SANDIA REPORT
SAND2007-4347

Unlimited Release

Printed July 2007

Copper Corrosion and Its Relationship
to Solar Collectors: A Compendium

David F. Menicucci and A. Roderick Mahoney

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of Energy’s
National Nuclear Security Administration under Contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

@ Sandia National Laboratories



Issued by Sandia National Laboratories, operated for the United States Department of Energy
by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government, nor any agency thereof,
nor any of their employees, nor any of their contractors, subcontractors, or their employees,
make any warranty, express or implied, or assume any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represent that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government, any agency thereof, or any of
their contractors or subcontractors. The views and opinions expressed herein do not
necessarily state or reflect those of the United States Government, any agency thereof, or any
of their contractors.

Printed in the United States of America. This report has been reproduced directly from the best
available copy.

Available to DOE and DOE contractors from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Telephone: (865) 576-8401
Facsimile: (865) 576-5728
E-Mail: reports@adonis.osti.gov

Online ordering: http://www.osti.gov/bridge

Available to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Rd.
Springfield, VA 22161

Telephone: (800) 553-6847

Facsimile: (703) 605-6900

E-Mail: orders@ntis.fedworld.gov

Online order: http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online




SAND2007-4347
Unlimited Release
Printed July 2007

Copper Corrosion and Its Relationship
to Solar Collectors: A Compendium

David F. Menicucci
Energy Infrastructure and DER Department

A. Roderick Mahoney
Primary Electrical Standards Department
Sandia National Laboratories
P.O. Box 5800
Albuquerque, New Mexico 87185-1033

Abstract

Copper has many fine qualities that make it a useful material. It is highly conductive
of both heat and electricity, is ductile and workable, and reasonably resistant to
corrosion. Because of these advantages, the solar water heating industry has been
using it since the mid-1970s as the material of choice for collectors, the fundamental
component of a solar water heating system. In most cases copper has performed
flawlessly, but in some situations it has been known to fail. Pitting corrosion is the
usual failure mode, but erosion can also occur. In 2000 Sandia National Laboratories
and the Copper Development Association were asked to analyze the appearance of
pin-hole leaks in solar collector units installed in a housing development in Arizona,
and in 2002 Sandia analyzed a pitting corrosion event that destroyed a collector
system at Camp Pendleton. This report includes copies of the reports and accounts of
these corrosion failures, and provides a bibliography with references to many papers
and articles that might be of benefit to the solar community. It consolidates in a
single source information that has been accumulated at Sandia relative to copper
corrosion, especially as it relates to solar water heaters.
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Copper Corrosion and its Relationship
to Solar Collectors: A Compendium

Section 1. Introduction

Copper is one of the oldest metals used by mankind. According to the Copper Development
Association (CDA), copper has been in use for nearly 10,000 years and is often referred to as one
of the original Metals of Antiquity.

Today, copper is heavily used in its pure state and alloyed with other materials to produce bronze
and brass. Copper has many fine qualities that make it a useful material. It is highly conductive
of both heat and electricity and it is quite ductile and workable. It is also reasonably resistant to
corrosion and is generally non-toxic to humans. It also has a distinctive and pleasing color and
luster when polished.

As a result, copper is used for a wide variety of products from electrical wiring, water piping,
roof coverings, Kitchen utensils, and jewelry. Copper is easily joined using soldering and
brazing techniques. Welding of copper is more difficult due to its high thermal conductivity.
Inert gas welding methods are typically required for welding applications [1]. Laser welding has
shown promise in specialized configurations [2]. It is easily recycled and, in fact, much of the
copper in use now has been around for centuries.

As a result of the many advantages of copper, the solar water heating industry has been using it
since the mid-1970s as the material of choice for collectors, the fundamental component of a
solar water heating system. Depending on the type of collector and how it is configured into a
water heating system, different liquids are in direct contact with the copper that is being heated
by the sun.

Some collectors operate in a closed loop arrangement where the liquid that flows through the
copper collector is captive and is used only as a heat transfer material between the collector and a
heat exchanger. Other collectors, such as thermosiphon and integral types, are used to pre-heat
domestic water that flows into a conventional water heater. The copper in these systems are
therefore exposed to whatever quality of water exists in the locality in which it operates.

Copper has been used in domestic water systems for many years and in the vast majority of cases
it has performed flawlessly. In some situations, though, copper has been known to fail. Pitting
corrosion is the usual failure mode; however, erosion can also occur under high flow rate
conditions or if the water contains a large amount of suspended solids such as silica.

Copper solar collectors have been manufactured for over 30 years with a preponderance of them
installed in the sunnier areas of the world. Relative to the overall number of water heating
applications, solar water heating systems serve a very small percentage. As a result, any failures
of copper in solar collectors would be relatively imperceptible overall. In those limited
situations where copper failure in a solar collector might have occurred, its remedy might be a



replacement by the installer, probably dismissing the failure as a random manufacturing flaw.
Essentially, for most of the history of the solar water heating industry, there are simply not
sufficient quantities of solar collectors installed in any location where failures due to corrosion
would occur in a quantity to be noticeable.

In the late 1990s well over 100 integral solar collector units were installed in Civano, a new
subdivision located in the southeastern part of Tucson, Arizona. In 2000, pin-hole leaks began to
appear in some of these collectors. Sandia National Laboratories and the CDA were asked to
analyze the situation and make recommendations to the industry. The analysis was done and
some summary information was included in some published papers, but the details were not
published. The details are provided in this report.

It is important to note that after the initial failure of about a dozen collectors in Civano, few
additional failures were recorded. Moreover, the extent of other corrosion-related failures in
collectors in other locations still remains unknown.

In 2002 a 6000-ft* unglazed copper collector system at Camp Pendleton was attacked by
corrosion. This pool heating system, which had been in full-time operation for 10 years
previously, was completely destroyed by a pitting corrosion event that occurred over a 72-hour
period. Sandia performed an analysis of this failure and uncovered the source of the failure. A
formal report was never produced. However, the essential facts and finding of this case are
presented in this report.

