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Executive Summary 
This volume discusses oxidation and corrosion of the six candidate materials for the metal containers 

to be used in disposing of high-level radioactive waste. Three of the candidate materials are iron- io 
nickel-based austenitic alloys: Types 304L and 316L stainless steels and Alloy 825. The other three arc 
copper-based alloys: CDA 102 (oxygen-free copper), CDA 613 <Cu-7Al). and CDA 715 <Cu-30Ni). 

Waste in the form of spent fuel assemblies from reactors as well as high-level waste in bcrosilicate 
glass will be sent to the prospective repository-at Yucca Mountain, Nevada, for disposal. The disposal 
containers can undergo any of several forms of degradation in the repository during their lifetimes. The 
selection of the candidate material that is adequate for conditions in the repository will be based on three 
tasks: a survey of the literature, corrosion testing, and predictions from modeling. Lawrence Livermore 
National Laboratory has responsibility for all three. This volume surveys the literature on oxidation and 
corrosion of the candidate materials. 

Part 1 of this volume provides a review of the technical literature with respect to oxidation and cor
rosion of the austenitic candidate alloys. Significant data are identified on the effects of atmospheric and 
aqueous corrosion in these alloys. A review of the basic degradation processes of oxidation and corrosion 
in the austenitic alloys is also presented. The wide variation in exposure conditions somewhat limits a di
rect comparison of the performance of different alloys. 

Studies of atmospheric corrosion are believed to most closely model the expected repository 
environment of many packages during the first 200 to 250 yr following emplacement of the containers. 
Comparison of lie atmospheric corrosion behavior of all the austenitic candidate alloys in the same 
environment indicates similar behavior following an initial transient period. A uniform corrosion rate 
of approximately 0.025 jim/yr has been observed for all the alloys, which would result in corrosion of 
250 um (2.5% of the container wall thickness) in 10,000 yr. The atmospheric corrosion data show that 
there is little distinction in corrosion rates among the three materials. 

Studies of aqueous corrosion of the austenitic candidate alloys have clearly demonstrated the delete
rious effects of chloride ions in the aqueous media on the protective passivation layer. Seawater expo
sures result in significant corrosion of Type 304 stainless steel. The addition of molybdenum as an alloy
ing element, as in Type 316 stainless steel, enhances the resistance of the austenite to pitting and crevice 
corrosion attack. Further addition of nickel, as in Alloy 825, produces moderate improvement in the re
sistance to corrosion in a seawater environment A comparison of data for a 1-yr immersion in seawater 
yields corrosion rates of 36.25 u.m/yr for Type 304 stainless steel, 14.99 fim/yr for Type 316 stainless steel, 
and 1.01 um/yr for Alloy 825. A scawatcr environment is significantly more aggressive than the pro
posed repository environment. However, the relative performance of the austenitic alloys in sea water 
might provide input on the relative resistance to oxidation and corrosion of the candidate materials. 

Finally, Part 1 presents a brief review of archaeological metallurgy of iron-based material. The Delhi 
Pillar is described as an example of an iron structure that has survived for approximately 1600 yr. The 
environmental conditions of the region and the composition of the metal might have had a significant 
impact on the longevity of this structure. Damascus steel in the form of swords is also highlighted as an 
example of the survival of iron-based alloys. These swords, which date back to the Middle Ages, have 
survived with little observable degradation. 

With respect to oxidation and genera! corrosion, the available data indicate that Alloy 825 performs 
best, followed by Type 316L stainless steel, and then by Type 304L stainless steel. 

Part 2 reviews the studies of oxidation and of atmospheric and aqueous corrosion of the copper-
based candidate materials. There are limited data on the candidate alloys, so where possible, data on cor
rosion of alloys whose compositions arc similar to those of the candidate alloys have been cited. The 
copper-based alloys have been used extensively in marine environments, where their corrosion properties 
permit their use in seawater-cooled heat exchangers and in desalinization plants. 

Oxidation of copper in dry air at temperatures less than 250°C proceeds at an extremely slow rate 
(less than 10~7 (lm/yr). An oxide layer grows by copper-ion transport through the oxide layer. This 
layer is protective in that it decreases the rate of oxidation. A cuprous oxide (Q12O) layer forms first and 
is adherent. The copper can be further oxidized to cupric oxide (CuO); this layer becomes exfoliative at 
thicknesses greater than 150 A. Additions of aluminum and nickel to copper slow the oxidation rate 
significantly because these metals are incorporated into the oxide layer and also form their own oxidation 
layer, which is impenetrable to ion transport. 
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Atmospheric corrosion of the copper alloys is an electrochemical process, with rates that are signifi
cantly faster than those of oxidation in dry air. The rates of corrosion at ambient temperatures vary from 
the lower values in dry rural environments <<0.2 um/yr) to higher values in industrial and marine envi
ronments (21.5 (im/yr). Differences among rates of corrosion of alloys are usually within a factor of 2 for 
a given environment. The cupronickel and aluminum bronze alloys typically perform better than pure 
copper. Localized corrosion is not usually a problem during atmospheric exposure. 

Aqueous environments are by far the most corrosive environments of all those reviewed. The per
formance of the cupronickel and aluminum bronze alloys was superior again to that of pure copper. 
Rates of corrosion were generally from 2 to 3 um/yr in scawatcr. There was some pitting of all the alloys 
in sea water, with unalloyed copper being attacked the most. It is interesting that tests with seawate-
indicated that the rate of corrosion decreases at higher temperatures; this was thought to be due to the 
decreased solubility of oxygen and the increased rate of salt deposition at higher temperatures. 

With respect to oxidation and general corrosion, the available data indicate that CDA 715 and 
CDA 613 have nearly the same performance and arc more resistant than CDA 102. 
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Survey of Degradation Modes of Candidate Materials 
for High-Level Radioactive-Waste Disposal Containers 

Volume 2: Oxidation and Corrosion 

Abstract 
Three copper-based alloys and three iron- to nickel-based austenitic alloys are being 

considered as possible materials for fabrication of containers for disposal of high-level 
radioactive waste. This waste will include spent fuel assemblies from reactors as well as 
high-level waste in borosilicate glass and will be sent to the prospective site at Yucca 
Mountain, Nevada, for disposal. The containers must maintain substantially complete 
containment for at least 300 yr and perhaps as long as 1000 yr. During the first 50 yr 
after emplacement, they must be retrievable from the disposal site. Shortly after the 
containers are emplaced in the repository, they will be exposed to high temperatures 
and high gamma radiation fields from trie decay of the high-level waste. 

This volume surveys the available data on oxidation and corrosion of the iron- to 
nickel-based austenitic materials (Types 304L and 316L stainless steels and Alloy 825) 
and the copper-based alloy materials [CDA 102 (oxygen-free copper), CDA 613 
(Cu-7A1), and CDA 715 (Cu-30Ni)], which are the present candidates for fabrication of 
the containers. Studies that provided a large amount of data are highlighted, and those 
areas in which little data exists are identified. Examples of successful applications of 
these materials are given. 

On the basis of resistance to oxidation and general corrosion, the austenitic materials 
are ranked as follows: Alloy 825 (best), Type 316L stainless steel, and then Type 304L 
stainless steel (worst). For the copper-based materials, the ranking is as follows: CDA 
715 and CDA 613 (both best), and CDA 102 (worst). 

1. Introduction 
The Nuclear Waste Management Program 

(NWMP) at Lawrence Livermore National Labo
ratory is responsible for developing the engi
neered barrier design to meet the Nuclear Regula
tory Commission's licensing requirements for the 
containment of high-level nuclear waste in a po
tential repository in tuff. The waste will include 
spent fuel from civilian nuclear power plants 
[pressurized-water reactor <PWR) and boiling-
water reactor (BWR) fuel assemblies and consoli
dated fuel pins); commercial high-level waste 
(CHLW) in the form of borosilicate glass contain
ing commercial spent-fuel reprocessing wastes; 
and defense high-level waste (DHLW) contained 
in borosilicate glass. The engineered containment 
package is being designed for emplacement in the 
Topopah Spring Member of the Paintbrush Tuff 

at a site at Yucca Mountain, Nevada, as part of the 
Nevada Nuclear Waste Storage Investigations 
(NNWSI) Project. The reference horizon is lo
cated 350 m below the ground surface and 200 m 
above the static water table. The presence of oxy
gen gas in contact with the vadose water makes 
the repository conditions slightly oxidizing. 

The Metal Barrier Selection and Testing Task 
of the NNWSI Project is responsible for the 
selection of the materials to be employed in the 
waste-package container. Six candidate materials 
are currently under consideration: three iron- to 
nickel-based austenitic materials and three 
copper-based materials. The austenitic materials 
are Types 304L and 316L stainless steels and 
Alloy 825. The copper-based alloy materials 
are CDA 102 (oxygen-free copper), CDA 613 
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(Cu-7A1), and CDA 715 (Cu-30Ni). The selection 
of the final metal barrier material is dependent on 
the stability of these materials in the repository 
environment. 

The design criteria for the metal barrier re
quire that the waste container maintain chemical 
and mechanical integrity for 50 yr after emplace
ment to permit retrieval of the nuclear waste 
during the preclosure phase of repository opera
tion. These candidate materials must maintain 
substantially complete containment for at least 
300 yr and perhaps as long as 1000 yr. This re
quirement implies limited failure of a few 
containers during this period. During these 
containment periods, the metal barrier will be 
exposed to a changing environment. A few years 
after emplacement, the surface of the container 
will reach a maximum temperature of about 
250°C, which will decay to about 150°C within 
about 100 yr after emplacement. The early time 
period will also include the highest gamma radia
tion field from the decay of the high-level waste, 
rhe phase stability of the container material over 
this time period will have an impact on the me
chanical and corrosion behavior of the metal 
barrier. Changes in the microstnicture can result 
in considerable reduction in the fracture strength 
of the material. Precipitation of compounds at 

The austenitic alloys (Types 304L and 316L 
stainless steels and Alloy 825) have been selected 
as candidate materials for the metal barrier in the 
NWMP because of their moderate strength and 
their corrosion resistance. The typical composi
tions of these alloys are presented in Table 1. The 
resistance of the candidate materials to oxidation 
and corrosion under repository-relevant condi
tions plays an important role in the selection of a 
metal barrier material for repository applications. 
This section reviews available experimental data 
on the oxidation and corrosion behavior of these 
materials. 

To promote a better understanding of the 
data presented in this volume, it is necessary to 
define the terms oxidation and corrosion with re
spect to repository conditions. Corrosion is usu
ally defined as the degradation of metallic mate
rials by chemical reaction. For the purpose of this 

grain boundaries can modify the local alloy com
position, resulting in conditions more favorable to 
localized corrosion and certain forms of stress 
corrosion cracking. 

This volume is one of eight that make up the 
survey of degradation modes 111. The purpose of 
the survey is to characterize the candidate 
materials. The other volumes in the survey 
address phase stability, stress corrosion cracking, 
localized corrosion, effects of hydrogen, and 
effects of welding on container integrity. 

This volume is divided into two parts. The 
first part deals with corrosion in the austenitic 
candidate materials. The second part deals with 
corrosion in the copper-based candidate materi
als. Each part summarizes the review of the liter
ature, highlighting areas in which significant data 
and results exist. Each part also identifies areas in 
which very little data was found. Finally, exam
ples of successful applications of these materials 
are given along with a ranking of the candidate 
materials in each group with respect to oxidation 
and corrosion behavior under repository-relevant 
conditions. 

A discussion on the methodology and extent 
of the literature search can be found in the 
Overview.* 

volume, corrosion is defined as the degradation of 
metallic material in an aqueous environment. 
Similarly, oxidation is defined as the degradation 
of metallic material in a vaporous or noncondens-
ing environment. These definitions suggest that 
during the first century or two following em
placement, while the surface temperatures of 
many of the containers will be above 96°C (the 
unconstrained boiling temperature of water under 
repository ambient pressure), the dominant mode 
of degradation of the metal barrier in the con
tainers should be oxidation. After the surface 

* J. C Farmer, R. D. McCright, J. N. Kass, Survey of 
Degradation Modes of Candidate Materials for High-Level 
Radioactive- Waste Disposal Containers, Overview, 
Lawrence Livermore National Laboratory, Livermore, 
California, UCID-21362 Overview (1988). 

Part 1: Iron- to Nickel-Based Austenitic Candidate Materials 

2. Austenitic Candidate Alloys 
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Table 1. Elemental composition of austenitic alloys (wt%). 
Stainless steels 

Element 304 304L 316 316L Alloy 825 

C 0.08 max 0.03 max 0.08 max 0.03 max 0.05 max 
Mn 2.00 max 2.00 max 2.00 max 2.00 max 1.0 max 
Si 1.00 max 1.00 max 1.00 max 1.00 max 0.5 max 

Cr 18.0-20.0 18.0-20.0 16.0-18.0 16.0-18.0 19.5-23.5 
Ni 8.0-10.5 8.0-12.0 10.0-14.0 10.0-14,0 38.JM6.0 
P 0.045 0.045 max 0.045 0.045 max — 
S 0.03 0.03 max 0.03 0.03 max 0.03 max 
Cu — — — — 1.5-3.0 
Ti — — — — 0.6-1.2 
N 0.10 0.10 0.10 0.10 — 
Mo — — 2.0-3.0 2.0-3.0 3.0 
Fe Bal. Bal. Bal. Bal. Bat. 

of a container has cooled to less than 96°C, and if 
water is transported to the container surface, cor
rosion becomes a possible mode of degradation. 
These definitions and modes of degradation are 
employed when reviewing the data on oxidation 
and corrosion presented in this volume. 

2.1 Mechanisms of Oxidation 

To comprehend the impact of oxidation on 
container lifetime, it is necessary to have a basic 
understanding of the oxidation of metals. An ex
cellent review of oxidation of metals and alloys is 
presented by Morris [3]. A brief summary of that 
discussion is presented here to provide the essen
tial information necessary to understand the data 
presented in this volume. 

The rate of growth of an oxide film on the 
surface of a metal has a significant impact on the 
long-term resistance of the metal to oxidation and 
corrosion. This oxidation rate, which is usually 
limited by a diffusion step, is described by a rate 
law, which can take a variety of forms. A major 
goal of gas-metal reaction studies is the determi
nation of an empirical rate equation and, if possi
ble, theoretical rate equations based on the 
physics of the process, to delineate the kinetics of 
the reaction. 

The simplest rate law is a linear equation, 
which describes the case in which the thickness of 
the oxide film has no effect on the rate of oxygen 
pickup and is directly proportional to time. If an 

oxide is nonprotective (providing no barrier be
tween the gas phase and the metal surface), the 
linear rate law is expected to hold. Porous or 
cracked oxides form on a number of metals that 
have been found to oxidize at a linear rate. A lin
ear oxidation rate has also been noted for some 
metals that form compact, pore-free scales. These 
metals usually form oxides with high vacancy 
concentrations, permitting rapid diffusion of the 
base metal atoms to the surface. The rate-limiting 
step in this oxidation process when the oxidizing 
potential of the gas is low is usually controlled by 
surface reaction kinetics. 

A parabolic oxidation rate has been observed 
for numerous metal systems and is based on rate 
control by either cation or anion diffusion across a 
barrier film. The oxidation rate is inversely pro
portional to film thickness. Hence, the growth 
rate of an oxide decreases with time. The rate of 
oxidation is controlled by the diffusion of reac-
tanls through the concentration gradient that ex
ists across the oxide film. An expression can be 
derived for the rate of oxidation in terms of the 
specific conductivity of the oxide, the transport 
numbers of ions and electrons, and the decrease 
in free energy of the oxidation reaction. Experi
mental verification of expressions of this type has 
been obtained for a number of metal systems. 

Kinetic data for thin-film formation, such as 
that found in most stainless steel systems, have 
been found to obey cubic and logarithmic rate 
laws. It has been suggested that thin films 
(<10~*cm) in such systems form by ion migration 
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under the influence of a strong electric field across 
the oxide. In contrast, it is thought that thick 
films in other systems form by thermally activa
ted diffusion in an electrically neutral oxide. 

The oxidation rates of alloys rarely follow a 
given rate law over a broad range of conditions, 
particularly at the range of moderately low tem
peratures expected to occur on the container sur
face. Variations in controlling mechanisms 
change the applicable rate equation, requiring 
that a combination of rate equations be employed 
to describe the reaction kinetics of the system. 
Hence, it is usually not possible to predict the 

effects of variation of the alloy composition 
and/or the environment on oxidation behavior by 
utilizing a uniform theory. Recent advances in 
computer modeling coupled with increase J 
understanding of the controlling mechanisms of 
oxidation might allow for more accurate 
prediction of oxidation kinetics for complex 
systems in a variety of environments. 

A general classification of oxide formation, 
which was developed by Morcau and Bcnard I4j, 
is presented in Fig. 1. This figure depicts the 
general classifications of scale morphologies 
that might occur on an alloy A-B, on the basis of 
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Figure 1. Oxidation modes of alloy systems [4]. 
4 



experimental observations. The morphologies are 
divided into two classes. Class I refers to the case 
of selective oxidation (preferential oxidation of a 
single element) and is divided into two sub
groups: 1A and 1B- Subgroup A delineates the se
lective oxidation of the minor constituent, and 
subgroup B represents oxidation of the major 
constituent. There are two possibilities for each 
subgroup. The oxide of the minor element, which 
is more reactive, might bo nucleated and precipi
tate within the matrix of the major clement; this 
process of formation is called internal oxidation 
(I A ) . Another possibility is the formation of an 
oxide film of the minor element (IA). 

Selective oxidation of the major clement also 
results in two possibilities, as indicated in Fig. 1. 
A thick oxide layer, which contains entrapped 
masses of the addition element, might be formed 
on the alloy surface (lB), or the more noble ele
ment might concentrate at the metal-oxide inter
face and diffuse back into the metal phase (iB). 

