products is another environmental scenario that 
results in more aggressive conditions around the container. 

For die present study, the effects of temperature, chloride 
ion concentration, and pH on the critical potential for film 
breakdwon are determined. 

D. EXPERIMENTAL METHOD 

A. Technique 

A standard three-electrode polarization cell (constructed 
of Pyrex) is used for this investigation. The three electrodes 
are the "working" electrode, which is fabricated from the 
test specimen of interest, a "reference electrode", which is 
a saturated calomel electrode (SCE), and a "counter" 
electrode, which is made of platinum. Test specimens are 
cylindrical in shape with a surface area exposed to the 
solution of 5 cm 2. The cylinders are drilled and tapped and 
threaded on to the electrode holder. A Princeton Applied 
Research (PAR) Model 273 Potentiostat is used to provide 
a controlled dc power supply to the electrode configuration. 

Briefly, the procedure is to apply a pre-determined value 
of potential (set by the potentiostat) to the "working" 
electrode with respect to the "reference" electrode, which 
maintains a constant value throughout the experiment. This 
causes a current to flow between the loop consisting of the 
working electrode and counter electrode with the test 
solution acting as an electrolyte and the potentiostat acting 



as an ammeter in this loop to measure the current The 
measured current reflects the contributions of various 
electrochemical reactions that occur on the surface of the 
working electrode. 

A "potentiostatic" test can be run where a single value 
of potential is applied to the working electrode surface for 
a long time and the current ismeasured as a function of time. 
A "potentiodynamic" test can be run where the potential is 
applied but changed continuously in a pre-set pattern, and 
the resulting current-time transient (often called a 
"polarization curve") represents the instantaneous current 
response on the metal surface. The scan rate used in this 
study is 600 mV/hr. The potential scan begins at the 
corrosion potential, which exists at open circuit of the 
working electrode in the test solution. The net current at 
the corrosion potential is zero because the anodic currents 
corresponding to various oxidation reactions just balance 
the cathodic currents corresponding to various reduction 
reactions. As potential is applied by making the working 
electrode more anodic (and thereby favoring oxidation 
reactions, including the dissolution of metal), the current 
increases. A point is reached where there is an abrupt 
increase in the current, and this point corresponds to 
breakdown of the passive film and simultaneous dissolution 
of metal from the bare surface. This point is called the 
"critical potential". The potentiodynamic approach is 
useful for discerning the regions of resistance and 
susceptibility and is the technique being used in this study. 
Further background and discussion on the experimental 
methods can be found in the technical literature [3]. 

Solutions of sodium sulfate and sodium chloride are used 
in this investigation. While the chloride ion is an intentional 
variable, the total ionic strength of the solutions is kept 
reasonably constant through the range of investigation by 
substituting sulfate for chloride. Solutions ranging from 
100 ppm to 18,000 ppm chloride are used. [For reference 
purposes, the chloride content in J-13 well water near the 
Yucca Mountain Site is 7 ppm, while the chloride content 
in sea water is about 18,000 ppm.] The solution pH is 
modified from the neutral point (typical of groundwaters 
associated with the site) by making small additions of 
hydrochloric acid or sodium hydroxide. The pH range 
studied is approximately 2 to 11. The pH is measured on a 
Corning 130 pH meter. Immersion of the entire 
polarization cell in a thermostatted water bath is employed 
for experiments at the eievated temperatures. The range of 
temperatures investigated is from room temperature to 
90°C. [It is difficult to conduct these kinds of tests at the 
boiling point while maintaining a reasonably constant set 
of environmental chemical conditions]. Solutions are made 
from reagent grade chemicals and distilled water. 

B. Materials 

Alloy 825 (also known as Incoloy 825) is a Ni-Cr-Fe-Mo 
alloy. The actual composition (in w/o) of the material used 
in this investigation is given in Table 1. 

Ni Cr Mo Cu C 
39.84 

S 

22.11 

Si 

3.40 

Al 

1.80 

Ti 

0.03 

Fe 
0.001 0.33 0.7 0.88 Balance 

Table 1: Composition of Alloy 825. 

Specimens used as the working electrodes are cylindrical 
in shape and are obtained commercially. In order to 
maximize the overall corrosion resistance of Alloy 825, this 
material is given a "stabilization" treatment at the mill. The 
stabilization heat treatment is performed at about 950°C for 
a length of time proportional to the thickness of the plate. 
This results in a microstructure consisting of some large and 
some small grains. Chromium and titanium carbides are 
present, but ASTM G-28 tests (immersion in nitric acid) 
performed on the material in the stabilized condition did not 
reveal any "sensitization" (areas of chromium depletion 
around chromium-rich carbides). 

m . RESULTS AND DISCUSSION 

An illustrative polarization curve taken from one of the 
experiments is shown as Figure 1. The current (in 
microamperes) is plotted versus the potential (in millivolts 
measured against a reference saturated calomel electrode). 

Alloy 825 In 100 ppm N.CI - pH - 11.4,23C. 
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Figure 1: Illustrative polarization curve showing locations of 
the corrosion potential for Alloy 825 in 100 ppm NaCI 
at 23°C, pH adjusted to 11.4. 



This figure indicates the "corrosion potential" (Ecorr) and 
the "critical potential" (Ecrii) for Alloy 825 in the pH 11.4 
solution containing 100 ppm chloride ion. The corrosion 
potential is the value where the current is zero; the critical 
potential occurs where there is a sharp increase in the 
current. Tangents drawn on the figure indicate how the 
critical potential is determined. When the critical potential 
is significantly more positive than the corrosion potential 
(as it is in Figure 1), the metal is effectively immune to 
localized corrosion, but when the two potentials are close 
together, then the metal can be expected to undergo pitting 
in localized areas corresponding to "weak" areas of the 
passive film that are destroyed first. 