Since the Civano and Camp Pendleton events, copper corrosion has remained a minor concern to
the industry. However, with the signing of Energy Policy Act in 2005, solar systems are heavily
encouraged, and with the possibility of collectors being installed in mass, there is more interest

in potential failures due to copper corrosion and what preventative measures might be employed.

Over the past seven years, Sandia staff has been steadily collecting information about copper
corrosion. This report consolidates the information into a single document for use by the solar
hot water and solar pool industry. Copies of the reports and accounts of the Civano and Camp
Pendleton failures are included along with other material relating to copper tubing failures in
Arizona. A bibliography contains references to many papers and articles that might be of benefit
to the solar community. Additionally, on-line resources to provide assistance regarding copper
corrosion are noted.

This report does not purport to present a comprehensive dossier about copper corrosion. Rather,
it simply puts forth in a single source all of the information that has been accumulated at Sandia
relative to copper corrosion, especially as it relates to solar water heaters.

Section 2 contains the materials relative to Civano and Camp Pendleton. Section 3 presents
copies of reports and other materials relating to copper corrosion and how it compares to other
materials. Section 4 presents a bibliography of reports and other reference materials relating to
copper corrosion.



Section 2a. Information Pertaining to the Analysis of the Failures at
the Civano Subdivision

In this subsection we present four reports and papers relating to the Civano situation. First is the
Sandia report on their analysis of the failures. That is followed by a report of analysis performed
by the CDA. Sandia’s response to that report follows. Finally, a conference paper that outlines
the lessons learned from the Civano experience is included.



Copper Corrosion Analysis of Civano Solar
Collectors Conducted by Sandia National Labs

Dave Menicucci and Rod Mahoney
Sandia National Laboratories

August 2002

Background

The Civano Subdivision, a master-planned sustainable community located in eastern Tucson, AZ,
is expected to build-out to a total of around 2000 homes, of which around 200 homes have been
completed. Currently over 85% of these homes have solar hot water and/or photovoltaic power
systems. All future homes will be encouraged to be as energy efficient as possible through the
use of state-of-the-art technology, including solar hot water.

In late calendar year 2000 a small number of solar water heating collectors began to fail in the
Civano Community due to leakage. The collectors installed at Civano are the integral type, all of
which were fabricated from copper and most of which are manufactured by Thermal Conversion
Technologies (TCT) in Florida.

In this type of collector system a set of four-inch diameter copper tubes are mounted adjacent to
one another in a metal box and is insulated on all sides except the top. The tubes are
interconnected serially via %" copper piping allowing cold, potable water to enter the bottom tube
and travel progressively through all of the tubes, exiting out of the hottest tube located at the top
of the collector. The tubes are coated with a black, moderately selective material to increase the
absorption of solar radiation. The TCT collector box design is sealed with a double-glazing on the
top surface. Each collector produced by TCT is pressure tested to 160 psi to insure the integrity
of the product before it leaves the factory.

The collector is mounted on a residential roof with the glazing side facing the sun. Cold water
from the street is connected to the bottom of the collector. The outlet of the collector, located at
the top, is connected to the inlet of the standard hot water system in the home. During normal
system operation the collector tubes are completely full of water and are warmed by the sunlight.
Whenever hot water is drawn throughout the home, solar preheated water is taken from the
collector and placed into the standard hot water heater. When the solar collector is optimally
sized to the load of the home most of the hot water consumed will have been produced by the
sun. Since the TCT collector employs a double-glazed design, the collector can produce water
temperatures of near 190F to 200F in high solar radiation environments when the loads
conditions in the home are low or zero. This maximum temperature condition is referred to as the
“wet stagnation temperature”.

The TCT design is unique since each tube is fabricated from premium quality sheet copper that is
rolled into a tube and then welded along the seam. The copper sheet material used contains
~99.99% copper and is ISO certified. The tube end caps are also made of copper and welded
onto the tube ends. The interconnecting tubing, joining each adjacent collector tube pair, is made
from a single length of either standard type L or K copper pipe and is formed into a U-shape. The
interconnecting pipes are inserted into a drawn fitting in the end caps and are brazed into place.
The collector is pressure tested before delivery to the field to assure that it is free of leaks. The
thickness of the copper sheet material used to fabricate the tubes is proprietary as well as is the
details of the copper welding process.

In response to the first reports of a failure, TCT asked Sandia National Laboratories to investigate
the possible causes of the failures. The Civano community later also asked for assistance.
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Sandia’s Materials Analysis and Corrosion Departments were enlisted to assist in the analysis
that was coordinated by A. R. Mahoney, formerly of the Energy Systems Evaluation Department.

Process

Sandia engineers talked with TCT officials on the phone and then met with the Civano
representatives to scope out the project and to define the goals and objectives. The main goal
was to determine the probable cause of the failures. A secondary goal was to identify any
mitigation strategies or other solutions that might prevent further failures in the Civano community
service environment.

At the time of the first meeting, four collectors had failed, all due to pinhole leaks in the copper
absorber tubes that were evident from external observations. Samples of the failed collector
tubes were collected and submitted to Sandia’s Corrosion Lab for analysis.

As the analysis proceeded additional TCT collectors have failed, with a total of ten (10) failures as
of July, 2002. All of the failed TCT collectors had been in service at least 18 months.

In addition to the TCT collectors, a single, fully operational Sun Earth solar collector was removed
from an installation in the Civano community and samples of the collector tubes were sent to
Sandia for inspection and analysis. This collector design is also an integral type and is
constructed of copper tubes similar to those built by Thermal Conversion Technology.

There are three (3) significant differences between the TCT and Sun Earth designs, however.
First, the collector tubes are fabricated from standard, commercially available Drain-Waste-Vent
(DWV) four-inch diameter pipe, which has a relatively thick wall to meet its typical designed use in
commercial and industrial settings. The copper alloy in DWV tubing (~99.9% copper) is virtually
identical to the material used in the TCT collectors, except with a slightly greater amount of
impurities. Second, the Sun Earth collector design utilizes a single glazing, rather than double-
glazing collector top, which would allow more heat loss through the front surface and should
reduce the maximum wet stagnation temperature of the collector. Third, the TCT collectors have
slightly thicker insulation in the collector box. This also would inhibit heat loss and increase the
wet stagnation temperature.