Class IE deals with the simultaneous oxida
tion of both constituents. Two subgroups are 
possible for the various modes of oxidation in 
Class 11. Class IIA deals with insoluble oxides, 
where either the minor or the major constituent 
has the greater affinity for oxygen. When the mi
nor element has a greater affinity for oxygen, th" 
oxide migiit nucleate on the surface or precipitate 
as internal oxide. Since the oxide of the major 
element ca-i. lso form, it will entrap these nuclei 
or precipitate as the metal oxide interface recedes. 
The final result is a dispersion of one oxide in the 
other and internal precipitates of the former in the 
metal phase (IIA>. If the major element has a 
greater affinity fcr oxygen, internal oxidation 
does not occur as above; hence, the reduction 
product consists of a dispersion of oxide particles 
in the oxide of the major element (IIA). 

The second subgroup of Class 11 addresses 
mixed oxides, where the two alloying elements 
are associated. These oxides occur most fre
quently at high temperatures and high oxygen 
potentials. The simpler case lo describe is the 
formation of a solid solution of the oxide of one 
element in theoxide of theother (IIB). Theother 
case is the formation of oxides that approach 
stoichiometric composition (IIB). This reaction 
often gives rise to a spinel oxide, AB2O4. 

The classifications presented above are 
actually quite general and can be used to help 
understand the complex problem of alloy 
oxidation. However, it should be noted that 
variation from these simple cases can occur as a 
result of mechanical stresses, coalescence of 

oxides, and other factors that are characteristic of 
a particular system. Hence, care should be 
employed when attempting to classify a complex 
oxide system using the classifications in Fig. 1. 

This brief introduction to the basic mecha
nisms of oxidation should enable the reader to 
better understand the potential modes of degra
dation for metallic materials in a vaporous or 
noncondensing environment. 

2.2 Mechanisms of Aqueous Corrosion 

As with the mechanisms of oxidation out-
' led in Sec. 2.1, it is worthwhile to consider the 
impact of aqueous corrosion as a mode of degra
dation on container lifetime. This requires a basic 
understanding of (he corrosion of metals. An ex
cellent review of corrosion of stainless steels is 
presented by Wallen and Olsson [5]. A brief 
summary of this discussion is presented here to 
provide the essential information necessary to 
better understand the data presented in this 
volume. 

The excellent corrosion resistance of the 
austenitic stainless steels is a result of their capac
ity to become passivated. Passivity implies that, 
under certain circumstances, a metal or alloy will 
lose all chemical reactivity and will behave as an 
inert metal. The exact mechanisms by which pas
sivity is achieved are still the subject of debate in 
the scientific community. However, the most 
widely accepted theory proposes the existence of 
an invisible oxide film. According to this theory, 
the metal in the passive state is covered by a very 
thin oxide film (10-50 A) that is formed by reac
tion of the metal with the ambient environment. 
This film acts as a barrier between the metal and 
the environment, significantly reducing the rate of 
dissolution. 

When an aqueous solution containing metal 
ions is in contact with a bare metal surface, both 
oxidation of metal atoms into metal ions and re
duction of metal ions to metal atoms occur at the 
surface of the metal. The rate of reaction is de
termined by the exchange current density, ioM • 
The reactions occur at the corrosion potential £j\i°-
Passing a current through the interface changes 
the potential and polarizes the electrode, which 
makes the oxidation and reduction subcurrents 
unequal. The relationship between potential, £, 
and current density, i, is known as the polariza
tion curve of the metal. 

Figure 2 represents a schematic anodic polar
ization curve for a metal that can be passivated. 
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Figure 2. Schematic of an anodic polarization 
curve representing the relationship between 
corrosion rate and electrode potential for a metal 
capable of being passivated [51. 

The anodic current density is proportional to the 
corrosion rate of the metal. At low potentials, 
the metal will corrode. As the potential is in
creased, the rate of corrosion will rise very 
rapidly. This is known as the active stage of the 
metal. As the potential is raised further, the 
current will drop suddenly to a very low value, iPr 

and will remain constant over an extremely wide 
potential range, called the passive range. Pas
sivation of a metal requires that the passivation 
potential be attained (i.e., that a current density 
greater than the critical current density, JC/ pass 
through the metal electrode). Increasing the 
potential above the transpassi ve potential, E t r, 
causes the corrosion rate to rise again since the 
passive film begins to dissolve; this is the 
transpassive region. 

Factors such c- temperature and pH of the 
corrosive medium affect the critical values £ p , i P f 

ia and E^. Figure 3 illustrates that higher tem
perature and lower pH will cause ic to increase 
and the width of the passive range to decrease. 
However, the passivation potential, £ p , and the 
passivation current density, iPt are only slightly 
affected. 

There are two electrode processes that occur 
on the surface of a corroding metal. The corrosion 
of the metal is the anodic process. The cathodic 

log I 

Figure 3. Effect of pH and temperature on the 
corrosion rate of a metal capable of being 
passivated [5]. 

process is the reduction of an oxidizing agent 
such as atmospheric oxygen, which is dissolved in 
the electrolyte. Plotting the polarization curves 
for both processes on the same graph yields inter
sections of the curves, which indicate both the 
corrosion potential and corrosion rate of the 
metal. 

Figure 4 shows a number of different situa
tions that might occur when a metal capable of 
being passivated is exposed to an acid environ
ment. This figure includes the anodic polariza
tion curve and four cathodic polarization curves, 
representing four different concentrations of the 
oxidizing agent. When the content of oxidizing 
agent is low (Curve 1), the point of intersection 
(Point A) will lie within the active region and oxi
dation will occur at a high rate. At a slightly 
higher concentration of oxidizing agent (Curve 2), 
there are three points of intersection, with only 
two of these points (B and C) being electrically 
stable. The metal exhibits unstable passivity and 
the corrosion rate can vary from quite low 
(Point C) to quite high (Point B). Curve 3 repre
sents a more highly oxidizing environment. The 
single intersection point lies well within the 
passive range (Point D). There would be very 
little corrosion of the base metal because of the 
stability of the passive film. Finally, in the 
excessively oxidizing electrolyte (Curve 4), the 
metal corrodes in the transpassive state. 
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Figure 4. Effect of an oxidizing agent on the corrosion rate 
of a metal capable of being passivated [5]. 

After the cathodic process has reached a cer
tain rate, adequate amounts of the oxidizing agent 
will no longer be able to diffuse toward the metal 
surface. This is the diffusion-limited current den
sity, !]. Note that in Fig. 4, i\ has been plotted only 
for Curve 3, but it exists for all cathodic curves. If 
the passivity of Point D is to be stable, »i must be 
greater than i c. It should also be noted that the 
diffusion-limited current density rises sharply 
if the electrolyte is agitated or has a significant 
flow rate. 

The examples in Fig. 4 indicate that a metal is 
passivated spontaneously only if the electrolyte 
contains an oxidizing agent that is capable of rais
ing the corrosion current of the metal up to the 
critical current density, i c. However, it is possible 
for a metal to be passivated without an oxidizing 
agent in the electrolyte. This passivation can be 
accomplished by making the metal an anode in an 
electrical circuit, which oxidizes the metal anodi-
cally. This procedure is called anodic protection 
and usually involves utilization of a power source 
such as a potentiostat to maintain the potential 
of the metal in the passive region of the anodic 

polarization curve (Point D of Fig. 4). Under this 
condition, the cathodic process occurs at an auxil
iary electrode immersed in the electrolyte. Utili
zation of anodic protection of the container ma
terial in the repository environment is not 
feasible, since it would require the installation 
of a potentiostat power source for each container 
or for groups of containers and would require 
continual maintenance to keep the power sources 
operational. 

As indicated in the previous sections, passiv
ity of a metal surface in an environment does not 
guarantee passivity of the same metal in different 
environmental conditions. A change in the oxi
dizing properties of the electrolyte can result in 
depletion or dissolution of the passive layer on 
the metal in a very short time period. Variation in 
the pH or temperature can result in significant 
changes in the passivation conditions for a metal, 
as highlighted in Fig. 3. This variation in oxidiz
ing conditions must be considered over the life
time of the container in a repository environment. 

Variation in composition of the metal can 
have a significant impact on the corrosion 
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Figure 5. Comparison of the corrosion rate and 
electrode potential for iron and chromium [5]. 

resistance of an alloy. Figure 5 shows schemat
ically the anodic polarization curves for iron and 
chromium in an acidic electrolyte. Note that iron 
is passive only at very highly positive potentials 
and requires a high critical current density. Also 
note that the transpassive potential is very high. 
Chromium passivates much more easily than 
iron, as indicated in Fig. 5. This phenomenon is 
due to a considerably lower passivation potential, 
E p, and a passivation current, t„, that is several 
orders of magnitude lower. Addition of chro
mium as an alloying element in an iron alloy 
enhances passivation considerably since chromi
um steels behave similarly to pure chromium. 
However, there is a threshold chromium level 
required to provide passivation of chromium 
steels in most neutral aqueous solutions. This 
minimum concentration of chromium required 
for passivation is about 12 wt% chromium. 
Experimental evidence for this passivation effect 
is presented in Sec. 3.3. Additions of nickel to 
chromium steel will further facilitate passivation, 
as shown in Fig. 6. 

Increasing the chromium content beyond 
12 wt% will produce an alloy that can be 
passivated in even more aggressive electrolytes. 
Alloying with both chromium and nickel will also 
dramatically increase passivation, as indicated in 
Fig. 6. The addition of nickel reduces i c and 
results in a contraction of the active range. The 
passivation potential £ p is shifted slightly in the 
electropositive direction. This indicates that 

I y— Chromium-
V-.--.. j f^ ._ nickel steel 

*"" - ^^.- • •—•""" Chromium 
* — steel 

log) 
Figure 6. Comparison of the corrosion rate and 
electrode potential of chromium steel and 
chromium-nickel steel [5]. 

chromium-nickel steels are more easily passivated 
than plain chromium steels and have a lower 
corrosion rate in the active range. 

Addition of other alloying elements (such as 
molybdenum) to chromium-nickel steels further 
reduces ic. This produces an alloy that is very 
easily passivated, even in nonoxidizing acids. 
Figure 7 indicates the approximate magnitudes of 
the critical current density for three types of 
stainless steel exposed to 5% sulfuric ncid at room 
temperature. The oxidizing agent in this acid is 
dissolved atmospheric oxygen, which at satura
tion yields a diffusion-limited current density i\ 
with a value of approximately lOOmA/cm2. This 
means that Type 430 chromium steel cannot be 
passivated under these conditions. Type 304 
chromium-nickel steel is on the borderline and 
might or might not become passivated in this 
environment. Type 316 chromium-nickel-
molybdenum steel can be readily passivated in 
this environment even if the acid is not 
completely saturated with atmospheric oxygen. 
However, it should be noted that molybdenum-
bearing steels have poor properties in the 
transpassive region and, therefore, should not 
be used in highly oxidizing electrolytes. 
Replacement of molybdenum with silicon in 
chromium-nickel steels will improve corrosion 
resistance in the transpassive range. 

The alloying elements discussed previously 
produce favorable effects by lowering the i c of the 
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Figure 7. Anodic polarization curves for Types 304,316, and 430 
steels in 5% sulfuric acid at 25°C [5]. 

anodic polarization curve of the steel. Addition 
of a small amount of copper to these steels will 
not appreciably affect the polarization curve of 
the steel, but will facilitate the cathodic process, 
i.e., the reduction of the oxidizing agent. Figure 8 
shows that addition of copper to the steel reduces 
the polarization of the cathodic reaction, which 
results in the steel being passivated instead of cor
roding in the active state. 

The passive films of stainless steels are very 
thin, usually only 10 to 50 A thick. These films 
are composed of hydrous oxides and are usually 
enriched in chromium, silicon, and molybdenum 
in comparison to the matrix material. The films 
are usually continuous and free of pores. The 
structure of the films usually corresponds to that 
of the underlying metal, which results in the film 
exhibiting different properties in areas where the 
steel surface is disturbed. Therefore, the passivity 
of the film might be impaired over discrete inclu
sions such as intermetallic compounds or chromi
um carbides or at grain boundary precipitates. 

With copper 

log I 

Figure 8. Effect of copper addition on the 
cathodic polarization curve for the corrosion of a 
metal capable of being passivated [5]. 



Other defects in the passive film might exist 
where the metal lattice is exposed to mechanical 
stresses or where slip bands intersect the surface. 

Stability of the passive film might be consid
erably reduced in some electrolytes, particularly 
electrolytes containing halogen ions such as chlo
rides. Figure 9 illustrates schematically how the 
addition of chloride ions to the electrolyte affects 
the anodic polarization curve for steel in contact 
with an acid. The chloride addition reduces the 
width of the passive range because of the widen
ing of the active range and the increase in current 
at electropositive potentials. The latter phe
nomenon is caused by the fact that the chloride 
ions at a certain potential (pitting potential) are 
capable of penetrating and destroying the passive 
film, which occurs primarily in areas where the 
film is weaker because of the factors discussed 
previously. 

Passivation of the surface of a metal requires 
that the entire surface have access to a sufficient 
quantity of oxidizing agent. Should any part of 
the surface become shielded by foreign objects or 
other contamination, oxidizing-agent concentra
tion gradients might arise. The concentration of 
oxidizing agent might be sufficient to maintain 
the passive layer in the areas exposed to the elec
trolyte. However, the areas beneath the contami
nation might have concentrations of oxidizing 
agent that are insufficient to maintain the passive 
film. Localized corrosion (pitting) might result. 
The issues associated with pitting, crevice corro
sion, and other localized corrosive attack (such as 
biologically enhanced corrosion) are beyond the 

^ — without c r 
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Figure 9. Effect of chloride ions on the corro
sion rate of a stainless steel [5}. 

scope of the preseni work. These issues are ad
dressed in other volumes Isee Ref. 1 ]. 

The brief review of aqueous corrosion pre
sented in this section was not intended to address 
all of the possible modes of corrosion. The mech
anisms presented here are intended to better 
inform the reader of the complexity of aqueous 
corrosion with respect to stainless steels. This 
information should assist the reader in 
understanding the results of aqueous corrosion 
studies presented in Sec. 3.4. 

3. Degradation Studies 
A review of the technical literature on oxida

tion and corrosion of the austenitic candidate 
materials revealed the existence of copious 
quantities of experimental data [e.g., Refs. 6-28]. 
A majority of the data addresses the effects of 
extremely severe chemical environments on the 
austenitic alloys. These environments include 
boiling magnesium chloride [18); nitric, sulfuric, 
and hydrochloric acids [6,8-11,17,19,21,23, 26); 
and high-temperature, high-pressure steam [28]. 
The relevance of these environments to repository 
conditions is considered limited; hence, some of 
the data found in these studies will not be 
discussed. The references are presented at the 
end of this volume for the interested reader, 
however. 

The more relevant data identified in the re
view of the literature can be divided into two cat
egories, viz., data on atmospheric corrosion and 
data on aqueous corrosion. The atmospheric cor
rosion data are most applicable to the initial 
repository conditions, when the surfaces of many 
of the metal barriers will be dry because of the 
relatively high surface temperatures of the con
tainers. These data on oxidation and corrosion for 
atmospheric exposures should be readily applica
ble to conditions present during the first century 
of repository operation. The aqueous corrosion 
data are more relevant to long-term repository 
conditions, when the surfaces of the metal barri
ers might be exposed to static water or condensa
tion. The aqueous corrosion data can further be 
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subdivided into seawaterand fresh water expo
sures. Corrosion in both sea water and fresh 
water is discussed in Sec. 3.4. 

The science of corrosion encompasses a 
number of degradation phenomena. These in
clude uniform or general corrosion, intergranular 
corrosion, pitting and crevice corrosion, stress 
corrosion cracking, and galvanic corrosion. Each 
of these mechanisms of corrosion can potentially 
limit the life of the metal barrier material selected 
for use in the repository. Uniform corrosion and 
oxidation are addressed in this volume. Volume 3 
addresses the effects of stress corrosion cracking 
and localized corrosion on the behavior of 
austenitic candidate materials, Vol. 4 addresses 
the effects of stress corrosion cracking on the be
havior of copper-based candidate materials, and 
Vol. 5 addresses the effects of localized corrosion 
on the behavior of copper-based candidate 
materials. 

3.1 A Brief History of the Austenitic 
Materials 

Several factors influence the corrosion resis
tance of metal alloys, including metal composi
tion, heat treatment, mechanical processing his
tory, and impurity content. The primary reason 
for the corrosion resistance of austenitic alloys is 
the formation of a thin hydrous oxide film on the 
surface of the metal. The film varies in composi
tion from alloy to alloy and with different manu
facturing treatments (such as pickling, rolling, 
and heat treatment). This film, which is stabilized 
by chromium, is usually considered to be contin
uous, nonporous, insoluble, and self-healing for 
any stainless steel alloy. The self-healing aspect 
of this oxide film is only operative when the alloy 
is exposed to air or a suitable oxidizing agent. 

Passivity is the corrosion-resistant behavior 
produced by the presence of a passive oxide film. 
This is not a constant state in stainless materials, 
but exists over a range of conditions. This range 
of conditions might be broad or narrow, with the 
possibility of passivity being destroyed by a slight 
change in these conditions. Under conditions that 
favor passivity, stainless steels have corrosion po
tentials approaching those of noble metals. When 
passivity is destroyed, the corrosion potential ap
proximates that of ordinary iron. The passive 
chromium oxide surface layer is extremely tena
cious and resistant to many aqueous and oxidiz
ing environments. 

The beneficial effect of the addition of 
chromium to iron alloys was first documented in 
the early 1800s. Chromium-iron alloys were 
reported to have increased corrosion resistance as 
early as 1820 in a paper published by Stodart and 
Faraday [29]. However, the maximum chromium 
content they employed was below that required 
for passivity. The first austenitic alloy steels were 
developed at the Krupp Steel Works in Germany 
from 1912 to 1914 and were based on the research 
of E. Maurer and B. Strauss [5]. Alloy 825 was 
developed in the 1930s by the International Nickel 
Corporation as a material that is resistant to hot 
corrosive acids. 