A. Results from Polarization Curve Determinations 

Figure 2 shows the results from experimental runs 
conducted at the same pH (near neutral) with different levels 
of chloride and for different temperatures. The y-axis is the 
chloride ion concentration, in ppm plotted on a Jogarithraic 
scale. The x-axis is the potential difference between the 
critical potential and the corrosion potential. At 23°C, the 
difference in the two potentials remains high regardless of 
the chloride concentration. However, when the 
temperature is increased to 50°C and to 90°C, the critical 
potential begins to decrease as the chloride concentration 
increases, and in the 1000-10,000 ppm range the decrease 
is sharp as the critical potential approaches the corrosion 
potential. [The critical potential comes within 300 mV of 
the corrosion potential]. Note that if additional oxidizing 
conditions (such as those caused by ionizing gamma 
radiation acting on an electrolyte) could provide this 
potential difference and thereby cause localized attack. 

Similarly, in Figure 3 the results are shown from 
experimental runs where the temperature was held constant 
(at 90°Q but the pH and chloride ion concentration were 
varied. Three pH values were used in the investigation: 
near-neutral with no pH modification of the NaCl / Na2SC>4 
solution, a strongly acid pH created by drop-wise addition 
of coucentrated HC1 to the NaCl / Na2S04 solution, and a 
strongly alkaline solution created by addition of a smell 
pellet of NaOH to the NaCl / Na2S04 solution. Because it 
is impossible to add exactly the same amount of HC1 or 
NaOH to each solution, there is some variation in the 
measured pH. Thus, the target pH for the acid additions 
was 2.5, and the actual values achieved were 2.2 to 2.4; 
while the target pH for the alkali additions was 11.0, and 
the actual values achieved were 11.2 to 11.4. 

B. Discussion of Results 

The results indicate that the acidic environment is 
decidely more aggressive than the neutral environment, 
because the potential difference (Ecrii - Ecorr) is lower for 
the acidic pH solutions (pH 2.5) than for the near-neutral. 
A sharp decrease in the potential difference is noted at the 
high chloride concentrations (greater than 10,000 ppm) and 
the difference in the two potentials approaches zero. This 
means that the specimen should readily pit, and the surfaces 
of the electrode were attacked by exposure to the highest 
temperature, highest chloride and most acidic of the 
solutions after just a few hours. By contrast, the alkali 
additions mollify to some extent the effect of the chloride 
ion and temperature since the difference in the two 
potentials remains relatively high even at the highest 
chloride concentrations. 
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Figure 3: Results of polarization curve measurements in 90°C 
chloride solutions at three p H values. 



Further discussion of the results points to other 
environmental conditions that alter the positions of the 
critical potential and corrosion potential. A decrease in pH 
•o more acidic conditions raises the corrosion potential (and 
lowers the critical potential) and therefore decreases the 
resistance to pitting attack, especially in high chloride 
solutions. An increase in pH to more alkaline conditions 
has the opposite effect since the passive film is more stable. 
Addition of oxidizing species to the solution raises the 
corrosion potential with the expectation that the material 
becomes'less resistant to pitting attack, especially when 
chloride is high in concentration and the oxidant is powerful 
enough to exert a large effect on the corrosion potential. An 
outstanding example of this is the effect of gamma radiation 
on the environment. Previous work [4] has shown that a 
high dose rate of gamma radiation shifts the corrosion 
potential by some 150 to 200 mV in the anodic (oxidizing) 
direction. The explanation for this shift is the formation of 
hydrogen peroxide by radiolysis from water. The 
expectation is that less chloride, lower temperature, or 
somewhat higher -pH would cause pitting for a given 
material in the presence of gamma radiation than without 
it. Addition or concentration of other oxidizing species 
exerts a similar effect 

C. Future Work 

Future work is aimed at f i n replicating results thus far 
obtained. Fitting attack his a probabilistic feature and 
requires a sufficiently significant number of tests. 
Secondly, a mathematical expression will be derived to 
related the change in critical potential with temperature, pH, 
and chloride ion concentration. Such an expression has 
recently been derived for type 316 stainless steel as a 
function of these same three experimental variables for 
another application [5]. The expectation is that Alloy 825 
will show greater resistance than the stainless steel to a 
decrease in the pitting potential with increasing 
temperature, increasing the chloride ion concentration or 
lowering the pH. In order to confirm the validity of the 
critical pitting potential, a series of potentiostatic tests will 
be conducted at applied electrochemical potentials above 
and below the pitting potential. Specimens will be exposed 
for several days to several weeks, and the initiation and 
distribution of pits will be noted on the specimens. 

IV. CONCLUSIONS 

Without an electrolyte present, which is the anticipated 
case for the Yucca Mountain repository during the early part 
of the containment period and possibly lasting far longer 
than this, no localized corrosion of a container fabricated 

from nickel-rich Alloy 825 would occur. Introduction of 
water with low ionic content (especially low in chloride and 
containing bicarbonate to bufferpH) would not be expected 
to produce especially aggressive conditions promoting 
localized corrosion even toward the less localized 
corrosion-resistant materials. However, conditions where 
more aggressive electrolytes are present result in a distinct 
difference in performance of the candidate materials, and 
even Alloy 825 would be susceptible to localized attack in 
high chloride solutions that are acidic. Some scenarios 
where these conditions would occur are summarized. This 
paper shows a systematic approach to quantify the single 
and combined effects of important environmental 
parameters on the initiation of localized corrosion. 
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