The final two copper samples were taken from standard Type L cold and hot water supply tubing
that was removed from one of the TCT failed units (Lot 16). These parts were also sent to
Sandia for analysis.

Finally, the municipal water supply for the Civano area was also sampled and analyzed by both a
professional water analysis laboratory in Albuquerque, Assaigai Analytical Labs and the City of
Tucson water department. Water samples were also taken within the Civano community that
included a sample from before and after the water softener in a single residence.

In preparation for this analysis, information was obtained by consulting expertise from the Copper
Development Association (CDA) as well as performing a literature search.

The analyses have been completed and the findings are outlined below.

Analysis and Findings

Based on our understanding of copper corrosion in water service environments, the water sample
results indicate that the dissolved constituents in the supply water are in sufficient quantities for
the water to be considered mildly aggressive toward copper under normal service conditions.

The level of dissolved CO,, which is a key parameter in determining the potential for a corrosive
water condition for copper, was measured at ~10ppm. This value is at the lower end of the range
normally considered as an aggressive corrosive condition for copper.
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The table below shows the results of the water quality analysis of typical Civano water samples in
summary form. The last row shows the criteria level for determining the potential for pit corrosion
in copper. If one or more of these constituent levels are within the tolerances noted in row 4 and
the CO; level is at a level of ~10 ppm or greater, then the water can be considered aggressive in
terms of increasing the potential for pitting corrosion in copper. In this sample, the Civano water
clearly meets the criteria for the Nitrate/Nitrite ratio and the K (potassium) level. It is near the limit
for pH, and Sulfates-to-Chloride ratio. With a CO, level of the Civano water estimated at
~10ppm, the water quality measurements indicated that the supply water resides at the lower
border of aggressiveness in terms of pitting corrosion potential to copper metals.

Sulfate- | Bicar-
Bicar- Nitrate/ to- |bonate-to-
Sample |Alkalinity | bonate | Carbonate |Chloride| Nitrite Ca K Mg Silica | Sulfate |Chloride| Sulfate
# (mg/L) | (mg/L) (mg/L) (mg/L) | (mg/L) | (mg/L) [ (mg/L) | (mg/L) | pH (mg/L) | (mg/L) | Ratio Ratio
softened 129.0 129.0 6.6 1.2 1.8 0.1 7.7 13.0 25.6 3.9 5.0
pre-
softened 132.0 132.0 6.0 1.2 345 15 5.5 8.0 13.1 234 3.9 5.6
other
Civano
water 128.0 128.0 5.3 1.1 29.8 1.4 4.3 8.3 12.2 14.8 2.8 8.6
pitting
possible >15 <25 <4 7.0-7.7] >26 >17 >3.0 <1

To the extent of our understanding, the quality of the water meets all acceptable standards for
potable water uses.

The results of the Tucson Water Department’s water analysis were not made available for
inclusion in this report.

The TCT collector samples were visually inspected for evidence of pit corrosion. It was obvious
that to the naked eye that pit corrosion had occurred in both the tube wall of the collectors as well
as the welded seams. The photo below shows an example of corrosion sites and a pitting site
that were visible.

To obtain a better understanding of the corrosion extent and to increase the number of total
samples, 32 copper tubes were visually examined from four failed TCT collectors. A summary of
the results from these examinations is as follows:

a. Twelve tubes exhibited evidence of numerous sites of pit corrosion, most of which had
not fully perforated the tube wall but would probably eventually penetrate the tube wall if
the collector had been left in service.

b. Two tubes had wall pit corrosion that fully perforated the wall.

c. One tube showed a leak in the seam weld, probably related to corrosion.

d. Two tubes showed leaks in the end cap weld seam, which was probably related to
corrosion.

e. The remaining tubes showed no apparent evidence of pit corrosion.
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Eight tubes from the Sun Earth collector were examined. Numerous surface corrosion sites were
observed where only minimal pit corrosion was apparent. The photo below shows one of the
tubes with areas of visible corrosion.

No areas were found where tube wall perforation appeared to be an immediate concern.
However, additional analysis has shown that the corrosion has penetrated into the tube wall at
some of the suspected pitting sites. For more details, see Appendix D, “Sun Earth Collector
Removed From Civano after ~1yr Exposure,” Mahoney, et. al.

The hot and cold water supply tubing was examined. Corrosion products were observed on the
interior of both the cold and hot water tubing. The cold water tubing showed numerous, small
surface corrosion sites. The hot water supply tube showed a significantly greater amount of
corrosion products and possible pitting.

The photos below clearly show the differences in the amount of corrosion on the cold supply
tubing and the hot return tubing.

An analysis of some of the potential pitting sites is complete. The results show that the corrosion
has begun to penetrate the tube wall.

Conclusions and Recommendations

Based upon both the metal and water samples analyzed, the observed copper corrosion in the
solar collectors and the supply/return tubing is probably due to a combination of both mildly
aggressive water and higher water temperatures that are typical of solar collectors fabricated
from copper. The solar collector operating water temperatures may routinely reach 180F in the
Tucson area. Furthermore, there have been reports from on-site engineers of water
temperatures in collectors reaching up to 205F. In most domestic environments, conventional
water heater temperatures are typically 120F with a maximum of 140F. The copper corrosion
rate in these mildly aggressive water conditions is probably increased with increased collector
water temperature. Based upon the current limited results however, the magnitude of the copper
corrosion rate, as a function of temperature and water quality, cannot be quantified. More
detailed studies would be needed to better understand these relationships. It should be noted
that these temperatures and water conditions are specific to the corrosion mechanism of copper
materials only.

If the rate of corrosion is strongly related to the water temperature, as the data suggest, then it is
probable that the TCT collectors, which employ a double glazed design and higher operating
temperatures, may experience more rapid corrosion rates than the Sun Earth collectors.
Furthermore, if this temperature correlation is valid, then it is likely that a significant percentage of
the copper metal in the Civano community that is subjected to the higher water temperature
conditions associated with the solar collectors will continue to experience conditions conducive to
corrosion.