Work on the development of austenitic alloys 
continued throughout the early part of the 20th 
century, with significant improvements in the re
sistance of these materials to oxidation and corro
sion. Variation of the chromium content and the 
additions of alloying elements such as molybde
num, titanium, and copper enhanced the stability 
of the passive oxide layer in various aggressive 
environments. The effect of composition on the 
oxidation and corrosion behavior of the austenitic 
candidate materials is further described in 
Sec. 3.2. 

3.2 Effect of Composition on Corrosion 
Behavior 

Most of the corrosion-resistant characteristics 
of stainless steels are derived from the presence of 
chromium. An increase in the chromium content 
lo greater than about 12 wt% dramatically re
duces the corrosion of stainless steels in many 
types of atmospheres. This effect is clearly indi
cated in Figs. 10 and 11 for various atmospheric 
exposure environments [30|. These figures high
light the effects of increasing chromium content 
on the corrosion penetration of iron-chromium al
loys in various environments. Figure 10 shows 
the average penetration as a function of chromi
um content for semirural and industrial envi
ronments. Figure 11 shows the average pene
tration as a function of chromium content for 
moderate marine and severe marine environ
ments. Note that, at a chromium content of ap
proximately 12 wt%, the average penetration 
drops to near zero in all environments. 

Another study of the effects of chromium 
content on the corrosion behavior of iron-
chromium alloys in atmospheric corrosion 
tests conducted in a marine environment i\ ,is 
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Figure 10. Effect of increasing chromium content on the corrosion of stainless steels during 
atmospheric exposures in setnirural and industrial environments after an 8-yr exposure [50]. 

completed by Faulring [31]. Figure 12 shows 
weight loss vs chromium content for various 
austenitic samples exposed for 25.07 yr at Kure 
Beach, North Carolina. Note that, at a chromium 
content of about 12 wt%, the corrosion rate 
approaches zero for these tests, which is similar to 
the results presented in the previous two figures. 

The presence of nickel in high-chromium 
stainless steels greatly reduces the corrosion of 
these alloys in certain nonoxygenaring environ
ments. This is thought to be due to the stabiliza
tion of the passive oxide layer by additions of 
nickel. Nickel might not add significant corrosion 
resistance in some atmospheric environments. 
However, nickel imparts significant beneficial 
characteristics to the alloy by acting as an austen-
ite stabilizer, as described in Vol. 1 HI. 

The addition of moderate amounts of molyb
denum to stainless steels greatly improves the re
sistance of these materials to corrosion by halogen 
salt solutions and suppresses pitting in seawater. 
Addition of molybdenum strengthens the passive 
film in some environments in which it is other
wise unstable, thereby reducing the incidence of 
pitting. However, when failure of the passive 
layer occurs in Type 316 stainless steel, the pits 

formed are usually as deep as those observed in 
molybdenum-free grades such as Type 304 stain
less steel. Pitting in Type 316 stainless steel might 
also occur under foreign deposits that prevent 
oxygen from reaching the passivatcd surface or in 
areas where halogen salt concentrations are suffi
ciently high. 

Other alloying elements of interest with re
spect to corrosion resistance in the austenitic can
didate alloys include titanium and copper. Alloy 
825 contains 0.6 to 1.2 wt% titanium and 1.5 to 
3.0 wt% copper. Titanium acts to limit the effects 
of sensitization. Sensitization results from the de
pletion of chromium in the passivation layer near 
grain boundaries because of the formation of 
chromium carbide precipitates during heat treat
ment or welding. The presence of titanium 
inhibits the growth of chromium carbide pre
cipitates by limiting the carbon activity by the 
formation of titanium carbide precipitates, which 
prevents chromium depletion and the resulting 
possibility of intergranular corrosion attack. The 
addition of copper to a nickel-iron-chromium 
alloy improves resistance of the alloy to hot 
sulfuric acid solutions. Hence, the addition of a 
small amount <a few percent) of copper can have 
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Figure 11. Effect of increasing chromium content on the conosion of stainless steels during atmospheric 
exposures in moderate and severe marine environments after an 8-yr exposure [50]. 

a substantia) impact on the corrosion resistance 
of an austenitic alloy that must survive in an 
environment containing sulfur. 

3.3 Atmospheric Corrosion of the 
Austenitic Candidate Alloys 

Numerous studies of the oxidation and cor
rosion behavior of metallic materials in atmo
spheric environments at various geographic loca
tions have been completed [30-48]. An excellent 
review of atmospheric corrosion of stainless steel 
has been completed by Johnson and Pavlik [301-
This section highlights studies of atmospheric 
corrosion that present data that might be relevant 
to repository conditions. 

Copson [32-37] completed a number of at
mospheric exposures of steels at various locations 

around the country from the 1930s through the 
1950s. Initial tests were completed on low-alloy 
and structural steel samples. These tests also 
documented weather patterns and the effects of 
sheltered vs bold exposure of the specimens. 
Copson later also studied the atmospheric corro
sion of some nickel alloys, including Alloy 825 
[37]. Copson spent a great deal of time and effort 
planning and evaluating experimental studies of 
atmospheric corrosion. He also completed an ex
tensive review of the theory of corrosion of low-
alloy steels in the atmosphere [32]. 

Wesley and Copson reported on an ex
perimental study of the weathering behavior of 
insect screen materials in 1946 [36) that included 
exposures of Type 316 stainless steel and 18-8 
corrosion-resistant steel (for the purposes of this 
review, the composition of the 18-8 steel is 
considered to be similar to that of Type 304 
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Figure 12. Weight loss vs chromium content for various austenitic alloys 
exposed for 25.07 yr to the marine environment at Kure Beach, North 
Carolina [31]. 

stainless steel). These screens were exposed to 
sulfurous, industrial, marine, and rural environ
ments between 1932 and 1943. Some samples 
were boldly exposed while others were sheltered 
from cleansing rainfall. The results of these tests 
showed no significant corrosion in the Type 316 
stainless steel screen materials and only slight 
pitting in the marine environment. The 18Cr-8Ni 

stainless steel suffered from significant pitting in 
industrial and marine environments. 

The effects of chromium on the atmospheric 
corrosion of iron-chromium alloys was studied by 
Franks [49J. Low-carbon steel samples containing 
from 0 to 17.26 wt% chromium were prepared. 
These samples were boldly exposed to industrial 
atmospheres for up to 10yr in Long Island City, 
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New York, and Niagara Falls, New York. Franks 
noted that "as the chromium content is increased 
to 12 and 17%, the steels become practically im
mune to attack." Similar results were obtained by 
Binder and Brown [441 for atmospheric corrosion 
tests completed on low-carbon, chromium 
(0-18 wt%) steels. The atmospheric exposures 
were completed at Kure Beach, North Carolina; 
Niagara Falls, New York; and New York, New 
York; over a period of approximately 5 yr. 

Investigations by Schmitt and Mullen T50I 
included atmospheric tests of steels containing 
0.01 to 28% chromium in semirural, industrial, 
and marine environments. After 8 yr of exposure, 
it was concluded that steels containing 12 wt% or 
more chromium resist corrosion in industrial and 
scmirural environments. The results of Schmitt 
and Mullen, summarized in Figs. 10 and 11, are 
similar to the results obtained by Faulring and 
indicate that, for chromium contents greater than 
about 12 wt%, there is little degradation of iron-
chromium alloys under atmospheric conditions. 

Other significant atmospheric studies, which 
were completed in various environments, have 
included the austenitic candidate materials. A 
summary of some of the data obtained in these 
studies is provided in Table 2. For Type 304 
stainless steel, studies have been completed by 
Copson [51] and Truman [521 in marine and 
urban environments, respectively. Copson noted 
no measurable corrosion for Type 304 stainless 
steel boldly exposed to a marine environment in 
Bayonne, New Jersey, for 11.88 yr. Samples of 
Type 304 stainless steel that were exposed in a 
sheltered environment corroded at a rate of 
0.062 mg/dmVday (mdd). Truman exposed 
Type 304 stainless steel to an urban environment 
with exposures beginning at three different times. 
The initial exposures were begun in 1938 and 
continued through 1942. The corrosion rate 
measured for these exposures was 0.0427 mdd. 
Subsequent exposures begun in 1962 and 1964 
and lasting 5 yr each had corrosion rates of 0.017 
and 0.012 mdd, respectively. The decrease in 
corrosion rate noted by Truman for similar expo
sures at the same location was attributed to a 
reduction in the level of air pollution at the 
Sheffield, England, exposure site. 

Copson [51] also completed atmospheric 
corrosion studies of Type 316 stainless steel in 
Bayonne, New Jersey. This work identified no 
corrosi ve degradation of Type 316 stainless steel 
in cither bold or sheltered exposures over 

11.88 yr. The results for the Type 316 stainless 
steel exposures by Copson indicate that, in the 
marine environment of Bayonne, New Jersey, 
Type 316 stainless steel performs better than Type 
304 stainless steel. Exposures of Type 316 stain
less steel to the urban environment of Sheffield, 
England, by Truman [52! provide a similar means 
of comparison between Types 304 and 316 
stainless steels. Type 316 stainless steel showed 
significantly less corrosion than did Type 304 
stainless steel for identical exposures, as 
highlighted in Table 2. Type 316 stainless steel 
had a corrosion rate approximately 4 to 5 times 
less than the corrosion rate for Type 304 stainless 
steel subjected to the same environmental 
conditions. 

Atmospheric corrosion studies completed by 
Southwell et al. |53-58| in conjunction with mate
rials development work for the Panama Canal 
provide another significant set of atmospheric 
corrosion data. The results of these exposures are 
summarized in Table 2. Exposure of Type 316 
stainless steel to coastal and inland atmospheric 
environments in the Panama Canal Zone for peri
ods up to 16 yr resulted in no measurable corro
sion in either environment. These studies also in
cluded atmospheric exposure of a 17Cr-7Ni 
stainless steel in coastal and inland atmospheric 
environments. The composition of this steel, 
which is similar to that of Type 304 stainless steel, 
provides an indication of the expected behavior of 
Type 304 stainless steel in a similar environment. 
The 17Cr-7Ni steel exposed to the coastal atmo
spheric conditions exhibited very slight corrosion 
(0.016-0.125 um/yr), with a weight loss of 0.005 to 
0.027 mdd. Figure 13 shows a plot of the vari
ation in corrosion rate as a function of time for the 
17Cr-7Ni alloy in coastal and inland atmospheric 
environments in the Panama Canal Zone. Note 
that, in a coastal (marine) environment, the cor
rosion rate is 0.125 um after an exposure of 1 yr. 
This corrosion rate decreases to 0.016 p.m at 8 yr 
and increases to 0.023 um/yr after 16 yr of 
exposure. 

It should be noted that this study provides 
relatively long-term data that allow direct com
parison between alloys similar to Types 304 and 
316 stainless steels in moist atmospheric envi
ronments under identical conditions. Type 316 
stainless steel exhibited no degradation in the 
coastal or inland exposures over the entire 16-yr 
period of the test. Type 304-like stainless steel, 
though not severely corroded, did exhibit some 
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Table 2. Atmospheric corrosion studies of austenitic alloys. 
Type Weight Corrosion Exposure 

Candidate of loss rate time 
alloy study (mdd) (um/yr) (yr) Comment Ref. 
304 Marine 0.062 0.283 11.88 
304 Marine 0.0 0.0 11.88 
304 Urban 0.0427 0.195 5.0 
304 Urban 0.017 0.078 5.0 
304 Urban 0.012 0.055 5.0 

17-7 Marine 0.0274 0.125 1.0 
17-7 Marine 0.0034 0.016 8.0 
17-7 Marine 0.0051 0.023 16.0 
17-7 Rural 0.0 0.0 1.0 
17-7 Rural 0.0034 0.016 8.0 
17-7 Rural 0 0 0.0 16.0 

302 Marine 0.0050 0,023 5.0 
302 Marine 0.0 0.0 5.0 
302 Industrial 0.0006 0,0025 4.92 
302 Rural 0.0 0.0 2.0 
302 Semirural 0.0 0.0 2.0 
302 Semirural 0.0 0.0 2.0 
302 Rural-marine 0.0 0.0 2.0 
302 Rural-marine 0.0 0.0 2.0 
302 Industrial 0.0 0.0 2.0 
302 Industrial 0.0108 0.050 2.0 
316 Marine 0.0 0.0 11.88 
316 Marine 0.0 0.0 11.88 
316 Urban 0.002 0.009 5.0 
316 Urban 0.003 0.014 5.0 
316 Urban 0.003 0.014 5.0 
316 Urban 0.003 0.014 5.0 
316 Marine 0.0 0.0 1.0 
316 Marine 0.0 0.0 8.0 
316 Marine 0.0 0.0 16.0 
316 Rural 0.0 0.0 1.0 
316 Rural 0.0 0.0 8.0 
316 Rural 0.0 0.0 16.0 
316 Marine 0.0072 0.033 5.0 
316 Marine 0.0 0.0 5.0 
316 Industrial 0.0017 0.008 4.92 
316 Rural 0.0 0.0 2.0 
316 Semirural 0.0 0.0 2.0 
316 Semirural 0.0 0.0 2.0 
316 Rural-marine 0.0 0.0 2.0 
316 Rural-marine 0.0 0.0 2.0 
316 Industrial 0.0 0.0 2.0 
316 Industrial 0.0065 0.030 2.0 
825 Marine 0.034 0.152 2.0 
825 Marine 0.007 0.025 7.0 
825 Urban 0.026 0.127 2.0 
825 Urban 0.004 0.025 7.0 
825 Marine 0.040 0.178 2.0 
825 Rural 0.024 0.102 2.0 
825 Rural 0.005 0.025 7.0 

Sheltered exposure, Bayonne, New Jersey 51 
Bold exposure, Bayonne, New Jersey 51 
1933 exposure, Sheffield, England 52 
1962 exposure, Sheffield, England 52 
1964 exposure, Sheffield, England 52 
Panama Canal Zone, coastal atmosphere 53 
Panama Canal Zone, coastal atmosphere 53 
Panama Canal Zone, coastal atmosphere 53 
Panama Canal Zone, inland atmosphere 53 
Panama Canal Zone, inland atmosphere 53 
Panama Canal Zon<*, inland atmosphere 53 
Kure Beach, North Carolina, 25 m from surf 59 
Kure Beach, North Carolina, 250 m from surf 59 
Bridgeport, Connecticut 59 
Saskatoon, Canada 30 
Ottawa, Canada 30 
Trait, Canada 30 
Halifax, Nova Scotia, Canada 30 
Esquimault, Canada 30 
Montreal, Canada 30 
Halifax, Nova Scotia, Canada 30 
Sheltered, Bayonne, New Jersey 51 
Bold exposure, Bayonne, New Jersey 51 
1938 exposure, Sheffield, England 52 
1962 exposure, Sheffield, England 52 
1964 exposure, Sheffield, England 52 
1965 exposure, Sheffield, England 52 
Panama Canal Zone, coastal atmosphere 53 
Panama Canal Zone, coastal atmosphere 53 
Panama Canal Zone, coastal atmosphere 53 
Panama Canal Zone, inland atmosphere 53 
Panama Canal Zone, inland atmosphere 53 
Panama Canal Zone, inland atmosphere 53 
Kure Beach, North Carolina, 25 m from surf 59 
Kure Beach, North Carolina, 250 m from surf 59 
Bridgeport, Connecticut 59 
Saskatoon, Canada 30 
Ottawa, Canada 30 
Trail, Canada 30 
Halifax, Nova Scotia, Canada 30 
Esquimault, Canada 30 
Montreal, Canada 30 
Halifax, Nova Scotia, Canada 30 

Kure Beach, North Carolina 37 
Kure Beach, North Carolina 37 
Newark, New Jersey 37 
Newark, New Jersey 37 
Point Reyes, California 37 
State College, Pennsylvania 37 
State College, Pennsylvania 37 
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Figure 13. Atmospheric corrosion rate for coastal and inland exposures of Type 
304 stainless steel [53]. 

measurable weight loss. Type 316 stainless steel 
was clearly superior to the Type 304-like stainless 
steel under these conditions. 

Another atmospheric corrosion study that 
permits comparisons between a "Type 304-like" 
stainless steel and Type 316 stainless steel in 
marine and industrial environments was com
pleted by Bomberger et al. f59). This study in
cluded atmospheric exposures of Type 376 stain
less steel at two locations: Kure Beach, North 
Carolina (25 m and 250 m from surf) and 
Bridgeport, Connecticut. The exposures were 
completed over approximately 5 yr using numer
ous materials. The Type 304-like stainless steel 
employed in this study was Type 302 stainless 
steel. This material is similar to Type 304 stainless 
steels in chromium and nickel content. Type 302 
stainless steel has slightly less manganese and 
silicon but higher carbon than docs Type 304 
stainless steel. However, since long-term con
current exposure data for Types 304 and 316 
stainless steels are somewhat rare, it is appro
priate that the results for Types 302 and 316 
stainless steels be presented. As indicated in 
Table 2, neither the Type 304 stainless steel nor 
the Type 316 stainless steel specimens exhibited 
any corrosion or weight loss when exposed for 
5 yr to atmospheric conditions at a position 250 m 

from the shore in Kure Beach, North Carolina. 
Slight corrosion was noted following exposure to 
an industrial environment for 4.92 yr at 
Bridgeport, Connecticut, for both Type 302 
stainless steel (0.0025 um/yr) and Type 316 
stainless steel (0.008 nm/yr). More significant 
corrosion was noted when both alloys were 
exposed to marine conditions 25 m from the shore 
at Kure Beach, North Carolina (0.023 Jim/yr in 
Type 302 and 0.033 nm/yr in Type 316). It is 
interesting to note that Type 302 stainless steel 
exhibited slightly less corrosion than did the 
Type 316 stainless steel in the severe marine and 
industrial environments. 