Based on the information obtained from both the literature and that provided by the CDA, limited
data are available for the copper corrosion observed because of the combination of water
temperature and water quality service conditions in Civano. The largest body of copper corrosion
knowledge exists for cold supply water temperature conditions, i.e., water temperatures below
140F. Limited information is available to quantify the copper corrosion rate under the higher
water temperatures normally associated with solar collectors.

Members of both the solar industry and the Solar Ratings and Certification Corporation (SRCC)
have expressed the need to better understand the details of the copper corrosion mechanism(s)
at Civano. To meet this objective more detailed studies of the interaction between water
temperature and water chemistry are needed. Collaboration between Sandia National
Laboratories and the CDA is one possible route to obtain the expertise and structure the
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investigation process needed to determine the best solutions. Coordination with SRCC would
also be integrated into the investigation. A limited controlled experiment, directed by Sandia
National Laboratories, to investigate the rate of copper corrosion as a function of water quality
and water temperature would be needed to enable prediction of tubing and collector lifetimes in
service conditions like Civano. However, current resource limitations prohibit any of this analysis
at this time.

Since a complete understanding of the details of the corrosion process has yet to be determined,
a definitive mitigation strategy has not been formulated. However, if additional investigative and
experimental work can be conducted (as suggested above), it may be possible to develop a set of
recommendations and cost-effective engineering strategies to either minimize or totally mitigate
the copper corrosion conditions and effects observed at Civano.

14




Copper Corrosion Analysis of Civano Solar Collectors
Conducted by the Copper Development Association

In addition to the analysis provided by Sandia, a member of the solar industry asked the CDA to
perform an analysis of the samples of corroded copper samples taken from the Civano solar
systems. Sandia personnel supplied the samples along with a copy of the technical analysis. A
copy of the report (page 12) is supplied below with permission of Andy Kireta, Jr., of CDA.
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Tom Bohner

Sun Systems

15716 North F6th Street
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RE: Copper Alloy Technical Information

Dear Mr Hohner,

The enclosed repon conlains a summary of the findings related lo the cause and
mechanism of failure of the copper lube speciman you had Sandia Labs provide. The
report furlher contains recommendations on how this type of corrosion and associated
failure of the copper alloy tube can be prevented n tha future
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also say that the claims of assistance from CDA in their repon appears ta be nathing

mare than referencing materials published by CDA

Should you require any further information or assistance you can contact me a1 the
phone number or address listed on this letlerhead

fiest Regards,

COPPER DEVELOPMENT ASSOCIATION INC,

Jim Wefllen
CDA Western Region Manager

L A G, Kireta, Jr., COA/NPM (wic enclosure)
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COPPER TUBE/FITTING SPECIMENS
CIVANO SUBDIVISION
TUCSON, ARIZONA

Background

In May 2003, Mr. Jim Weflen, Regional Manager for the Copper Development
Association (CDA) in the western states, submitted eight copper tubeffitting specimens
to the CDA office in New York, New York for laboratory examination. They had been
removed from solar collector systems used to heat domestic water at residences in
Civano Subdivision, Tucson, Arizona when pinhole-type leaks were repaired. Since
preliminary examination revealed essentially identical corrosion had taken place in all of
the specimens, only two specimens were selected for in-depth investigation. These
were:

1. A 12.1-inch length of 4.0-inch diameter (nominal size), 0.032-0.033-inch thick
copper tube;’

2. A 16.7-inch length of 4.0-inch diameter (nominal size), 0.032-0.033-inch thick
copper tube.

According to the information furnished, the solar collector systems had been in service
relatively short time periods when the leaks were detected in 2001.

Water distributed at the affected residence is obtained from the City of Tucson Water
Department. The source of the water is a well supply. Representative chemical
composition data for the water accompanied the request for laboratory examination.
These data are included in the Appendix. In reviewing these data, it should be noted
that the aluminum, iron and manganese contents of the waters were not reported.

Results

Examination of the outside surfaces of the specimens revealed no significant
deterioration by the external environment. Basically, the outside surfaces were covered
with a protective tarnish film of reddish-brown cuprous oxide (i.e., cuprite, Cuz0). In
part, the cuprite was overlaid with a black material (i.e., a coating) which had been
applied to facilitate the collection of solar energy. The only significant deterioration was
a pinhole-type perforation through each of the tube walls. Stereomicroscopic
examination indicated that the perforations through the tube walls had initiated on the
inside surfaces of the specimens.

' The copper tube had been fabricated using a proprietary technigue wherein sheet material is roll formed
and welded longitudinally.

CCI-1695-AZ/03 1
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The specimens were subsequently sectioned lengthwise in order to examine the inside
surfaces.

Examination of the inside surfaces of the specimens confirmed the belief that the
perforations through the tube walls had initiated on the watersides. The sites of the
perforations through the tube walls were covered with relatively voluminous tubercles of
friable, greenish-colored copper corrosion products. The corrosion-induced pits under
the tubercles contained porous, reddish-brown cuprous oxide and had diameters which
were much larger than those of the perforations through the tube walls. Further, other
tubercle covered corrosion-induced pits containing porous cuprous oxide existed on the
waterside surfaces. These pits had propagated to various depths into the tube walls. In
general, the size of the tubercle reflected the depth and extent of the underlying pit.

The larger the tubercle, the deeper and more extensive was the pit.

Energy dispersive spectroscopy (EDS) and microchemical analysis (MCA) revealed that
the outer layers of the tubercles associated with the waterside pitting contained major
amounts of copper, iron, oxygen and silicon, minor quantities of sulfur, carbonate and
calcium, semi-minor amounts of magnesium and chloride and trace quantities of zinc.
The tubercles consisted primarily of basic copper carbonate (i.e., malachite,
CuC03+Cu(OH)z) and basic copper sulfate (i.e., brochantite, CuS0,4-3Cu(OH)z which
was admixed with some deposits from the water. The deposits included hydrated
hematite (i.e., iron oxide, rust, Fe-03). Equally important, EDS revealed that major
amounts of iron and oxygen existed in the corrosion-induced pits. Hydrated hematite
coexisted with the porous cuprous oxide in the pits.

Where localized pitting attack had not taken place on the waterside surfaces, there was
no significant deterioration by the hot water conveyed. Basically, the copper in these
essentially unaffected areas was covered with a tarnish film of black cupric oxide (i.e.,
tenorite, CuQ). The presence of tenorite on the waterside surfaces was consistent with
the report that the water conveyed had been heated to temperatures in excess of about
160°F (e.g., as hot as 205°F). Undoubtedly, heating of the water into this temperature
range had facilitated the rate of pitting attack.

Examination of the limited chemistry data for waters at Civano Subdivision (i.e., see
Appendix) revealed no obvious reason to believe that the product conveyed was a
factor in the pit-initiation process. Once initiated, pitting was most likely facilitated by
the natural presence of dissolved oxygen in the water.

Conclusions
Based upon examination of the specimens submitted for laboratory investigation, it can
be concluded that the corrosion-induced pits which culminated in pinhole-type

perforations through the tube walls had initiated on and propagated from the waterside
surfaces. There was no significant deterioration by the external environment.

CCI-1695-AZ/03 2
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The primary factor in the pit-initiation process appeared to be the heating of a water
containing an appreciable amount of iron or iron oxide(s) which allowed a highly
cathodic, iron-containing compound such as hydrated hematite to be deposited on the
hot copper surfaces. In turn, pit initiation occurred by microgalvanic attack or oxygen-
differential-type, concentration-cell corrosion. The source of the iron-containing
constituent which appeared to be primarily responsible for pit initiation could not be
established. Possibly, it resulted from the corrosion of ferrous-base materials upstream
of the copper tube systems.

The pitting attack was facilitated by heating the water, at least on occasion, to
temperatures approaching 205°F. The same condition probably facilitated the
deposition of iron oxide(s) from the water.

Recommendations

It is recommended that the hot and cold waters at the affected residence be analyzed
on six, randomly selected occasions over a three month period for iron/iron oxide and
suspended solids.

If potentially deleterious amounts of suspended solids and/or iron oxide(s) presently
exist in the water, a qualified water treatment specialist/firm should be retained to
establish the most viable and cost effective method for improving the water quality. For
example, unacceptable amounts of suspended solids in water can be removed by
filtration. It is also known that iron oxide(s) generated by the corrosion of ferrous-base
materials can be effectively mitigated by proper water treatment.

Additional information on the role of iron in the hot water pitting of copper is presented in

the paper “The Forms of Corrosion in Copper Tube Systems Conveying Domestic
Waters." A copy of this paper is included in the Appendix.

JRM/mkk
June 19, 2003

CCI-1695-AZ/03 3
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THE FORMS OF
CORROSION IN COPPER TUBE SYSTEMS
CONVEYING DOMESTIC WATERS

Introduction

During the past twenty years, Copper Development Association (CDA) personnel have
been intimately involved in over 1,200 investigations of copper tube system incidents of
corrasion by domestic waters. Based upon these investigations, it can be concluded
that the forms of corrosion which can occur when these systems are used to convey
domestic waters are:

(1) soldering flux-induced pitting attack,

{2) hydrogen sulfide-induced pitting attack,

(3) erosion-corrosion and its special form cavitation,
(4) cuprosolvency,

(5) concentration-cell corrosion,

(6) chemistry-related cold water pitting, and

(7) chemistry-related hot water pitting.

It should be appreciated that combinations of these corrosion forms can occur
concurrently wherein the synergistic deleterious effects can be especially damaging.

CDA personnel have an enviable historical record with regards to making
recommendations for viably and cost effectively mitigating copper water tube system
corrosion. This is understandable because the priority of each CDA corrosion
investigation is to correctly identify the form(s) of corrosion involved. Typcially, each
investigation includes energy dispersive spectroscopy (EDS), scanning electron
microscopy (SEM) and microchemical analysis (MCA) of the corrosion products and the
adversely affected areas along with a thorough review of the background history (esp.,
with regards to water chemistry) of the piping system.

Once the form(s) of corrosion has been correctly identified and its basic cause(s)
established, readily available techniques can be used to prevent recurrence of the
deterioration. These techniques include proper system design, installation of the
system using industry-standard materials and workmanship, operation of the system
within its design parameters, and proper water treatment. The mitigation techniques,
however, are not universal; they cannot be applied without fully understanding why the
corrosion occurred. For example, the technigue most commonly used to mitigate the
chemistry-related cold water pitting of copper is not a viable option for mitigating
hydrogen sulfide-induced pitting attack; erosion-corrosion is not eliminated using the
same approach as that used to eliminate concentration-cell carrosion.
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With regards to predicting corrosion and the application of corrosion-control techniques
for copper tubes and fittings exposed to domestic waters, it must be appreciated that
the widely used indices (i.e., the Langelier, Ryznar, saturation, and stability indices) are
not applicable. Copper will behave as a noble metal as long as its naturally protective
tarnish film of cuprous oxide (Cuz0) remains intact. It does not require the deposition of
calcium carbonate (CaCOa) scale on the waterside surfaces for effective corrosion
control.

Soldering Flux-Induced Pitting Attack' (")

Soldering flux-induced pitting attack is almost always associated with the use of an
unusually aggressive flux and/or the application of excessive amounts of flux. Once
initiated at the flux-activated sites, propagation of the pits is facilitated by the natural
presence of dissolved oxygen in the water conveyed. Most often, flux-induced pitting
occurs preferentially in cold-water lines; it is also known to occur in infrequently used
hot water lines.

Flux-induced pits contain porous, reddish-brown cuprous oxide, with the pits being
covered with relatively voluminous, friable tubercles of greenish-colored, copper
corrosion products (Figure 1). Typically, the tubercles consist of basic copper
carbonate (i.e., malachite) and/or copper chloride(s). The pits are not normally
randomly occurring; they tend to occur preferentially along relatively narrow bands that
are nearly parallel to the longitudinal axes of the tubes and fittings (i.e., along the
“ghosts” of flux runs). Often, the bands/band of pits in these areas are covered with
tubercle ridges (e.g., see top tube half-section in Figure 1) rather than distinct,
hemispherically shaped, individual tubercles. Flux-induced pits also occur preferentially
on the periphery of the sticky, petrolatum-base flux residues/runs, which often exist on
the waterside surfaces when the plumbing technician applies excessive flux. When the
latter is observed, it is not uncommon to also find globules of solder on the waterside
surfaces of the tubes and fittings. Although flux-induced pitting can be expected to
occur at or in the near vicinity of soldered connections associated with poor
workmanship, cases are known where the pitting occurred over eight feet away from a
fitting.