Another significant study of atmospheric 
corrosion of Types 302 and 316 stainless steels in 
various environments was completed in Canada 
by Gibbons (as referenced by Johnson and Pavlik 
1301). This study consisted of 2-yr atmospheric 
exposures of Types 302 and 316 stainless steels at 
seven different locations in Canada. The types of 
atmospheric conditions ranged from a rural 
environment in Saskatoon to an industrial envi
ronment in Halifax, Nova Scotia. The results of 
this study are summarized in Table 2 for both 
Types 302 and 316 stainless steels. Gibbons noted 
no measurable corrosion in either Type 302 stain
less steel or Type 316 stainless steel exposed for 
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2 yr at Saskatoon, Ottawa, Trail, Halifax (rural 
marine), Esquimau)!, or Montreal. The only mea
surable corrosion was noted for both Types 302 
and 316 stainless steels exposed for 2 yr in the 
industrial atmosphere of Halifax. The corrosion 
rate noted for Type 302 stainless steel (0.050 
um/yr) was slightly greater than that observed 
for Type 316 stainless steel (0.030 um/yr). 

Atmospheric corrosion data for Alloy 825 are 
very limited. The most comprehensive study was 
completed by van Rooyen and Copson [37|. This 
investigation consisted of atmospheric exposures 
of various nickel alloys, including Alloy 825, at 
four sites across the United States for periods up 
to 7 yr. Two marine sites, Kure Beach, North 
Carolina, and Point Reyes, California, were 
selected. The other two sites included an indus
trial site at Newark, New Jersey, and a rural site 
at State College, Pennsylvania. The results of 
these exposures are presented in Table 2. The 
data on weight loss and corrosion rates from these 
studies arc also plotted as a function of exposure 
time in Figs. 14 and 15. Note that there are no 
data available for Point Reyes, California, after 
2 yr. The samples were destroyed by vandals 
prior to the completion of the 7-yr period. 

The corrosion rate for atmospheric exposure 
oi Alloy 825 was greatest for all sites after 2 vr. 

This result was most likely due to the initial for
mation of the protective oxide passivation layer. 
The mani.e exposures had the greatest corrosion 
rate during the initial period of the experiment. 
The highest corrosion rate was measured at Point 
Reyes (0.178 um/yr). The Kure Beach, North 
Carolina 2-yr corrosion rate was 0.152 um/yr. 
The urban environment of Newark, New Jersey, 
had a 2-yr corrosion rate of 0.127 um/yr. The 
lowest 2-yr corrosion rate was measured in the 
rural environment of State College, Pennsylvania, 
where the corrosion rate was 0.102 um/yr. After 
7 yr of atmospheric exposure, the corrosion rates 
for all environments decreased significantly. The 
corrosion rate for all locations was the lowest 
measurable value of 0.001 in./yr (0.025 fim/yr), as 
shown in Fig. 15. This implies that, after an initial 
period of oxidation in which the passivation layer 
is stabilized, the corrosion rate of Alloy 825 in 
these atmospheric conditions appears to be inde
pendent of environment. 

In all of the corrosion data presented, there 
was only one location where corrosion studies 
were completed on all three candidate alloys: 
Kure Beach, North Carolina. Type 302 (similar to 
304) and Type 316 stainless steels were exposed 
at Kure Beach by Bomberger |59|, and Alloy 825 
was exposed at Kure Beach by van Rooyen and 

35 

30 

! 
25 

20 

f" 
ci 

5 10 

05 

06 

— I ' — 

Kure Beach 
Newark 
State College 
Point Reyes 

4 

Time fyr) 

Figure 14. Average weight loss for atmospheric exposure of Alloy 825 in 
various environments [37]. 
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Figure 15. Average corrosion rate for atmospheric exposure of Alloy 825 in 
various environments (37j. 

Copson |37]. A comparison of the results of these 
two studies should provide a basis for compari
son of the behavior of the candidate alloys in the 
same environment. Figure 16 shows a plot of the 
corrosion rates of the austenitic candidate alloys 
exposed at Kure Beach, North Carolina. Initially, 
Alloy 825 appears to have a significantly higher 
corrosion rate. However, data are not available 
for Types 302 and 316 stainless steels during the 
first few years of exposure. Therefore, it is not 
known whether similar, higher corrosion rates 
could be expected for these alloys initially. The 
most obvious trend that can be discerned from 
these data is that, after more that 5 yr, there 
appears to be little difference in the corrosion 
rates of any of the austenitic candidate alloys; all 
corrode at a rate of about 0.025 |im/yr. Therefore, 
on the basis of atmospheric corrosion results, 
there appears to be little difference between the 
alloys in the same environment. Hence, dif
ferences in the behavior of the austenitic candi
date alloys immersed in aqueous corrosion 
environments might have a greater impact on 
metal barrier material selection with respect to 
oxidation and corrosion. 

3.4 Aqueous Corrosion of the Austenitic 
Candidate Alloys 

A review of the technical literature with re
spect to aqueous corrosion of the austenitic can
didate alloys revealed several corrosion studies 
[53-68] that might have direct application to ma
terials degradation under repository-relevant 
conditions. These studies encompassed a wide 
variety of exposure conditions, ranging from 
seawater 153-59,61,64] and fresh water 153-58, 
63], to geolherma! water [62] and superheated 
steam [28,67,68]. An excellent review of corro
sion of metals in marine environments is pre
sented by Fink and Boyd [66]. This work includes 
evaluations of both the austenitic and copper-
based candidate alloys of interest. A summary of 
some of the aqueous corrosion data that have 
been identified in this study is presented in 
Table 3. 

One difficulty encountered in the interpreta
tion of the data available in the technical literature 
relates to the mode of degradation in each envi
ronment. The primary mode of degradation for 
passivated materials in an aqueous environment 
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Figure 16. Comparison of average corrosion rates of the austenitic candidate 
alloys exposed atKure Beach, North Carolina. Data for Types 302 and 316 
stainless steels are from Bomberger [59], and data for Alloy 825 are from Van 
Rooyen and Copson [37]. 

Table 3. Aqueous corrosion studies of austenitic alloys. 
Type Weight Corrosion Exposure 

Candidate of loss rate time 
alloy study (mdd) (flm/yr) (yr) Comment Ref. 
302 Seawater 7.945 36.25 1.0 Immersion test, Panama Canal 53 
302 Seawater 3.767 17.19 8.0 Immersion test, Panama Canal 53 
302 Seawater 3.202 14.61 16.0 Immersion test, Panama Canal 53 
302 Seawater 1.096 5.00 1.0 Mean tide test, Panama Canal 53 
302 Seawater 0.616 Z81 8.0 Mean tide test, Panama Canal 53 
302 Seawater 0.565 2.58 16.0 Mean tide test, Panama Canal 53 
302 Lake water 0.0 0.0 1.0 Immersion test, Panama Canal 53 
302 Lake water 0.0 0.0 8.0 Immersion test, Panama Canal 53 
302 Lake water 0.0 0.0 16.0 Immersion test, Panama Canal 53 
302 Seawater 0.45 2.03 1 3 2 Pitting, flowing seawater 59 
302 Seawater 0.49 2.24 4.5 Pitting, flowing seawater 59 
302 Seawater 0.82 3.71 132 Pitting, stagnant seawater 59 
304 Seawater 5.91* 26.96 034 5640-ft depth, deep sea test 61 
304 Seawater 8.51* 38.83 2,06 5640-ft depth, deep sea test 61 
304 Seawater 5.31* 24.23 2.92 5300-ft depth, deep sea test 61 
304 Seawater 3.15* 1437 1.06 Ocean surface 61 
304 Steam 0.760 3.47 1.13 Superheated steam at S66°C 28 
304 Steam 2.123 9.69 1.13 Superheated steam at 621°C 28 
304 River water — 65.77* 030 Colorado River water, 100 mg/1 CI, clean 63 
304 River water — 40.56* 0.25 Colorado River water, 200 mg/1 CI 63 
304 River water — 53333* 030 Colorado River water, 300 mg/1 CI, clean 63 
304 River water — 91.25* 033 Colorado River water, 600 mg/1 CI 63 
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Table 3. (Continued,) 

Candidate 
alloy 

Type 
of 

study 

Weight 
loss 

(mdd) 

Corr- .ion 
rate 

(jim/yr) 

Exposure 
time 
(yr) Comment Ret 

304 River water — 81.11" 0.50 
304 Seawater — 56.76" 1.34 
304 Seawater — 14.28" 1.78 
316 Seawater 3.285 14.99 1.0 
316 Seawater 1.403 6.4 8.0 
316 Seawater 0.274 1.25 16.0 
316 Seawater 0.274 1.25 1.0 
316 Seawater 0.137 0.63 8.0 
316 Seawater 0.034 0.16 16.0 
316 Lake water 0.0 0.0 1.0 
316 Lake water 0.0 . 0.0 8.0 
316 Lake water 0.0 0.0 16.0 

316L Geolhrrmal 1.11" 5.06 — 
316L Geothermal 2.22* 10.13 — 
316L Geothermal 13.89" 63.37 — 
316L Geothermal 2.50* 11.41 — 
316L Geothennal 1.94" 8.85 — 
316 Seawater 0.89 4.06 1.32 
316 Seawater 0.34 1.55 4.5 
316 Seawater 1.34 6.11 1.32 
316 River water — 0.0 0.30 
316 River water — 0.0 0.25 
316 River water — 0.0 a 30 
316 River water — 0.0 033 
316 River water — 0.0 0.50 
316 Seawater — 18.92" 134 
316 Seawater — 57.14" 1.78 

825 Seawater 0.634 2.94 034 
825 Seawater 231" 10.73 2.06 
825 Seawater 0.218" 1.01 1.06 
825 Steam 0.400 1.86 1.13 
825 Steam 0.110 0.51 1.13 

Colorado River water, 1000 mg/l CI 63 
Fitting in quiescent seawater 64 
Fitting in quiescent seawater 64 
Immersion test, Panama Canal 53 
Immersion test, Panama Canal 53 
Immersion test, Panama Canal 53 
Mean tide test, Panama Canal 53 
Mean tide test, Panama Canal 53 
Mean tide test, Panama Canal 53 
Immersion test, Panama Canal 53 
Immersion test, Panama Canal 53 
Immersion test, Panama Canal 53 
Pitting at 20°C, Utah water 62 
Pitting at 50°C, Utah water 62 
Pitting at 60°C, Utah water 62 
Pitting at 75°C, Utah water 62 
Pitting at 95°C, Utah water 62 
Pitting, flowing seawater 59 
Pitting, flowing seawater 59 
Pitting, stagnant seawater 59 
Colorado River water, 100 mg/l CI, dean 63 
Colorado River vater, 200 mg/l CI 63 
Colorado River water, 300 mg/l CI, clean 63 
Colorado River water, 600 mg/l CI 63 
Colorado River water, 1000 mg/l CI 63 
Pitting in quiescent seawater 64 
Pitting in quiescent seawater 64 
5640-ft depth, deep sea test 61 
5640-ft depth, deep sea test 61 
Ocean surface 61 
Superheated steam at 566°C 28 
Superheated steam at 621°C 28 

^Weight loss or corrosion rale is attributed largely to localized corrosion. 

containing chloride ions is localized corrosion in 
the form of pitting or crevice corrosion. These 
modes of degradation are not the focus of this 
volume but are addressed in detail in Vols. 3 
and 5. However, since it is difficult to completely 
separate pitting and crevice corrosion in sea water 
environments from general corrosion, some re
sults for pitting and crevice corrosion in seawater 
environments are presented here. 

The most extensive aqueous corrosion study 
that included candidate materials or materials 
similar to candidate :naterials was completed by 
Southwell et al. 153-581. This study was under
taken to identify materials suitable for application 
in the harsh environments of the Panama Canal. 

The experiment, which included atmospheric and 
aqueous exposure of numerous materials, lasted 
16 yr. The austenitic materials of interest that 
were exposed to aqueous environments are Types 
302 and 316 stainless steels. The Type 302 stain
less steel employed in this study, though not hav
ing exactly the same composition as Type 304 
stainless steel, was composed of 18Cr-8Ni. For 
the purposes of this survey of degradation modes, 
the data from the Type 302 stainless steel expo
sures should adequately reflect the response of 
Type 304 stainless steel to similar conditions. 

Aqueous corrosion testing consisted of expo
sure of metal samples to three different aqueous 
corrosion environments. Samples were exposed 
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for 1,8, and 16 yr to constant immersion in sea-
water and lake water. Samples were also sub
jected to intermittent immersion in seawatcr by 
mounting the samples at the mean tide level. 
Redundant samples were employed to permit 
removal of representative specimens at the time 
intervals listed. A summary of the results of this 
study [53] is presented in Table 3. Note that all 
seawater immersion samples perforated at 1 yr 
or less. 

Figure 17 shows a comparison of the corro
sion rate as a function of exposure time for Type 
302 stainless steel (similar in composition to Type 
304 stainless steel) immersed in seawatcr, im
mersed in lake water, and intermittently im
mersed in seawater at the mean tide level. Note 
that there was no measurable corrosion of the 
specimen immersed in lake water over the entire 
16-yr duration of the experiment. The sample in
termittently immersed in seawatcr exhibited mod
erate corrosion (5.00-2.58 p.m/yr), while the 
sample continuously immersed in seawater suf
fered significant corrosion (36.25-14.62 nm/yr). 

Similar corrosion behavior was noted for 
Type 316 stainless steel exposed to the same envi
ronment, as shown in Fig. 18. There was no mea
surable corrosion of the sample immersed in lake 
water. There was slight corrosion in the sample 

intermittently immersed in scawater. Significant 
corrosion (14.99 ujn/yr) was noted initially in the 
Type 316 stainless steel sample immersed in sea
water. This corrosion rate decreased over the 
course of the exposure to 1.25 um/yr after 16 yr. 

The significant differences in corrosion rates 
indicated for Types 302 and 316 stainless steels in 
the three aqueous environments arc direct results 
of the effect of chloride ions on the stability of the 
passivation layer, as outlined in Sec. 2.2. The 
samples immersed in lake water showed no signs 
of corrosion, since the chloride ion concentration 
of the lake water was very low, approximately 
50 ppm. The samples that were intermittently im
mersed in seawater suffered some breakdown of 
the passivation layer due to chloride attack. 
However, when the samples were exposed to air 
during low tide, the passive layer had the oppor
tunity lo repassivatc in the oxidizing environment 
of the atmosphere. Hence, the corrosion ra te 
noted for the samples that were totally immersed 
in seawatcr was significantly greater than that 
noted for the intermittently immersed samples. 

The addition of molybdenum as an alloying 
element in austenitic materials has been found to 
improve the resistance of the passivation layer to 
chloride ion attack, as mentioned in Sec. 2.2. This 
behavior is highlighted by a comparison with the 
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Figure 17. Aqueous corrosion rate of Type 302 stainless steel exposed to 
seawatei, intermittent seawater, and lake water environments [53J. 
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Figure 18. Aqueous corrosion rate of Type 316 stainless steel exposed to 
seawater, intennittent seawater, and lake water environments [53]. 

corrosion behavior noted above, as shown in 
Fig. 19. This figure indicates the variation in 
corrosion rate as a function of time for Types 302 
and 316 stainless steels continuously and inter
mittently exposed to seawater. Note the signifi
cant reduction in corrosion rate for Type 316 
stainless steel for the continuously immersed 
samples. A similar, though less dramatic, im
provement in corrosion resistance is noted for the 
intermittently immersed samples. This reduction 
in corrosion rate is a result of the improved resis
tance, afforded by the addition of molybdenum, 
of the passivation layer to chloride ion attack. 

Another aqueous corrosion study employing 
seawater exposures was completed by Bomberger 
et at. [59]. In this study. Types 302 and 316 stain
less steels were exposed to stagnant and flowing 
seawater at Kure Beach, North Carolina, for up to 
4.5 yr. The results of this study are summarized 
in Table 3. Both Types 302 and 316 stainless steels 
suffered pitting and crevice corrosion attack in 
static and flowing seawater. The corrosion rate 
for Type 302 stainless steel was 3.71 um/yr in 
stagnant seawater and 2.03-3.71 um/yr in flowing 
seawater. Slightly higher corrosion rates were 
noted for Type 316 stainless steel under identical 

conditions. The corrosion rate for Type 316 stain
less steel in stagnant seawater was 6.11 um/yr, 
and the corrosion rate in flowing seawater ranged 
from 1.55 to 6.11 um/yr. The pitting and crevice 
corrosion attack of these austenites is typical for 
seawater immersion tests. 

The effects of deep-ocean environments on 
metal corrosion were addressed in a study by 
Wheatfall 161]. This study, the results of which 
are summarized in Table 3, reported on exposures 
of Type 304 stainless steel and Alloy 825 in 
seawater at depths to 5640 ft for up to 2.Gu VT. 
Initial short-term exposures (0.34 yr) of Type 304 
stainless steel and Alloy 825 indicated no pitting 
on the exposed surfaces of either alloy. However, 
significant crevice corrosion was noted in Type 
304 stainless steel samples, but little crevice corro
sion was observed in Alloy 825. Longer test peri
ods (2.92 yr) under similar conditions resulted in 
significant pitting in Type 304 stainless steel and 
scattered pitting in Alloy 825. The measured cor
rosion rales for Type 304 stainless steel in the 
long-term exposures was 38.83 um/yr. The cor
rosion rate for Alloy 825 under identical condi
tions was 10.73 \un/yr. Exposure tests lasting 
1.06 yr were also completed at the surface of the 
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ocean for each alloy. Type 304 stainless steel 
exhibited a corrosion rate of 14.37 um/yr, and 
Alloy 825 had a corrosion rate of 1.01 um/yr. The 
dominant mechanism of attack in both alloys was 
pitting. This study indicated that there are no 
major differences in the mechanisms or rates of 
corrosion as a function of depth in an ocean 
environment. 