Soldering flux-induced pitting can be confirmed using energy dispersive spectroscopy.
Chlorides in major amounts, and sometimes zinc, will be detected in the pits or on the
edges of the pits (Figure 2). Copper chloride(s) coexists with the porous cuprous oxide
at the pit sites. The latter is understandable because soldering fluxes commonly
contain activating chlorides such as ammonium chloride, zinc chloride, tin chloride
and/or hydrochloric acid.

' Numbers in parentheses refer to footnotes; numbers without parentheses are references.
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Soldering flux-induced pitting can be effectively mitigated by requiring plumbing
technicians to use industry-standard materials and workmanship when installing copper
tube systems. Fluxes used for soldering copper water tube systems should satisfy the
requirements of American Society for Testing and Materials (ASTM) Standard
Specification B813? and soldered connections must be made in accordance with the
guidelines presented in ASTM Standard Practice B828° and the CDA Copper Tube
Handbook.

Figure 1 - The soldering flux-induced pits were covered with friable, greenish-colored
tubercles of copper corrosion products. The perforations through the tube walls
(i.e., see arrows) and most of the pits existed along relatively narrow bands, which
were nearly parallel to the longitudinal axes of the tubes (i.e., along the “ghosts"” of
flux runs).
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Figure 2 - Energy dispersive spectroscopy normally reveals the presence of major amounts

of chloride at the pit sites when the localized attack is soldering flux-induced.

Hydrogen Sulfide-Induced Pitting Attack

Very small quantities of dissolved hydrogen sulfide (H2S) in water can cause
unacceptable pitting of many metallic materials used to convey domestic waters,
including copper and many of its alloys. The threshold concentration above which
hydrogen sulfide-induced pitting of copper can be expected to occur is not precisely
known. Itis known that guantities as low as 0.020 milligram per liter (mg/l) have
resulted in copper tube and fitting perforations.

Typically, hydrogen sulfide-containing domestic waters are obtained from well supplies.
The sulfide is a natural constituent in the well water, resulting from underground,
sulfate-reducing-bacteria (SRB) activity and/or general bacteria decomposition. A fairly
large number of these well supplies are known to exist in the states of Alabama,
Georgia, and Florida. For example, in Florida, the Ocala Aquifer reportedly contains
appreciable amounts of sulfide.” It is also known that SRB activity exists in many of the
mains and lines used to distribute domestic waters.
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Hydrogen sulfide-induced pitting is randomly occurring on the waterside surfaces of the
copper tubes and fittings (Figure 3). The corrosion-induced pits typically contain
porous, dark, reddish-brown to nearly black cuprous oxide; the pits are normally
overlaid with friable, greenish-colored tubercles of copper corrosion products. The
tubercles most often consist primarily of copper sulfate that is sometimes admixed with
some black, copper sulfide(s). Regardless of the tubercle composition, black, loosely
adherent and porous layers of copper sulfide(s) are always associated with the pitting
attack. The presence of these corrosion products can be readily verified using EDS and
MCA.

Hydrogen sulfide can be effectively removed from water supplies at the treatment plant
by a number of techniques.*® For example, it has been successfully accomplished by
reducing the pH of the well water followed by aeration in a forced-draft tower(s).
Aeration removes the sulfide by the scrubbing action of the air and by oxidation.
Lowering the pH of the water greatly reduces the size of the aerating equipment
required.

Figure 3 - Hydrogen sulfide-induced pits are typically overlaid with friable, greenish-colored
to blackish tubercles of copper corrosion products. Loosely adherent and porous
layers of copper sulfide(s) are associated with the pitting attack (e.g., see upper
two tube half-sections where these products had, in part, broken loose).
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Erosion-Corrosion®®

Erosion-corrosion of copper tubes and fittings (i.e., accelerated attack related to
localized, high-velocity/turbulent water inside the tubes and fittings) is normally
associated with circulating, domestic hot water systems. Approximately 95% of all
erosion-corrosion concerns investigated occurred in circulating, hot water tubes and
fittings.

When erosion-corrosion occurs in cold-water lines, the cause is almost always an
unusually high water pressure (i.e., a pressure much greater than about 80 pounds per
square inch gauge (psig), high water velocity often in excess of 7 — 8 feet per second
(fps), and/or poor workmanship when the system was installed. With regards to the
latter, erosion-corrosion has been associated with unreamed cut-tube ends, globules of
solder on the waterside surfaces, dents in the tubes and fittings, tubes which were not
fully inserted into fittings prior to soldering, tubes which were “cocked” in fittings, tubes
which were not squarely cut, improperly-installed flared-tube fittings, and other locations
where smooth flow had been disrupted and excessive turbulence exists. Of the
workmanship-related causes of erosion-corrosion, the most serious and most prevalent
is the failure to ream cut-tube ends. These same workmanship-related installation
practices also promote and facilitate erosion-corrosion in circulating, hot water systems.

Erosion-corrosion can be readily recognized (Figure 4). The areas of attack are
typically grooved and essentially free of residual corrosion products; the affected areas
are normally bright and shiny like a new U.S. penny. This is understandable because
the erosion phase of the rapidly repetitive, erosion-corrosion process removes the
copper oxide(s) films from the copper surfaces. Often, the U-shaped pits in the areas of
attack are sufficiently distinct that the direction of former water flow can be determined.
When looking down on the surface, the orientation of the attack (i.e., the U-shaped pits)
is such that it gives the impression of “horses walking upstream.” Lengthwise sections
taken through areas of erosion-corrosion will normally reveal undercutting which has the
appeTarance of ocean waves wherein the wave crests face the direction of former water
flow.

In circulating, hot water systems, erosion-corrosion is often associated with naturally
soft waters or waters which have been softened to a near-zero hardness, especially if
the waters contain appreciable amounts of dissolved oxygen and/or dissolved carbon
dioxide. Erosion-corrosion is further facilitated by water temperatures greater than
about 140°F and flow rates above about 4 to 5 feet per second (fps). Erosion-corrosion
can be especially severe at water temperatures greater than about 160°F where black
cupric oxide (CuO) forms on the copper tube and fitting surfaces instead of cuprous
oxide. Apparently, cupric oxide is much less resistant to erosion-corrosion than cuprous
oxide. Cases are also known where the erosion-corrosion process was facilitated by
the presence of abrasive suspended solids (e.g., iron oxide and/or sand) in the
circulating water. Often, the erosion-corrosion damage is restricted to locations where
the water flow makes multiple changes in direction over relatively short distances.
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Erosion-corrosion in cold-water systems can be effectively mitigated by insuring that the
water pressure does not exceed about 80 psig and water velocities do not exceed the
industry recommended 8 fps. Concurrently, plumbing technicians must use industry-
standard workmanship when installing these systems.®

Erosion-corrosion in domestic hot-water systems can be effectively mitigated by
insuring that, in addition to those requirements for the installation and operation of cold-
water systems, the water velocity does not exceed about 4 to 5 fps,”® the water
temperature is maintained at a safe and energy-efficient 120 to 130°F, and
unacceptable amounts of abrasive suspended solids do not exist in the circulating
water.® With regards to the latter, the source of abrasive iron oxide(s) in the water is
often the corrosion of steel, hot-water heaters/storage tanks upstream of the copper
tube systems (i.e., a condition which can usually be corrected by properly selected and
applied protective coatings, generally in conjunction with cathodic protection).

In systems where water must be circulated at temperatures greater than 120 to 130°F,
such as in radiant heating systems, water velocities should be controlled below the
recommended 4 — 5 fps, such as at 2 — 3 fps. Where velocities are required to exceed
4 — 5 fps, or aggressive domestic waters must be circulated consideration should be
given t% the selection of 90 copper-10 nickel (i.e., Copper Alloy No. C70600) tubes and
fittings.

Cavitation, a special form of erosion-corrosion, can occur in domestic water systems if
the system hydrodynamics are such that they allow vapor/gaseous bubbles to form at
low pressure which are subsequently collapsed/imploded at high pressure. Bubble
implosion, which produces very high localized pressures (shock waves) destroys the
copper's protective tarnish film and creates boundary layer water temperatures which
are much higher than that of the water being conveyed. Typically, cavitated copper can
be recognized by the absence of residual corrosion products in the affected areas and
the presence of bright copper and sponge-like rounded pits (Figure 5).

Cavitation concerns in copper water tube systems can be most effectively mitigated by
changing the system design so as to minimize hydrodynamic pressure differences
associated with the flow of water.

) Excessive velocity in circulating systems is often associated with an oversized circulating pump(s)
and/or undersized tubes and fittings. Sometimes these conditions result from a design deficiency or
when the original design was altered during installation of the system.
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Figure 4 - The U-shaped pits and associated perforations through the tube wall (i.e., see
arrows) in the localized, corrosion product free area of erosion-corrosion were
sufficiently distinct that the direction of former hot water flow could be determined.
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Figure 5 - The perforation through the tube wall (i.e., see arrow) existed in a localized area of
severe cavitation. Surface heating by the cavitation process caused the formation
of black cupric oxide on the copper where cavitation had not occurred in the cold
water line.

29




Cuprosolvency®"

Cuprosolvency, sometimes referred to as the "blue/green” water concern, describes the
slow, general corrosion (i.e., uniform attack) of copper water tubes and fittings by
certain domestic waters. The concern with cuprosolvency is that it can result in
somewhat elevated copper contents in the water following periods of zero flow (e.g., the
first water drawn in the morning may have a higher than normal copper content) and
stained plumbing fixtures. Occasionally, it is reported that some “blondes” shampooing
in a cuprosolvent water observe that their hair becomes somewhat green. Ironically,
cuprosolvent waters and the “green-hair” connection is apparently not a concern for
natural blondes. Although a cuprosolvent water can be somewhat annoying, there are
no known incidents where it culminated in a perforation through a tube or fitting wall.

Cuprosolvency occurs because the waterside surfaces of the copper tubes and fittings
do not form or completely form their naturally protective tarnish film of cuprous oxide.
Rather, the copper surfaces develop a thin, loosely-adherent, flocculent-type, layer of
bluish to bluish-green colored, copper corrosion products which typically include copper
hydroxide (Figure 6)."" Formed during periods of water stagnation, it is the removal of
these products by water flow that creates the cuprosolvency concern.

Cuprosolvent waters typically are very soft (e.g., waters which have been softened to a
near-zero hardness), they normally have a pH of less than seven and a low alkalinity.
In general, the pHs of these waters are less than neutral because they contain
appreciable amounts of dissolved carbon dioxide ®

The vast majority of bluish/greenish-colored water concerns are self-correcting. Once a
sufficient amount of water and its associated dissolved oxygen has flowed through the
lines, the concern disappears because the copper, in time, forms its naturally protective
tarnish film of cuprous oxide. In persistent situations, cuprosolvency can be corrected
by raising the pH of the water to about 8 through additions of chemicals such as sodium
hydroxide (NaOH) or calcium hydroxide, Ca(OH).. Cuprosolvency can often be
corrected at individual residences by the installation of neutralizing filters.

Cases are known, however, where the cuprosolvency was soldering flux induced.
Instead of developing corrosion-induced pits, the flux causes the slow, nearly uniform
dissolution of copper. Water treatment has not been known to be of any significant
benefit in mitigating the cuprosolvency concern in these incidents.
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Figure 6 - A loosely adherent, flocculent-type layer of bluish tinted copper corrosion
products existed on the waterside surface of the tube. The cuprosolvency was
clearly evident to be associated with failure of the copper water tube to completely
passivate (e.qg., see speckled appearance of the copper tube surface).