Lennox et al. [64] studied the effect of ca-
thodic polarization on crevice corrosion in quies
cent seawater. This study also included some 
data on corrosion of Types 304 and 316 stainless 
steels in scawater without cathodic protection. 
Both alloys suffered significant crevice corrosion 
with no cathodic protection. The data on pitting 
corrosion for these alloys yielded somewhat con
tradictory results. The corrosion rate due to pit
ting corrosion after an exposure time of 1.34 yr 
was 56.76 um/yr for Type 304 stainless steel and 
18.92 um/yr for Type 316 stainless steel. After a 
1.78-yr exposure, the corrosion rate due to pitting 
was 14.28 jim/yr for Type 304 stainless steel and 
57.14 nm/yr for Type 316 stainless steel. This 
variation in corrosion rates due to pitting attack 
emphasizes the difficulty in quantifying the local
ized corrosion behavior of stainless Steels. 

Studies of corrosion have also been com
pleted on austenitic alloys of interest in geofher-
mal waters. Hong and Pitt 162] studied the corro
sion of Type 316L stainless steel and other alloys 
in Utah geothermal waters. This study employed 
geothermal water that contained chloride ions at a 
concentration of 615 mg/l. A variation in the 
corrosion rate as a function of water temperature 
was noted for Type 316L stainless steel. The peak 
corrosion rate of 6337 um/yr was observed at a 
temperature of 60°C. A summary of the corrosion 
rates at various temperatures for Type 316L 
stainless steel in geothermal water is presented in 
Table 3. The dominant corrosion mechanism for 
Type 316L stainless steel in this study was pitting. 

Another study of the effects of chloride ion 
concentration on the corrosion of Types 304 and 
316 stainless steels in natural waters was com
pleted by Kain et al. [63]. Crevice corrosion of 
Types 304 and 316 stainless steels was studied in 
Colorado River water with various chloride ion 
concentrations (100-1000 mg/l). The effect of 
surface preparation was also addressed in this 
study. As indicated in the results summarized in 
Table 3, there was significant pitting attack in 
Type 304 stainless steel specimens exposed to 
Colorado River water, with varying chloride ion 
concentrations for up to 030 yr. The most severe 

attack occurred in a sample that was cleaned with 
a silicon carbide abrasive prior to exposure to 
water having a chloride ion concentration of 
300 mg/l. The corrosion rate for this sample was 
533 um/yr. Significantly less corrosive attack was 
noted in samples exposed to river water in the 
as-received condition, which suggests that the 
passive layer is still intact at the beginning of the 
experiment in the samples that were not subjected 
to the silicon carbide cleaning procedure. Sam
ples of Type 316 stainless steel subjected to similar 
exposures of Colorado River water (with chloride 
ion concentrations ranging from 100 to 1000 
mg/I) showed no crevice corrosion or pitting at
tack in any exposure. This result highlights the 
beneficial effect of molybdenum on the resistance 
to chloride ion attack. 

Oldficld and Sutton |65| have recently at
tempted to predict the performance of various 
stainless steels in aqueous chloride-containing 
environments. The method uses computer anal
ysis of a mathematical model, combined with ex
perimental polarization studies, to predict corro
sion in various steels. A critical crevice solution 
concentration of chloride ions was calculated to 
be 2.5M for Type 304 stainless steel and 4.0A4 for 
Type 316 stainless steel. Adaptation of this work 
might enhance the capabilities of modeling and 
prediction necessary lo meet verification re
quirements in the application for a repository 
license. 

One final area of data that was identified in 
the technical literature and which might be di
rectly applicable to repository conditions is the 
corrosion of the austenitic alloys in high-
temperature water and superheated steam |28,67, 
68]. Early studies by Powell and Von Lossbcrg 
[67| and Grabowski [68] identified the effects of 
dissolved oxygen on the corrosion of internal sur
faces in high-pressure boiler tubes. Subsequent 
work by Wozaldo and Pearl [28) quantified the 
corrosion of Type 304 stainless steel and Alloy 825 
L-xposed to superheated steam at 566°C (839 K) 
and 621°C (895 K) for 1.13 yr. The results of this 
study are presented in Figs. 20 and 21. Figure 20 
shows weight loss as a function of time for Type 
304 stainless steel exposed to superheated steam 
at 566 and 621 "C. Note that there is a significant 
increase in corrosion rate with increasing temper
ature. Also note that in both exposures the 
weight loss appears to be linear with temperature. 

Similar results from Wozaldo and Pearl 128] 
for Alloy 825 exposed to superheated steam at 
566 and 622°C are presented in Fig. 21 for 
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Figure 19. Comparison of seawater corrosion rates for Types 302 and 
316 stainless steels with constant and intermittent immersion [53]. 

exposure times up to 10,000 hr{1.14 yr). Note 
that the weight loss as a function of time appears 
to be approaching saturation after an exposure 
time of 10,000 hr. Understanding the behavior of 
Alloy 825 at high temperatures might be helpful 
(through the use of dimensional analysis and 
similitude) in modeling the long-term, low-
temperature behavior of this alloy under 
repository-relevant conditions. 

A review of the high-temperature work sug
gests that the oxidation of Type 304 stainless steel 
results in an oxide film that offers little resis
tance to further oxidation at high temperatures. 
Wozaldo and Pearl [28] predict a corrosion rate 
for Type 304 stainless steel of 256 um/yr at 622°C 
for a 20-yr exposure. However, a similar predic
tion for the behavior of Alloy 825 results in a cor
rosion rate of 15.2 um/yr at 622°C for a 20-yr ex
posure. This difference is due to the fact that 
Alloy 825 forms an adherent, nonporous oxide 
film at these temperatures. 

3.5 Archaeological Metallurgy 

One of the tasks of the NWMP is the identifi
cation of a metal barrier material that will remain 
relatively intact for up to 1000 yr under repository 

conditions. Selection of such a material would be 
greatly simplified if there existed a performance 
data base with examples of component lifetimes 
similar to the required lifetime of the metal bar
rier. This is not possible for the austenitic candi
date materials. As mentioned in Sec 3.1, austeni
tic stainless steels were initially developed about 
75 yr ago, and Alloy 825 was developed approx
imately 50 yr ago; hence, data bases on long-term 
performance do not exist for these materials. 

Though not specifically applicable to the 
austenitic candidate materials, there are cases in 
archaeological metallurgy that might enhance the 
potential for selection of an iron-based alloy. One 
example of an iron structure that has survived for 
a significant time is the Delhi Pillar 169]. The 
Delhi Pillar was erected in about the fourth cen
tury A.D. and stands about 22 ft high, with a cir
cumference that varies from 12.5 in. at the top to 
16.5 in. at the base. It was constructed of several 
smaller pieces of nodular cast iron that were 
hammer-forged together. In 1963, the pillar was 
relatively corrosion free, with the scale thickness 
less than 1 urn. However, the bottom portion of 
the pillar (1-2 ft) was deeply pitted. The 1600-yr 
lifetime of the pillar is attributed to the extremely 
dry climate of the region and possibly to the 
chemical composition of the metal. Though Delhi 
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Figu re 20. Weight loss of Type 304 stainless steel in superheated steam [28]. 
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Figure 21. Weight loss of austenitk Alloy 825 in superheated steam [28]. 
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receives 15 to 30 in. of rainfall annually, most of 
which falls in July through September, the relative 
humidity exceeds 80% only about 5% of the time. 

Chemical composition might also have a 
significant impact on the iongevity of the pillar. 
The pillar is constructed of relatively high-purity 
iron (99.72%), with low concentrations of carbon 
(0.08%), sulfur (0.006%), and silicon (0.046%), and 
a relatively high concentration of phosphorus 
(0.114%). This composition might have resulted 
in the formation of a protective oxide layer that 
limited the corrosion of the pillar. 

One final aspect of the pillar environment 
that would impact pillar lifetime is the lack of at
mospheric pollution. This probably had a signifi
cant impact on the survival of any protective 
oxide layer that formed on the pillar. The rela
tively clean, dry environment most likely had the 
greatest impact on the longevity of the Delhi 
Pillar. 

One final example of archaeological metal
lurgy of iron-based materials that highlights 

Considering only the effects of oxidation and 
corrosion on the austenitic candidate materials, 
the following ranking is proposed: 

1. Alloy 825 
2. Type 316L stainless steel 
3. Type 304L stainless steel 
This order is based primarily on the cor

rosion rates observed during seawater exposures. 
Alloy 825 exhibited the lowest corrosion rate 
(1.01 |im/yr)fora 1-yr exposure to seawatcr. 
Type 316 stainless steel corroded at a rate of 

5.1 Introduction 
As a member of the noble metal group, cop

per is relatively unreactive as compared with 
most other metals. Its corrosion resistance and 

if longevity is Damascus steel |70|. This is the metal 
live from which Damascus swords were produced in 
ne. Damascus, Syria, during the Middle Ages (500-

1500 A.D.). These swords were fabricated from 
wootz steel that was formed from malleable iron, 

ty The iron was manufactured in a bellows charcoal 
in furnace by heating together magnetite iron and 
and charcoal. Nonmetallic impurities were removed 

from the ore by repeated hot working. The final 
d product, wootz steel, was made by removing ex-
t cess carbon from the metal by reheating the metal 

to a temperature just below the melting point. 
Careful metalworking, shaping, and heat treat-

it- ment produced a steel blade so fine that the 
ifi- sword could bo bent from point to hilt without 

breaking or deforming the blade. 
These two examples from archaeological 

he metallurgy imply that iron-based alloys can sur
vive for centuries with satisfactory corrosion 
properties. The composition, heat treatment, and 
environment are extremely important factors in 
determining the lifetime of the material. 

14.99 Jim/yr, and Type 304 stainless steel 
exhibited a corrosion rate of 36.25 nm/yr. 

There was little observed difference in the 
corrosion rates of the austenitic candidate alloys 
in atmospheric exposures. Exposure to the ma
rine environment at Kure Beach, North Carolina, 
resulted in a corrosion rate of about 0.025 |im/yr 
after an initial transient period. Other atmo
spheric corrosion environments (i.e., rural and 
industrial) resulted in corrosion rates that were 
lower than those in the marine atmospheric 
environments. 

mechanical properties can often be enhanced by 
alloying with certain elements. These different 
copper alloys offer better performance under dif
ferent corrosive environments. This section con
tains a limited review of the literature for data on 

4. Ranking of the Austenitic Candidate Alloys 

Part 2: Copper-Based Candidate Materials 

5. Corrosion of Copper-Based Alloys 
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corrosion that might be relevant to repository 
conditions. The copper-based alloys of interest to 
the NNWS1 Project are CDA 102 (oxygen-free 
copper), CDA 613 (7% aluminum bronze), and 
CDA 715 (Cu-30Ni). The alloy compositions are 
listed in Table 4. 

For the first 100 yr in the repository, many of 
the containers are expected to be above the boil
ing temperature of water. Initially, the cmplaced 
containers might be subjected to a humid envi
ronment caused by vaporization of entrapped 
water in the surrounding rock. With time, 
though, the water-vapor content of the repository 
atmosphere should decrease until the containers 
cool and water ingress into the repository can 
occur. Under normal conditions, water vapor is 
less oxidizing (less corrosive) than is oxygen to 
copper. In the radiation environment of the 
repository, though, gas-phase reactions involving 
water and other gases, such as nitrogen, will 
occur and cause the corrosivity of the humid 
environment to increase. Other gas-phase species 
(such as O3, if present) might also enhance the 
corrosivity of the environment 1711. 

For the initial period in the repository, oxide 
formation will be the dominant form of corrosion 
(although nitrates may also form). The literature 
has therefore been surveyed for studies of the ox
idation of the alloys in air and pure oxygen. In 
general, this oxidation is slow at low tempera
tures and forms a protective layer that inhibits 

further oxidation. This protective layer on an al
loy often consists of the solute oxide. For the 
candidate alloys, it would be aluminum OT nickel 
oxides, respectively. This oxide layer might be 
beneficial, as studies have shown that it is more 
resistant than the unoxidized metal to corrosive 
environments f48]. 

At later times, when the repository has 
cooled, water ingress into the repository might in
crease; this may be in the form of vapor or liquid. 
Water itself is not generally corrosive, but it 
serves as the medium through which corrosive 
electrochemical reactions initiated by dissolved 
gases or ionic species in the water can occur. Be
cause of hygroscopic species, such as chlorides, 
on metal surfaces, water-vapor condensation can 
occur at relative humidities of loss than 100%. 
Water-vapor condensation has been reported at 
80% relative humidity [72|. 

In the repository, two additional factors 
might influence the corrosion rate. The first is 
that salt deposits might form on the container sur
face by the evaporation of dripping water from 
the hot container or by dissolution in a smaller 
amount of water of salts previously left behind in 
the rock by distillation. When resolvated, concen
trated chloride salts will enhance the electrochem
ical action of the vadose water. Carbonate de
posits, on the other hand, might form a protective 
layer on the container. The other factor is that, in 
the radiation environment of the repository, water 

Table 4. Compositions of the copper-based candidate alloys <wt7e). 
Alloy Cu Ni Al Mn Sn Fe Zn Other 
CDA 102 99.95 — <0.001 

CDA 613 90.82 

CDA 715 69.18 

0.05 

29.60 

6.75 0.16 

0.31 

0.20 2.46 

0.53 

0.01 

0.07 

Pb < 0.001 
Cd < 0.001 

S < 0.0018 
Hg < 0.0001 
P < 0.003 

Pb < 0.01 
Co < 0.01 

Pb, 0.01 
P, 0.002 
C, 0.04 
S, 0.01 
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might react with other species {such as N 2 and 
CO2) to form acids that might also enhance 
corrosion. 

The following discussion of corrosion of cop
per alloys is divided into three sections: (1) stud
ies of oxidation in essentially dry air or oxygen, 
(2) studies of atmospheric corrosion, and (3) stud
ies of aqueous corrosion. Where possible, the 
corrosion is characterized with respect to the cor
rosion rate and the corrosive layer formed. Cor
rosion rates are based on general corrosion, and 
the corrosion layer is characterized in terms 0/ 
whether it is exfoliative or adherent and in terms 
of its composition. The limited data on the 
degradation of mechanical properties of corroded 
specimens and on whether localized or pitting 
corrosion occurred are also reported. 

5.2 Oxidation 
The initial process of corrosion in the reposi

tory is expected to be similar to oxidation in dry 
air. The corrosion rate and the morphology of the 
corrosion layer formed will be of utmost interest. 
The structure of the corrosion layer is important 
because it might either form a protective layer, 
which impedes further corrosion, or the layer 
might exfoliate and offer no resistance to further 
corrosion. Studies of the oxidation process in
clude studies done both in air and in pure oxygen. 
Internal oxidation that might occur in the heat-
affected zone during welding is discussed in 
Vol. 8. 

Numerous studies have shown that trace 
amounts of certain gases in the air (on the order of 
parts per billion) might significantly alter the cor
rosion process (see Refs. 71 and 73 and references 
therein). In particular, SO2 (sulfur dioxide), NH3 
(ammonia), and O3 (ozone) are quite detrimental 
to copper. Most laboratory experiments in air do 
not mention the trace impurity content of the lab
oratory air. Surface conditions can also affect cor
rosion rates in that a smooth, polished surface 
oxidizes more slowly than does a rough surface. 
Comparative interpretation of experimental re
sults from different studies should be made 
cautiously. 

In this volume, corrosion rates are given in 
micrometers per year () 'nri/yr). Corrosion rates in 
the literature are reported in terms of penetration 
depth (e.g., |im/yror mils/yr) or weight loss 
(e.g., ng/cm 2/yr). When given in terms of pene
tration depth, the corrosion has been assumed to 
be uniform across the surface. The weight loss 

29 

data have been converted by assuming that the 
film is compact and planar and consists only of 
CU2O. The assumptions in both cases are ques
tionable, as the corrosion rate is dependent on, for 
example, the surface crystallographic orientation 
174,751 and on the surface condition [76|. In any 
case, the rates are based on penetration depth, as 
this is the most commonly given parameter, and it 
also gives a good indication of the overall corro
sion rate. Data on deviations from general corro
sion, such as pitting, are included, if they were 
reported in the literature. 

Pure copper corrodes by forming a cuprous 
oxide (Cu20) film that is adherent to the metal 
surface. Cuprous oxide is a P-type semicon
ductor that is highly defective, being deficient in 
cations (Cu+). Both cations and electrons can 
move through this defective structure. The 
copper ions move to the oxide-gas interface, 
where they are converted to the oxide. Alloying 
with solid-solution elements such as aluminum 
and nickel has been found to decelerate corrosion 
rates. These alloying elements form more stable 
oxides than those of copper. The oxide films are 
more impenetrable to ion transport than the 
copper oxide films and thus inhibit corrosion. 
The alloys can form complex corrosion structures. 
Discussions of these structures are given in 
Sees. 5.3 through 5.5. 

5.3 CDA102 
Because CDA102 is essentially pure copper 

(99.95%) with a small amount of impurities, stud
ies of oxidation of pure copper are included. 
Copper oxides are the stable forms of copper in 
oxygen (CuO: &Gt (25°C) = -30.57 kcal/mole, 
and CU2O: ACj (25°C) = -35.35 kcal/mole). 
Although the formation of oxide is favored under 
repository-relevant conditions, it is the kinetics of 
the transformations that are important. 

The phase diagram for the copper-oxygen 
system at a pressure of 1 aim and at oxygen con
centrations (8 0) less than or equal to 0.50 atomic 
fraction is shown in Fig. 22 [771. Phase diagrams 
represent equilibrium conditions that might only 
be approached extremely slowly. This phase dia
gram indicates that, for all temperatures less than 
about 375^, cupric oxide (CuO) is the stable ox
ide formed. At 375°C < T < 1065°C, the oxide 
formed depends on the oxygen concentration. 
For G 0 < 1 /3 , Cu 2 0 is stable; for 1 /3 < 9 0 < 1 /2, a 
mixed phase of Cu 2 0 and CuO is stable; and at 
6 0 > 1 /2, only CuO is stable. 
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Figure 22. Phase diagram for copper-oxygen at a pressure of 1 arm [77]. 

The stability of the copper oxides also de
pends on the oxygen pressure. Shown in Fig. 23 
are the dissociation pressures for CU2O and CuO 
as a function of temperature. The dissociation 
pressure is defined as that pressure above which 
the oxide is stable. For temperatures less than 
300°C, the dissociation pressure is less than 
10 torr [78]; thus, the oxides formed under 
repository conditions are stable. 

In normal atmosphere at ambient tempera
tures, the outer layers of bulk copper are readily 
oxidized. After the initial reaction, further oxida
tion is inhibited because of the slow transport of 
ionic species and electrons through the oxide 
layor._ At an oxide layer thickness greater than 
1000 A, the thermal transport of Cu+ ions through 
the oxide layer is believed to control the rate of 
oxidation [79]. For the oxide layer to be protec

tive, it must be adherent. Exfoliative oxides will 
continually expose unoxidized copper to the at
mosphere, and the corrosion rate will not de
crease with time. 

The oxidation of copper has been studied ex
tensively for several years [76, 79,80], but primar
ily at high temperatures to facilitate formation of 
the oxide layer and for only short periods of time 
(less than 1 week). The general types of oxidation 
rate equations were discussed in Sec. 2.1. Briefly, 
there are five types of rate laws that have been 
proposed to explain the experimental results: 

mc 

m3 = k3t 
1/m = fc,log(f/T, + 1) 
m = ^log((/-t2 + 1) 

linear, 
parabolic, 
cubic, 
inverse logarithmic, and 
direct logarithmic, 
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Figure 23. Dissociation pressure for various metal oxides [78]. 

where m is the mass of oxide formed and (is the 
time of oxidation. The k"s and T'S are constants 
with respect to time, but arc functions of tempera
ture and oxygen pressure. Additive constants can 
appear if the reaction has followed a different law 
during a preceding period. The rate constants, 
k's, arc assumed to have an Airhenius-type de
pendence, that is. 

k = A- cxp(-E/KT> 

where A is the pre-exponential, E is the activation 
energy, R is the gas law constant, and T is the ab
solute temperature. 

Temperature and oxide thickness are the pri
mary parameters that determine which rate law is 
operative. The above expressions (with the ex
ception of the linear rate law) are all derived from 
the assumption that the transport of cations or 
electrons across the growing film begins with the 
rate-determining step. The linear rate law applies 
to nonprotective films. The expected sequence for 
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adherent films begins with the direct logarithmic 
law for the thinnest films; the inverse logarithmic 
and cubic laws at low temperatures; and the 
parabolic law for thick films and at high 
temperatures. 

The experimental dependence of the oxida
tion rate of copper on temperature is plotted in 
Fig. 24 177). IThe plot is actually of 1/n vs tem
perature, where n is determined from the slope of 
a plot of tog(m) vs log<r).| At lower temperatures 
(<100°O, where the oxide film is thin, the oxida
tion dependence is primarily direct or inverse 
logarithmic. At higher temperatures (>500°O, the 
rate is primarily parabolic. The parabolic or cubic 
rate laws also appear to be operative for oxide 
thicknesses greater than 10* A. The cubic rate law 
is expected to be operative for the film thicknesses 
investigated. The deviation is thought to be due 
to the cracking of blisters at a sufficiently frequent 
rate to give continuous deviations from the cubic 
rate law. Again, these results are for relatively 
short periods of time compared with the time re
quirements of the repository. 

Tylccote 180] has studied the oxidation of 
copper over the temperature range of 200 to 
800°C for times up to 100 hr. At long times in 

the lower part of this temperature range, the 
reaction is approximately cubic (n = 0.35), with 
an activation energy of 28.3kcal/ mole and a pre-
exponential of 0.025 g 3 /cm 6 /hr. These values 
are consistent with oxidation rates found by 
Campbell and Thomas IRef. 7 in 80| for 100 < T < 
256°C. Assuming that the cubic rate law holds for 
all time, the calculated time to oxidize a 1 -cm-
thick copper sample at 250°C would be 2 x 
10 1 2 yr. At these low temperatures, the film was 
adherent, with only rvicroblisters present. It is 
interesting that the oxide layer becomes exfolia
tive in the temperature range of 300 to 350°C, but 
at higher temperatures (400-450CC), the film again 
becomes adherent. The authors claim that this is 
due to annealing., which reduces the internal 
stresses. 

Studies have shown that, at ambient tempera
tures, the oxidation of copper is extremely slow. 
Rates less than 3 x 10~7 jim/yr have been reported 
for laboratory air and oxygen. The thin oxidized 
layer formed at ambient temperature remains 
adherent. This rate is expected to decrease with 
time as long as the oxide remains adherent. 
Although CuO is the stable oxide at ambient 
temperatures, only CunO formation has been 
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Figure 24. Oxidation rate law dependence for copper vs 
temperature [77]. Filled-in data points are for oxide 
thicknesses greater than 10* A. 
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reported. The Q12O oxidation to CuO is 
obviously kinetically limited. 

The composition of the oxide layer as a func
tion of film thickness has been studied for com
mercial copper (99.99%) at 240°C oxidized in air 
|81 J. The overlayer first formed was a cuprous 
oxide (CU2O) film with no cupric oxide (CuO). 
This condition persisted until the film thickness 
became greater than 400 A, at which point some 
CuO could be detected. For films with a thickness 
greater than 800 A, CuO could always be de
tected. (CuO formation occurred because CU2O 
could be oxidized faster than the Cu+ ion could be 
transported to the surface.) At an unspecified 
thickness, the CuO layer could be mechanically 
separated from the underlying CU2O. The thick
ness of the CuO layer never exceeded 150 A, as it 
becomes exfoliative at greater thicknesses. The 
times required to obtain these film thicknesses 
were not reported. 

Studies at higher temperatures (>600°C) re
port similar findings for the composition of the 
oxide layer [82). In addition, the formation of 
cupric oxide increased with increasing oxygen 
pressure. The oxide layer at high oxygen pres
sures was also easier to remove than layers 
formed at lower pressure. The authors assumed 
that this was due to thicker oxide formation. For 
thin oxides, the film was extremely adherent and 
could not easily be removed mechanically. 

An interesting phenomenon that occurs dur
ing oxidation of copper is the formation of CuO 
whiskers at temperatures greater than or equal to 
250°C. Gulbransen et al. 183] have studied the ef
fect of the whiskers on the kinetics of the copper 
oxidation in the temperature range of 250 to 
450°C. The whiskers had diameters of 150 to 
1500 A, depending on the reaction conditions. 
The authors found that whiskers contained less 
than 1 % of the oxygen taken up by the sample 
and concluded that the whiskers therefore had no 

6.1 Introduction 

In the repository, the container will be ex
posed to gases other than nitrogen and oxygen. 
Some of these other gases might be corrosive to 
copper. Studies of the atmospheric corrosion of 
copper are reviewed here to characterize corro
sion processes that might occur in the repository. 
In general, most gases that are corrosive to copper 

significant effect on the oxidation rate. Under the 
experimental conditions used, the oxidation rate 
followed the cubic rate law. 

5.4 CDA 613 

Very little information is available on the 
oxidation of aluminum bronzes in dry air. 
Sanderson and Scully 184,85] have performed 
some oxidation experiments at room temperature 
and 800°C. At room temperature, the authors 
performed an 8-month study in laboratory air. 
They found no tarnish on a Cu-7.5Al-2Si alloy, 
but a pure copper sample was visibly tarnished. 
Electron diffraction revealed that some CU2O did 
form on the surface. Tne authors suggested that 
the lower rate of oxidation for the alloy was due 
to an amorphous layer of alumina that inhibited 
the transport of Cu* to the gas interface. Per
forming 12-hr oxidation experiments at 800°C, the 
authors did see crystalline alumina. At the higher 
temperature, no comparison of corrosion rates 
was made with pure copper, but the rates were 65 
to 70 times lower than those for a Cu-3Si alloy. 

5.5 CDA 715 

There is also very little information on the 
oxidation of the cupronickel alloys [86]. The data 
are limited to temperatures greater than 300°C. 
Studies that are primarily morphological have 
been performed. When oxidized, the cupronickel 
alloys form an outer layer of copper oxides with 
an inner layer of NiO. Additions of nickel to cop
per have been shown to decrease the oxidation 
rate at elevated temperatures. At 30% nickel, the 
cupronickel alloy oxidation rate was decreased by 
a facior of 3 over pure copper 179]. 

arc corrosive only in the presence of water and 
oxygen. 

The corrosion of copper in the atmosphere 
usually proceeds through many stages. Initially, 
copper will form a brown tarnish, consisting 
mostly of sulfide and oxides, which gradually 
thickens to form o black film. Under most atmo
spheric corrosion conditions, this black film re
mains for several years before the green patina • 

6. Atmospheric Corrosion 
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develops. There appears to be a definite incuba
tion period before the transformation to the green 
patina occurs. Generally, the main constituent of 
the patina is basic copper sulfate in industrial and 
rural atmospheres; but in marine atmospheres, 
basic copper chloride will be found. Basic copper 
carbonate is not usually a main constituent of the 
patina. Under the green patina, a red cuprous 
oxide layer is always present. The patina found 
on copper alloys wilt sometimes differ in color 
from that found on copper due to the effect of 
corrosion products from the alloying elements. 

Atmospheric corrosion at ambient temperatures 
is generally an electrochemical phenomenon and, as 
such, it requires that the metal surface be wet and 
that electrolytes be present in solution. The metal 
surface might be wetted by rain, dew, sea spray, or 
w.'.ter adsorbed from the atmosphere by hygro
scopic salts (deposited or formed by corrosion). 
Hygroscopic salts include calcium and magnesium 
chlorides 1481. Hygroscopic adsorption will occur 
when the humidity is greater than the critical rela
tive humidity, which is dependent on the metal and 
the surface contaminants. The electrolytes can come 
from adsorption of gas-phase species (e.g., SCh, 
CQ2, and NO2) and from chloride ions (CI -) in 
seawater spray. Oxygen, also necessary for corro
sion, will readily adsorb into the water film from 
the air. 

Other factors that might affect the corrosive-
ness of an environment are rain and sunshine 
|48|. Fret;:ient rain generally reduces corrosion by 
rinsing off salt and dust residue. When salt and 
dust contamination is not washed off, metal sur
faces might be attacked at a greater rate than ex
posed surfaces. Solar radiation might stimulate 
photosensitive corrosion reactions on metals such 
as copper and iron, and it might also stimulate 
biological activity such as fungal growth. Fungi 
and molds mainly increase corrosivity by holding 
moisture on the metal surface. 

The gas-phase species concentrations vary 
considerably, depending on geographical location 
|71]. Sulfur oxides (SOx) primarily originate from 
the combust;on of coal or oil. Industrial and ur
ban areas typically have large deposition rates of 
sulfur oxides (up to 100-200 mg/mVday), but 
raral areas have much smaller deposition rates 
(10-30 mg/mVday). Sulfur oxides are particu
larly corrosive, as evidenced by high corrosion 
rates in industrial environments. Hydrogen sul
fide (H2S) is also highly corrosive to copper. 
Nitrogen oxides (NOr) are formed by electric dis
charge phenomena or by combustion processes. 

The CO2 concentration in air varies from 0.03 to 
0.05 vol%. Dry nitrogen oxides and CO2 have not 
been documented as strongly corrosive agents. 
Chlorides are deposited mainly from seawatcr 
spray. In marine environments, the copper cor
rosion products are primarily chlorides. Ammo
nia (NH3), which might come from biological de
cay, does not attack copper in a dry atmosphere; 
however, it is extremely corrosive to all copper al
loys in moist atmospheres. 

The corrosion products formed from copper 
depend on the particular atmospheric conditions 
under which the corrosion reaction occurs. Cor
rosion in pure oxygen or dry air, as discussed 
above, results in the formation of only copper ox
ides (Cu 20 and QiO). The oxidation rates are 
very slow—only on the order of 10~7 pm/yr at 
ambient temperatures. 

In sulfur dioxide (SOi), the corrosion rate and 
corrosion products depend on the relative humid
ity and SO2 concentration [87]. In the absence of 
water vapor, sulfur dioxide has no influence on 
the normal oxidation that takes place at room 
temperature in dry, pure air, but effects are ob
served in moist air. One possible mechanism is 
that, in the presence of a water film, SO2 is readily 
absorbed and reacts with the water to form sul-
furous acid (HSO3). Then, it reacts with copper to 
form the metal sulfite, which reacts with oxygen 
to form the sulfate. 

The corrosion rate increases rapidly above a 
relative humidity of 63% and is strongly depen
dent on SO2 concentration, as illustrated in Fig. 25 
187]. The corrosion products are also strongly 
dependent on the SCH concentration. At 1 % SO2, 
the film is normal sulfate (CuS04); below \% SO2, 
basic sulfate is formed (Cu(OH)2 • CuS04); and 
above 1% SO2, the acid salt is formed (HCuS04). 
The basicity of the deposits increases with age 
and might reach a maximum of 3, i.e., 
CuS0 4 • 3Cu(OH)2 (brochantite). This product 
(brochantite) is stable and rrjght account for the 
protective nature of the film of corrosion product. 

Other gases in combination with water form 
corrosion products on copper surfaces |87]. 
Chlorine or chloride ions react to form basic 
copper chloride. With aging, a maximum basicity 
of 3 can be reached, forming atacamite 
(CuCI2 3(OH)2). Carbon dioxide (CC^) and ni
trogen oxides react to form basic carbonates and 
nitrates, respectively. Like the basic sulfates, 
these corrosion products are very stable and form 
protectiveoverlayers that inhibit further 
corrosion. 
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Figure 25. Relationship between corrosion and concentration 
of SO2 in atmospheres of high relative humidity [87]. 

In contrast to sulfur dioxide, hydrogen sulfide 
(H2S) will react with copper in the absence of wa
ter. In fact, water vapor inhibits the corrosivity of 
H2S. In dry atmospheres, H2S reacts with copper 
to form copper sulfides and oxides. 

Potential-pH (Pourbaix) diagrams give the 
thermodynamic possibilities for corrosion and the 
formation of different corrosion products. The 
diagram for the CU-H2O system, shown in Fig. 26 
|72], gives the stability regions for various species 
with respect to the redox potential and the pH 
value of the corrosive agent. The stability region 
for water is enclosed between the dashed lines. 
The borderlines between the solid species and the 
species in solution depend on the activities 
(concentrations) of the species in solution. For 
atmospheric corrosion, the solution species con
centrations fluctuate, but they are generally rather 
high. In spite of the fluctuations, the regions of 
stability do not radically change because the po
tential and the pH value are proportional to the 
logarithm of the concentration. The potential-pH 
diagrams give information only on the thermo
dynamic possibilities for reactions and not on the 
reaction kinetics. 

When studying atmospheric corrosion, the 
effects of trace species in the atmosphere on the 
potential-pH diagram must be considered. In 
particular, H2CO3, SO \ , CI", and NO3 must be 

considered because, under certain conditions, 
they might form solid phases or solution com
plexes with the corroding metal. In addition, the 
pH value of the water film for atmospheric corro
sion generally ranges from 2 to 7; it is usually 
more acidic in polluted air. 

The potential-pH diagram for Cu-SO 4~-H20 
at 25°C with 1(H mol/l Cu z + and 10"3 mol/1 
SO 4~ is shown in Fig. 27. In the stability region 
for water, the copper is in solution at low pH val
ues and remains adherent for pH values above 4. 
For a portion of 4 < pH < 6, basic copper sulfate is 
formed. 

The corrosion products formed as a function 
of electrolytes can also be displayed on stability 
diagrams, which are diagrams of the corrosion 
products as a function of pH and anion content. 
Stability diagrams for the basic sulfate, carbonate, 
nitrate, and chloride are shown in Fig. 28. Low 
pH values favor the dissolution of copper as 
Cu 2 + for each of the anions. Basic copper sulfate 
is predicted to form even for very low concentra
tions of sulfate anion. Basic copper nitrate 
formation requires a high concentration of nitrate 
in solution. The formation of basic copper 
chloride or carbonate requires anion concen
trations that are intermediate between concen
trations required for the formation of basic copper 
sulfate and the nitrate. 
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Figure 26. Potential-pH diagram; Cu-H20,25°C, 
l O ^ M C u ^ ] . 
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Figure 27. Potential-pH diagram; Cu-SO|"-H20,25°C, 
1(T1M Cu, 10M SOj" [72]. 

36 



0 

-1 

h 
3 

-5 

-6 

HSKHEffl 

Cu 2 

_ I _ 
0 2 4 

B. Chloride 
6 8 10 12 14 

PH 

0 2 4 
C. Carbonate 

8 10 12 14 
pH 

0 2 4 
D. Nitrate 

Figure 28. Stability domains of basic copper salts in aerated aqueous solution with varying 
anion content and pH values; 25°C, 10 - 1 M Cu (72). 

The corrosion rate (kinetics) depends on the 
amount and composition of the electrolyte on the 
metal surface. The instantaneous rate may vary 
with time, but the cumulative attack over a signif
icant period (years) does not depend so strongly 
on the time of wetness. This is true because, 
when the surface becomes wet, the large amount 
of corrosive surface contaminants accumulated 
during a long dry period will generally cause a 
higher conosion rate than the smaller amount 
accumulated during a shorter dry period. Cor
rosion rates are initially high but tend to decrease 
with time because of the formation of a protective 
oxide layer. Jn general, corrosion rates of copper 
in various atmospheres are approximately as 
follows: 

Atmosphere 
Rural 
Urban 
Marine 

Corrosion rate 
(mm/yr) 

51 
l t o 2 

1 

6.2 Atmospheric Corrosion Tests 

This section is a compilation of reported 
atmospheric corrosion tests. Results are 
presented for the candidate alloys but, when a 
study does not include a candidate alloy, a similar 
. i!oy is substituted if possible. Tofacililate 
comparison of different test results, all the data 
have been converted to penetration depth. This, 
of course, assumes that the corrosion is uniform 
across the surface which, in some cases, might not 
be valid, as localized corrosion or uneven cor
rosion might occur. If test results specified this, it 
is mentioned here. 

With respect to the initial repository-like con
ditions, tests performed in the tropics offer sev
eral advantages over tests performed in temperate 
climates. In the tropics, temperatures remain rel
atively cons >t and warm throughout the year, 
and high humidity exists for seacoast testing 
(high humidity might exist in the repository for 
initial emplacement of the waste containers). 
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The U.S. Naval Research Laboratory has per
formed 16-yr atmospheric corrosion tests on nu
merous metals at two sites in Panama [88]. A 
coastal site at Cristobal has nearly constant tem
perature (27°C) and humidity (80%) throughout 
the year. An inland site at Miraflores also has 
nearly constant average temperature, but it is rel
atively dry. The results of corrosion testing (data 
on general corrosion, pitting, and tensile-strength 
loss) are presented in Tables 5 and 6 [881. Gener
ally, the conditions at the seacoast are more corro
sive than at the inland sites. The authors reported 
that the corrosion rates at both sites steadily de
creased with time and appeared to have reached 
steady state at 16 yr. Corrosion rates at 16 yr are 
all less than or equal to 0.8 jim/yr, with pure cop
per corroding fastest and the aluminum bronze 
and the cupronickel corroding at 05 flm/yr. Pit
ting is negligible for all the alloys at both sites. 
Tensile-strength losses are relatively small, with 

pure copper suffering the largest losses at both 
sites, 2 and 5% at the inland and seacoast sites, 
respectively. 

In 1955, Tracy [89] reported the corrosion re
sults of a 20-yr atmospheric test on copper alloys 
at various sites in the United States. Data on pen
etration depth are presented in Table 7 [89], and 
the percent changes in weight and tensile strength 
are given in Table 8 [89]. Only broad classifica
tions of the environments are given in the tables. 
More detailed descriptions of the environments 
are given in Ref. 89. In this study [89], the 
cupronickel alloy contained 1% tin and no iron; 
the aluminum alloy did not contain iron. 

The corrosion rates vary from 0.05 to 2.6 
jim/yr, depending on the environment. In the 
dry rural atmosphere of Phoenix, Arizona, no 
alloy-specific rates were given, but the corrosion 
rates were extremely slow, 0.05 to 0.2 jim/yr. At 
Ihe La Jolla, California site, ocean spray is rarely 

Table 5. Data on corrosion of noncoupled metal panels exposed at a tropical inland site at Miraflores, 
Panama [88]. 

General corrosion Piidng b 

Tensile 
strength 

Metal 
Average penetration (urn) 
1 2 4 8 16yr 

Final rate" 
(um/vr) 

Average depth 
( p i ) 

8 16yr 

Deepest 
(urn) 

Percent loss 
8 16yr 

Cu-Al 5 
Cu 99.9 
Cu 70-Ni 30 

1.0 1.8 23 33 6.1 
2.0 2.9 3.8 4.8 6.9 
0.5 13 2.0 3 3 6.9 

<03 
<03 

0.5 

<125 
<12S 
<125 

<125 
<125 
<125 

<125 
<125 
<125 

<1 <1 
2 2 

<1 1 
'Stabilized corrosion rate; the slope of the linear portion of Ihe curve, usually after 2 to 8 yr. 
"Avenge of 20 deepest pits with measurable penetrations greater than 125 \im. 

Table 6. Data on corrosion of noncoupled metal panels exposed at a seacoast site at Cristobal, 
ranama [88]. 

General corrosion 

Metal 
Average penetration <um> Final rate1 

8 16 yr (ujn/yr> 

Pittingb 

Average depth 
(urn) 

16 yr 
Deepest 

(urn) 

Tensile 
strength 

Percent loss 
8 16 yr 

Cu-Al 5 2.0 2.8 3.8 5.8 9.9 0.5 <125 <125 <125 1 2 

Cu 99.9 4 3 5.8 9.7 14 20 0.8 <125 <125 <125 4 5 
Cu 70-Ni 30 0.8 1.5 3.0 5.8 10 0.5 <125 <125 <125 <1 1 
'Stabilized corrosion rale; the slope of Ihe linear portion of the curve, usually after 2 lo 8 yr. 
^Average of 20 deepest pits with measurable penetrations greater than 125 |im. 
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Table 7. Corrosion rate (penetration depth) determined from weight losses observed in atmospheric tests on copper alloys. Tests were 
conducted at various sites in the United States for periods of 10 and 20 yr [89]. 

Corrosion rate (nm/yr) 
Altoona, Fa. 
Industrial 

New York, N.Y. 
Industrial marine 

Sandy Hook, N.J. 
Northern marine 

Lajolla, Ca. 
Severe marine 

Key West, Fla. 
Tropical marine 

Phoenix, Ariz. 
Rural dry 

State College, Pa. 
Northern rural 

Alloy 10 20 yr 10 20 yr 10 20 yr 10 20 yr 10 20 yr 10 20 yr 10 20 yr 
Cu 99.98 
Cu 92.1-Al 7.8 
Cu 69.1-Ni 28.1-
Snl.0-Zn0.6 

1.3 
1.8 

2.2 

1.4 
1.6 

2.6 

1.2 
1.7 

2.1 

1.3 
1.5 

2.0 

0.6 
1,5 

1.2 

1.2 
1.4 
0.2 

0.28 

1.2 
0.1 

0.30 

0.5 
0.3 

033 

0.6 
0.05 

0.3 

0.05-0.2 
0.05-0.2 

0.05-0.2 

0.56 
0.15 

0.33 

0.43 
0.20 

0.48 

Table 8. Percent weight loss (WL) and percent change in tensile stress (TS) seen in 20-yr tests of atmospheric corrosion [89], 
Altoona, Pa. 

Industrial 
New York, N.Y. 

Industrial marine 
LaJolla,Ca. 

Severe marine 
Key West, Fla. 

Tropical marine 
Phoenix, Az. 

Rural dry 
State College, Pa. 

Northern rural 
Alloy WL TS* WL TS WL TS WL TS WL TS WL TS 

Cu 99.98 6.1 0 6.7 0.3 5.5 3.9 2.8 -3.3 0.9 -0.1 2 -3.3 
Cu 92.1-Al 7.8 7.2 0 7.3 — 1.1 0 0.5 0 0.1 0 1.1 0 
Cu 69.1-Ni 28.1-
Sn 1.0-Zn 0.6 12.2 12.8 12.8 12.2 1.4 5.2 1.3 4.4 0.3 4.4 2.2 1.7 

a Tensile-lcst samples wore cut corrosion plates. 



washed off the samples by rain, leading to a situ
ation in which salts can accumulate on the sample 
surfaces. In this environment, the corrosion rates 
varied from 0.1 to 1.2 (im/yr, with the aluminum 
bronze performing best and the pure copper per
forming worst. 

The percentages of tensile-strength loss and 
weight loss are given in Table 8. Losses in tensile 
strength are generally less than 10%. In Phoenix, 
pure copper and aluminum bronze suffered no 
measurable loss, but the cupronickel alloy suf
fered a 4.4% loss. In the marine environment of 
La Jolla, the aluminum bronze again did not suf
fer any measurable loss, but pure copper had a 
loss of 3.9%, and the cupronickel alloy had a loss 
of 5.2%. The data on tensile-strength loss are for 
corrosion samples cut after the 20-yr test. Tensile-
test samples cut prior to corrosion testing showed 
significantly higher tensile-strength losses after 
corrosion. Also, one aluminum bronze tensile-
test sample suffered dealuminization. 

Atmospheric corrosion tests were performed 
in temperate climates by Costas [90] at four sites 
in the United States. Two of the sites were marine 
(Point Reyes, California; and Kure Beach, North 
Carolina), one was rural (State College, Pennsyl
vania), and one was industrial (Newark, New 
Jersey). The data on corrosion rate are repro
duced in Table 9 [90]. The corrosion rates appear 
to have stabilized or decreased at 20 yr, except 
possibly at the rural site. In general, the worst 
corrosion took place in the industrial environ
ment and the least corrosion took place in either 
the marine or rural environments, depending on 
the alloy. All the alloys behaved quite similarly 
within a particular environment. Overall, the 
aluminum bronze performed best, with rates 
ranging from 0.22 (marine) to 1.4 um/yr 
(industrial). 

In general, corrosion products in the marine 
environments were CU2O and basic copper chlo
ride, Cu2CI(OH>3 (atacamite); in the rural and in
dustrial environments, corrosion products were 
Q12O and basic copper sulfate, CU4{OH)GS04 
(brochantite). In the marine environment, the al
loys were found to Tetain greater amounts of the 
corrosion product. Pitting was not significant 
with any of the alloys, lntergranular attack did 
occur in the aluminum bronze alloy at all sites ex
cept Point Reye«. 

Tensile strength losses were generally less 
than 5% except for that of the aluminum bronze 
alloy in the industrial environment, where the al
loy suffered intergranular attack and tensile-
strength losses were about 6%. 

The Statue of Liberty in New York Harbor 
can be viewed as a long-term study of the atmo
spheric corrosion of copper [91]. The copper con
tent of the statue generally ranges from 95 to 98%, 
with some sections having significant zinc con
tent. Although the thickness of the skin of the 
statue varied, it was generally 0.25 cm. Before the 
refurbishing of the statue in the 1980s, the corro
sion rates at different locations on the statue were 
found to vary from 1.6 to 0.8 |im/yr, with the 
horizontal sections corroding the most rapidly. 
These values are typical for copper corrosion in 
marine environments. There were areas where 
abnormally severe corrosion occurred, such as 
areas where aqueous liquid collected because of 
improper drainage or areas where aqueous runoff 
caused erosion corrosion of the copper. Some 
pitting ivas observed, but it occurred in areas that 
had significant zinc content. 

The corrosion layer consisted of a CuO 
undcrlaycr and a mixed copper sulfate overlayer. 
The overlayer composition varied according to 
exposure conditions. In sheltered areas 

Table 9. Corrosion rates determined in tests in temperate climates for periods of 2,7, and 15 
or 20 yr |90l. 

Corrosion rate* (mm/yrj 

Alloy 

Kure Beach, S.C. 
Eastern marine 

~2 7 20vr 

Newark, N.J. 
Industrial 

2 7 20 yr 

Point Reyes, Ca. 
Western marine 

2 15yr 

State College, Pa. 
Rural 

20 yr 
Cu 98.7-Sn 1.18 2.1 1.8 1.1 1.7 1.6 1.4 1.1 0.38 0.84 0.64 0.65 

Cu 91.65-A1 6.4-Si 1.85 0.43 0.43 0.46 1.1 1.3 1.2 0.23 0.22 b 0.28 0.33 0.54 

Cu 77.18-A122.76 0.91 0.79 0.77 0.46 1.5 1.5 0.61 1.0 0.48 0.48 0.70 
'Corrosion rates were determined for three samples-
''Only two specimens were analyzed, and there was a large scatter in the corrosion rates. 

40 



Table 10. Typical indoor and outdoor ranges of inorganic pollutants [73]. 
Pollutant 

gas 
Typical outdoor 

range fug/m 3) 
Typical indoor 
range (ug/m 3) 

so2 3-185 1-10 
N 0 2 20-160 3-60 

o3 
10-90 7-65 

HCl 
Cl 2 

03-5 
<5% of HCl except where 

a local Cl 2 source exists 

0.08-0.3 
0.004-0.015 

NH 3 6-12 10-150 

unaffected by wind and aqueous runoff and in 
areas not directly facing Manhattan, the patina 
was thicker and was composed predominantly of 
basic copper sulfate (brochantite). In areas facing 
Manhattan, the patina was thinner and was com
posed of both brochantitc and antlerite. Anflerite 
is more susceptible to erosion and is thought to 
form because of acid deposition from Manhattan 
and inland power plants. 

As a point of reference for conducting labora
tory experiments on corrosion, it is of importance 
to mention the differences reported between in
door and outdoor corrosion rates. Rice et al. 1921 
have made such a comparison of several metals, 
including copper, at several sites throughout the 
United States. The corrosion rates of copper were 
at least 100 times greater outdoors than they were 
indoors. In general, the copper corrosion rate de
creased with time for the indoor corrosion. The 
corrosion products were complex combinations of 
copper hydroxide, chloride, sulfate (sulfite), car
bonate, and nitrate. The authors attributed the 
decreased corrosion rates to the lower concentra
tion of pollutants and lower relative humidity in
doors than outdoors. 

Rice et al. [731 have studied the effect of con
trolled atmospheres on the corrosion of copper. 
As a point of comparison, typical indoor and 
outdoor concentrations of the pollutant studied 
(in the year 1981) are given in Table 10 [731. In 
two synthetic polluted atmospheres (shown in 
Table 11 |73]), the corrosion of copper is highly 
dependent on relative humidity, as shown in 
Fig. 29 [73]. The corrosion rate increases by a 
factor of 8 as the relative humidity increases from 

30 to 80%. This finding indicates the electro
chemical nature of the atmospheric corrosion of 
copper, with the water-pollutant chemistry 
providing the medium for ionic mobility and 
surface product dissolution. 

The general corrosion rates of copper as a 
function of various pollutant concentrations at 
70% relative humidity are shown in Table 12 [73]. 
In particular, copper corrosion was very sensitive 
to sulfur dioxide (SO2), hydrogen sulfide <H2S), 
ozone (03), hydrogen chloride (HCl), and chlorine 
(Q2). Copper corrosion was less sensitive to 
ammonia (NH3) and nitrogen dioxide (NO2)- (In 
some atmospheres, e.g., ammonia, copper alloys 
are susceptible to stress corrosion cracking, a lo
calized form of corrosion; this type of corrosion is 
discussed in Vol. 4.) 

Table 11. Composition of laboratory test 
environments (T= 25°C) [73]. 

Concentration 
Pollutant Environment A Environment B 

gas <|lg/m3) (flg/m3) 

so2 810 860 
N 0 2 940 990 

o3 
334 0 

N H 3 0 0 

C l 2 
8.6 8.4 

HCl 0 16.8 
H 2 S 21 54 
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Table 12. Summary of rates of corrosion of copper determined at various pollutant 
concentrations [73]. Teste were performed at 70% relative humidity and 25°C. For each 
pollutant, the first row gives the pollutant concentration in M-gta3, and the second row gives the 
copper corrosion rate in |lg/cm2/hr. The third row is the corrosion rate in \unlyt. The columns n 
and A give the coefficients in the expression r = AC. where C is the pollutant concentration. 
The column CC gives the correlation coefficient, which represents the quality of the fit of the 
data to the analytic expression. 

Pollutant 

Concentration (ng/m 2) 
Corrosion rate (jig/cm2/hr) 
Corrosion rate (um/yr) CC 

so 2 ' 

s o 2

b 

H2S» 

H , S b 

0 39 118 786 1415 
0.56 0.87 1.08 2.62 2.76 
5.48 8.50 10.55 25.6 27.0 

50 152 299 
0.0042 0.0063 0.0075 
0.041 0.062 0.073 
0 7.9 20 66 328 
0.77 1.24 1.68 1.88 4.08 
7.53 12.1 16.4 18.38 39.9 
2.62 6.50 14.4 
0.0026 0.0032 0.013 
0.025 0.031 0.13 

H 2 S C 4.42 11.6 22.4 
0.039 0.050 0.071 
038 0.49 0.69 

Cl2» 0 87 29 116 290 
1.26 1.21 1.43 1.22 1.27 

123 11.8 14.0 11.9 12.4 

C l 2

b 7.83 16.5 25.2 
0.113 0.166 0.244 
1.10 1.62 238 

C l 2

d 70 11.9 203 
0.060 0.15 0.216 
0.58 1.47 2.11 

HCl b 2.47 4.93 7.40 
0.065 0.10 0.13 
0.63 0.98 1.27 

N<V 0 26 102 376 1316 
1.15 1.18 1.41 1.46 1.78 

11.24 11.5 13.78 14.27 17.4 

cv 3 27 98 330 980 
0.26 0.47 0.75 1.62 1.15 
2.54 4.60 7.33 15.8 11.24 

NH3» 0 2.1 6.7 35 139 
1.59 1.99 1.77 1.75 1.48 

15.54 19.45 17.3 17.11 14.47 

0.36 

0.33 

0.30 

0.93 

0.36 

0.64 

1.20 

0.63 

0.097 

0.29 

-0.06 

0.22 

0.001 

0.99 

0.996 

0.63 0.97 

0.00087 0.90 

0.022 0.98 

1.29 0 

0.029 0.99 

0.0063 0.97 

0.037 0.999 

0.87 0.97 

0.20 0.85 

2.67 0.94 

"Reference environment was A in Table 11. 
b No other pollutants were present. 
CHCI gas was present at 1.46 ng/m3. 
< I S 0 2 gas was present at 47 ng/m3. 
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Figure 29. Corrosion rate of copper and silver vs relative 
humidity in two synthetic polluted atmospheres [73], 
Atmospheres are given in Table 11. 

7. Aqueous Corrosion 
Section 6 discussed atmospheric corrosion 

and highlighted the fact that the operative corro
sive process on copper and its alloys is primarily 
electrochemical. An aqueous environment there
fore represents a more corrosive environment for 
the metals. Under most circumstances, sea water 
is more corrosive than fresh water (because of the 
higher salt content). Copper and its alloys have 
been used extensively in marine applications. 
The alloys have been proposed and are used for 
materials in desalinization processes [93] and in 
heat exchangers [94-97] in marine environments. 
Thecupronickel alloys, in fact, are used exten
sively in these applications. 

The U.S. Naval Research Laboratory has per
formed 16-yr corrosion damage studies on nu
merous metals in aqueous environments in the 

tropics [53|. The metals studied included pure 
copper, Cu-30Ni, and a 5% aluminum bronze, and 
the results are reproduced in Table 13 [53]. These 
alloys are the same as those used in the study of 
atmospheric corrosion discussed in Sec. 6.2 [88]. 
Three different environments were used: 
<1) complete immersion in the Pacific Ocean; 
(2) intermittent immersion in the Pacific Ocean 
(sample at mean tide positions); and (3) complete 
immersion in Catun Lake, which is; .• ;ater 
lake (solids 50 ppm). 

The complete immersion in seawater was 
the most corrosive condition, with the corrosion 
rates at 16 yr for the three alloys falling between 
2.3 and 2.5 jim/yr. The intermittent seawater 
immersion and the fresh water immersion corro
sion rates were the same for each alloy. The 
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Table 13. Data on corrosion damage for copper alloys exposed in aqueous environments [53]. 
General coirosion c Pitting penetration (um/yr) 

Avg penetration (urn) Final rate d Avg of 20 deepest pits e Deepest pit' 
Metal* Envii. b l y r 8yr 16 yr ((im/yx) l y r 8yr 16 yr (Jim) 

Cu 70-Ni 30 S 12.7 38.1 58.4 1 5 <127 <127 <127 940 
M 2.5 10.2 20.3 1.0 <127 <127 <127 <127 
L 5.1 25.4 33.0 1.0 <127 <127 <127 <127 

Cu 99.9 S 30.5 134.6 152 2.29 508 711 787 1450 
M 173 27.9 33.0 0.51 <127 254 <127 584 
L 5.1 203 25.4 0.51 <127 <127 <127 <127 

Aluminum bronze S 5.1 203 33.0 2.5 <127 <127 <127 533 
(5% aluminum) M 2.5 10.2 1S.2 0.5 <127 <127 <127 <127 

L 2.5 7.6 10.2 0.5 <127 <127 <127 <127 
* All samples were degreased before exposure. 
"S, seawater immersion; M, seawater mean tide; L, lake water immersion. 
cValues were calculated from weight-loss data. 
dSlope of the linear portion of the time-corrosion curve, or if nonlinear, the slope of the tangent at 16 yr. 
eTwenty-pil average was determined from the five deepest pits on duplicate panels. 
'The deepest single pit during the 16-yr exposure. 

cupronickcl alloy had the highest corrosion rate at 
16 yr (1 jim/yr), and the other two alloys had 
rates that were about half of the cupronickcl rate. 

The pitting susceptibility of the pure copper 
is much higher than that of either of the other two 
alloys. Although all the alloys pitted in seawatcr, 
the deepest pit after 16 yr occurred in pure copper 
(1450 urn), followed by the copper-nickel alloy 
(940 |xm), and then the aluminum bronze 
(533 urn). Only pure copper pitted significantly 
for the intermittent immersion in sea water 
(deepest pit in 16 yr was 584 |im). There was no 
significant pitting for any of the alloys in the fresh 
water test. 

Although the U.S. Naval Research Laboratory 
did not perform an analysis of the layer of corro
sion product, other studies have shown that, in 
seawater immersion, the film often contains de
posits on top of the cuprous oxide layer. These 
deposits might be cupric oxychloride, cupric hy
droxide, or basic copper carbonate and calcium 
carbonate [48], and are thought to impede further 
corrosion. 

Tests with seawatcr at elevated temperatures 
have also been performed, and the results show 
that the corrosion rate decreases as the tempera
ture increases (see Fig. 30). The authors [48| at
tributed the less aggressive environment and the 
decreased corrosion rate to both the reduced oxy

gen content and the greater tendency to form 
mineral scale on the surface. These authors have 
also shown that oxygen content is an extremely 
important factor influencing the corrosiveness of 
seawater. 

Copper-nickel alloys are frequently used in 
seawater-cooled heat exchangers, and they gener
ally give satisfactory performance. Both Cu-30Ni 
and Cu-lONi were developed during the 1930s 
and 1940s in the United States and the United 
Kingdom 198]. These cupronickel alloys have 
been used extensively in tubing in steam-heat ex
changers. As a consequence, numerous corrosion 
studies have been performed in wet atmospheres. 

Castle et al. J991 compared the oxidation of 
Cu-30Ni to that of copper under a variety of 
conditions, in particular, in atmospheric oxy
genated steam at 300°C. With thermal cycling to 
95°C once every day, the Cu-30Ni corrosion rate 
was 3.6 |im/yr or less at 50 days. The cumulative 
copper corrosion was similar over the first 
45 days, although the rate at 40 days appeared to 
be greater for copper. The corrosion layer, which 
was adherent, consisted of an outside layer of 
CU2O and an inside layer of mixed CU2O and 
NiO. Castle et al. 1991 also studied the oxidation 
under a variety of other conditions and found 
significantly different corrosion layers and oxida
tion rates. Oxidation in pure oxygen at 300CC was 
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Figure 30. Effect of temperature on corrosion rate of copper-
based heat exchanger tube materials in deaerated seawater [48]. 

significantly slower than in aerated steam atmo
spheres at 300°C 

Swartzendruber and Bennett 1100] have 
studied the effect of iron concentration on the cor
rosion rate of Cu-lONi in 3.5% NaCI solution at 
70°C. The samples were moved in the bath at a 
rate of 0.4 m/s. Swartzendruber and Bennett 
found that, for iron to effectively decrease the cor
rosion rate (by up to a factor of 2), the iron must 
be in solid solution. Iron precipitates were 
thought to act as local anodes that enhanced the 
corrosion rate. From Mossbauer spectroscopy, 
the authors suggested that the precipitates were 
face:centered cubic (fee) iron-nickel, with 30 at.% 
nickel. 

Francis [98) studied the effect of temperature 
on the corrosion rate of Cu-30Ni subjected to 
impingement attack of seawater. The corrosion 
rate decreased by a factor of 2.5 with a tempera
ture increase from 0 to 15°C. Concomitant with 
the decrease in corrosion was an electropositive 
increase of more than 100 mV in the corrosion po
tential with the temperature increase. Francis 
presented evidence to indicate that the increased 
corrosion resistance was due to the incorporation 
of iron in the corrosion film. In contrast, in the 
study of Swartzendruber and Bennett [100|, it was 
found that the corrosion rate decreased v.-hen the 
iron content was increased to 2%. A possible dif
ference in these findings was that the manganese 
concentration was higher in the latter study; some 
unknown synergistic effect of manganese might 
be responsible for this result. 

Efird [101] studied the effect of iron concen
tration on the corrosion resistance of copper-
nickel alloys. In Cu-30Ni, an iron concentration 
of about 0,7 wt% gave corrosion rates of about 
3 um/yr (2-yr test). In agreement with Francis, 
Efird found an electropositive shift of more than 
100 mV in the corrosion potential for a solid-
solution iron concentration above 0.8% in the 
alloy. For corrosion in quiescent seawater, in
creasing the iron content above 1% increased the 
corrosion rate by about a factor of 2. 

Syrett [102] studied the effect of sulfide-
polluted seawater on the corrosion of Cu-lONi. 
Sulfide in unaerated seawater corroded Cu-lONi 
at approximately the same rate as in aerated, 
unpolluted water. In contrast to aerated, unpol
luted water (which formed a protective cuprous 
oxide layer), the sulfide-polluted water formed an 
underlayer of cuprous oxide, but it was covered 
with porous copper sulfide. Upon substituting 
unpolluted, aerated seawater for the polluted wa
ter, Syrett found that the corrosion rate increased 
and the sulfide layer was removed. Eventually, 
the corrosion rate returned to the rate characteris
tic of unpolluted, aerated water. The author 
also pointed out that the corrosion product 
layer in aer .-•.. seawater is usually CU2O, but 
Cu2(OH)3L i ..oquently found; CuO,Cu(OH)2, 
CuCl2, Cu3(OH)2(C03)2, and CaCO, have also 
been found [102 and references therein). 
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8. Other Corrosive Environments and Degradation Modes 
The previous sections have dealt with general 

oxidation, atmospheric corrosion, and aqueous 
corrosion. Sections 8.1 through 8.3 briefly discuss 
the corrosion of the candidate copper alloys in 
specific corrodents: acids, alkaline solutions, and 
neutral solutions [103,104|. 

8.1 Acids 
The high-copper alloys arc usually more re

sistant to arid corrosion than is copper, but all 
have the same order of resistarce. Aeration of 
acid solutions, in general, enhances the corrosive-
ness of the solution. Aeration is particularly 
necessary for low-concentrati I acid solutions. 
Increasing the temperature of on acid solution 
usually increases its corrosivity except that, at 
high temperatures, the solubilty of oxygen might 
be so low that corrosion rates decrease. The 
formation of low-solubility corrosion products 
reduces corrosion rates. Fluid motion can also 
enhance corrosion by removing copper ions that 
otherwise would remain close o the surface of 
the metal and form a polarizing film. Also, dea-
luminification of aluminum brjnzes containing 
more than 8% aluminum can c-ccur in acid solu
tions. Oxidizing salts (such as 'erric, cupric, and 
stannic salts) are themselves corrosive, and they 
also enhance the corrosivity of acids. Other oxi
dizing salts (such as permanganates, chromates, 
and chlorates) require the presence of acid to be 
highly corrosive, or can accelerate the corrosive 
action of acids. 

8.1.1 Nitric Acid 
Nitric acid is an oxidizing acid and as such is 

highly corrosive to copper and its alloys. Copper 
corrodes at a rate of 76 jmi/yr for quiet submer
sion in 0.06% acid. Other copper alloys corrode 
similarly. Nitrous acid, which is a by-product 
of the corrosion, accelerates the rate of attack. 
Aeration is not necessary for the corrosivity of 
nitric acid. 

8.1.2 Hydrochloric Acid 
Hydrochloric acid is the rr :>st corrosive of 

the nonoxtdizing acids to copper alloys. At 
room temperature, copper cor, odes at a rate of 
102 um/yr in a 0.3% solution. Corrosion rates are 
accelerated by concentrated solutions, cupric 
salts, aeration, and elevated temperatures. 

8.13 Hydrofluoric Acid 
Many copper alloys have useful resistance to 

certain concentrations of hydrofluoric acid. In 
unaerated, stagnant solutions, aluminum bronze 
resists ail concentrations up to 70%. At the boil
ing temperature, Cu-30Ni resists all concentra
tions of hydrofluoric acid, including hot con
centrated acid. Aeration or oxidizing agents 
considerably increase the corrosion rate. 

8.1.4 Sulfuric Acid 
Quiet submersion of copper in 0.05% sulfuric 

acid at room temperature corrodes copper at a 
rate of 76 jim/yr. At higher temperatures an-1 
concentrations, sulfuric acid acts as an oxidizer 
and corrodes copper rapidly. Corrosion usually 
occurs as pits, and the pits are filled with copper 
sulfide. Oxygen is not necessary for this action 
but promotes it. Aeration and elevated tempera
ture generally increase corrosion rates. For pur
poses of comparison, copper and Cu-30Ni corro
sion rates in 10% acid solution at 60°C are 483 and 
305 nm/yr, respectively. 

8.1.5 Sulfurous Acid 
The high copper alloys at ordinary tem

peratures are corroded at rates of about 127 to 
381 um/yr. No acid concentration was given. 

8.1.6 Phosphoric Acid 
In quiet immersion at 42% arid solution at 

16°C, copper corrodes at a rate of 406 um/yr. 
Aeration accelerates the rate, but elevated tem
peratures decelerate it. Aluminum bronzes have 
similar corrosion rates. Oxidizing agents, such as 
ferric salts, enhance the corrosion rates. 

8.2 Alkaline Solutions 

8.2.1 Caustic Alkalies 
Copper and its alloys are only slowly cor

roded by caustic alkalies (sodium hydroxide and 
potassium hydroxide). For quiet immersion in 
3.9% NaOH at 30°C, copper corrodes at 360 
um/yr. For the alloys, corrosion rates might vary 
from 5 to 50 um/yr. The cupronickels are the 
most resistant of the candidate copper alloys to 
alkali solutions. 
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8.2.2 Ammonia 
Moist ammonia and ammonium hydroxide 

solutions corrode copper and most of its alloys 
rapidly in the presence of air because of the for
mation of soluble copper compounds. For quiet 
immersion in 3.5% ammonium hydroxide at room 
temperature, copper corrodes at 650 |im/yr. It is 
interesting that 1 ppm of ammonia in nonde-
gassed distilled water gave a pH of 7.7 and pre
vented the pickup of copper by the water. The 
cupronickels are the most resistant of the candi
dates to ammonium hydroxide and are also the 
most resistant to stress corrosion cracking. 

8.3 Neutral Solutions 

8.3.1 Salt Solutions 
Copper and its alloys have good resistance to 

many salt solutions, such as the sulfates and ni
trates of sodium, potassium, magnesium, and cal
cium. Corrosion rates are about 5 nm/yr under 
quiescent conditions and somewhat higher under 
aerated and agitated conditions. Chlorides are 
usually more corrosive, primarily because of the 
formation of metal-ion concentration cells. Corro
sion rates range from 15 to 280(lm/yr. Aeration 
and agitation strongly enhance the chloride 
attack. 

The alkaline salts (carbonates, silicates, and 
phosphates) produce a slightly higher rate of cor
rosion than do the sulfates and nitrates. The 
chromates do not corrode copper in neutral or al
kaline solutions, but do corrode copper strongly 
in acid solutions. 

Cyanide solutions are corrosive because of 
the formation of soluble copper cyanide salts. 
Hypochlorites corrode copper alloys by localized 
pitting and at rates greater than 508 (xm/yr. 

Ammonium salts are corrosive to copper al
loys, particularly when the solution is aerated. 
The most resistant of the candidate copper alloys 
is cupronickel (Cu-30Ni). The corrosion rate of 
copper ranges from 50 to 330 nm/yr. 

Oxidizing acid salt solutions of ferric, cupric, 
mercuric, stannic, and silver salts are strongly 

corrosive to copper alloys. The chloride salts are 
particularly corrosive. Mercury salt solutions will 
also cause rapid cracking of many copper alloys 
under tensile stresses, either residual stresses 
from cold working or applied stresses. Nonoxi-
dizing acid salts (such as aluminum chloride) are 
moderately corrosive in unaerated solutions but 
become more aggressive in aerated and agitated 
solutions. 

8.3.2 Fresh Water 
Copper and its alloys react very similarly in 

fresh water. Corrosion rates are generally about 
5 to 25 |0.m/yr and often less. Protective films of 
lime (CaOH) compounds form on copper in hard 
water, so these waters are seldom corrosive. Soft 
waters containing free carbon dioxide can be cor
rosive to copper. Tests conducted at room tem
perature for 24 hr in water saturated with air and 
carbon dioxide gave corrosion rates of 50 and 
150 um/yr, respectively. 

8.3.3 Saltwater 
Copper alloys offer good resistance to corro

sion in seawater, partly because of the formation 
of protective overlayers of corrosion products and 
partly because of the inherent nobility of the high-
copper alloys. Corrosion rates of copper alloys in 
seawater depend on the concentration of salts in 
the seawater, the temperature, the water velocity, 
and the degree and kind of pollution if present. 
The composition of the alloy is of primary impor
tance in corrosion resistance. 

The corrosion rates of copper alloys in clean, 
quiescent seawater range from 5 to 50 um/yr. 
The rates increase substantially when the effects 
of velocity and water pollution are involved. 
Turbulent flow and high velocity of seawater can 
prevent or remove protective films so as to permit 
local and rapid corrosion (corrosion erosion). Of 
the candidate materials, the Cu-30Ni performs 
best in seawater, followed by aluminum bronze 
(5% aluminum), and then pure copper. The iron 
in cupronickel results in the formation of better 
protective films in sea waters than those formed 
on cupronickel alloys without iron. 
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9. Archaeological Metallurgy 
The slow rates of atmospheric corrosion of 

copper and its alloys are indicated by the wide 
use of copper as an architectural material. For ex
ample, the use of copper roofs on public buildings 
in Scandinavia dates back to the 13th century 
[1051. The composition of the corrosion layer on 
copper roofs in the United Kingdom has been ex
tensively studied fl06|. These roofs, some of 
which are believed to be at least 300 yr old., have 
been characterized as a function of the type of at
mosphere to which they were exposed. The 
patina formed in rural atmospheres has copper 
salts of sulfate and carbonate; in urban or indus
trial atmospheres, sulfate, carbonate, and chloride 
sails; in marine atmospheres, chbride, carbonate, 
and sutfate salts; and in mixed urran-marine at
mospheres, sulfate, carbonate, and chloride salts. 

The Statue of Liberty in New York Harbor is 
another example of the archaeological metallurgy 
of copper [91). The statue is over 100 yr old and 
has been subjected to a polluted marine en
vironment. Corrosion rates vary from 1.6 to 
0.3 um/yr, depending on location and composi
tion (the statue is generally 95 to 98% copper with 
significant amounts of zinc). The characterization 

of the corrosion of the statue was discussed in 
more detail in Sec. 6.2. 

Cannons recovered from a sunken Swedish 
warship, the Kronan, also indicate the lack of re
activity of copper 1107]. These cannons were 
underwater for more than three centuries 
(1676-1980), some completely buried in the clay 
of the Baltic seafloor. According to the author, 
"most of the cannons showed no deterioration— 
once cleaned they look almost as new and perfect 
as they did on the day they wore c t." The 
recovered cannons were primarily copper-tin 
alloys, except for one that was of high copper 
content (985%). 

Evidence of the use of copper-nickel alloys 
dates back thousands of years [108]. The earliest 
copper-nickel alloy objects that are known to have 
survived to the present day are coins minted in 
Bactria, an ancient kingdom situated north of 
present-day Afghanistan [109]. The coins (ca. 
200-190 BC) were issued during the reign of the 
Creek subking Eu thy dermis II and contain 
20.038% nickel and 77.585% copper [110]. This 
is very near to the concentration of CDA 613. 

10. Ranking of the Copper-Based Candidate Alloys 
Considering only the effects of oxidation and 

corrosion on the copper-based candidate alloys, 
the following ranking is proposed: 

1. CDA 715 and CDA 613 
2. CDA 102 

The cupronickel alloy (CDA 715) and the 
aluminum bronze alloy (CDA 613) are ranked to
gether since they behave similarly in all of the 

environments reviewed (dry-air, atmospheric, 
and aqueous). A clear distinction could not 
be made between the two alloys in terms of 
corrosion performance. The pure copper alloy 
(CDA 102) has the lowest general corrosion 
resistance in all of the environments reviewed 
and is also the alloy most susceptible to localized 
corrosion (pitting) in seawater. 
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