Concentration-Cell Corrosion'*"®

Although at least five forms of concentration-cell corrosion are known to exist," the form
associated with copper, domestic water systems is the oxygen-differential type of

attack. It is often referred to as underdeposit corrosion because the deterioration
occurs preferentially in the form of pits under deposits, or the thicker layers of deposits,
where the oxygen content of the water is low relative to that of the water immediately
adjacent to the deposits. In this regard, it should be appreciated that all domestic
waters contain dissolved oxygen.

The localized, corrosion process can be especially rapid, for example, when chloride
anions migrate to the anodic sites under the deposits and react with metal cations to
form metal chlorides, which subsequently hydrolyze to form hydrochloric acid.

The source of the deposits on tubes and fittings is almost always suspended solids in
the water conveyed. Often, they consist of iron oxide(s) and/or silica/sand (Figure 7). It
is not at all unusual for the source of the iron oxide(s) to be the corrosion of cast-
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iron/ductile-iron mains used to distribute the water or the galvanized-steel service lines
used to connect buildings with the mains. Iron oxide(s) can also result from the
oxidation of natural constituents in the water (e.g., iron bicarbonate). The normal cause
when the deposits consist primarily of silica/sand is over-pumping a well(s) or a
deteriorating concrete or cement-lined water main. Cases are known where the source
of the deposits was the post-precipitation of colloids leaving the water treatment plant
(e.g., where the coagulation and settling times and/or the filtration process used to
clarify turbid water were inadequate).

Once the source of the corrosion-causing deposits is positively identified, suspended
solids in water can normally be effectively eliminated. For example, the corrosion of
cast-iron/ductile-iron mains and galvanized-steel service lines can be viably and cost-
effectively mitigated by proper water treatment,'? normally by the water purveyor. It is
also well established that suspended solids in water can be removed by filtration, '
either at the treatment plant or the affected building/residence and that improved dwell
time at the treatment plant can help eliminate the post-precipitation of suspended solids
in the water distribution system.

Figure 7 - Concentration-cell corrosion in the form of pitting attack had occurred
preferentially under the thicker layers of hydrated hematite (Fe;0;) and silica (Si0)
deposits on the waterside surface of the cold water line. The perforation through
the tube wall {i.e., see arrow) was covered with a friable tubercle of greenish-
colored copper corrosion products.

Chemistry-Related Cold Water Pitting®'*"’

Chemistry-related cold-water pitting of copper tubes and fittings, sometimes referred to
as nodular pitting and/or Type 1 pitting, is associated with certain, aggressive well
waters or combinations of well and surface supplies. Normally, the pitting only occurs in
cold-water lines or infrequently used hot-water lines.
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The randomly occurring corrosion-induced pits associated with the pitting attack contain
porous, reddish-brown cuprous oxide, with the pits being overlaid with discrete, friable,
relatively voluminous tubercles of greenish-colored copper corrosion products (Figure
8). Typicallg, EDS and MCA reveal that the tubercles consist primarily of basic copper
carbonate.”” EDS will sometimes show that copper chloride(s) coexists with the porous,
cuprous oxide in the pits. Where localized pitting has not occurred, there will be no
significant deterioration by the water conveyed. Basically, the copper in these
essentially unaffected areas will be covered with a protective tarnish film of cuprous
oxide which, in general, will be overlaid with a thin layer of greenish-colored deposits
from the water (i.e., typically malachite), the source of which is the pitting of copper
upstream in the system.

Chemistry-related cold-water pitting can be readily distinguished from flux-induced
pitting (i.e., another form of pitting associated with cold-water lines or infrequently used
hot-water tubes and fittings) by the randomness of its occurrence. The pitting is not
located preferentially along the “ghosts” of flux runs or on the periphery of sticky,
petrolatum-base, flux residues.

Waters which are commonly associated with this form of pitting attack normally have a
pH in the range of 7.0 to 7.7 and contain more than about 25 mg/l dissolved carbon
dioxide along with dissolved oxygen. Often the water will contain more than about 15
mg/l chloride and over 17 mg/l sulfate, with the sulfate-to-chloride ratio often in excess
of about 3. Based on better than 100 investigations regarding the chemistry-related
cold-water pitting of copper tubes and fittings, there is no reason to believe that any
manufacturing-related carbon films or other deleterious films on the copper surfaces are
a factor in the pitting attack.’® This is understandable because chemistry-related cold-
water pitting, in those relatively-rare instances when it does occur, can be effectively
mitigated by slightly changing the water’s chemistry.

The most viable and cost-effective solution to overcoming chemistry-related cold-water
pitting in copper domestic water systems is to reduce the dissolved carbon dioxide
content of the offending water to a sufficiently-low level.'"*'" Raising a water's pH to
about 8 while concurrently reducing its carbon dioxide content to less than about 5 mg/l
will successfully mitigate the concern. Environmentally acceptable chemical additions
for achieving this objective include caustic soda, lime, and soda ash. These are usually
added to the offending water at the treatment plant. For a private residence, the same
objective usually can be achieved by the installation of a neutralizing filter.
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Figure 8 - Randomly-occurring, tubercle-covered corrosion-induced pits (e.g., see arrow
where a perforation through the tube wall existed) existed on the waterside surface
of the tube which had conveyed a domestic cold water containing appreciable
amounts of dissolved carbon dioxide in conjunction with dissolved oxygen.

Chemistry-Related Hot-Water Pitting'® '

Domestic hot waters containing relatively small amounts of iron, manganese, and/or
aluminum have been associated with the hot water pitting of copper tubes and fittings.
There is also reason to believe that, when the hot water pitting occurs, a silicon-
containing constituent could be involved. With regards to the threshold quantities of
aluminum, manganese, and iron required to initiate the pitting attack, they are
suspected of being as low as, respectively, 0.10,'® 0.03,"" and 0.10 mg/l. Generally, hot
water pitting associated with the presence of these metals in the water is a concern
when the water has been heated to temperatures in excess of about 160°F and black,
cupric oxide exists on the hot, copper surfaces.

Typically, the corrosion-induced pits will contain porous, reddish-brown cuprous oxide
and be covered with friable, relatively voluminous tubercles of greenish-colored copper
corrosion products (Figure 9). EDS and MCA almost always reveal that the tubercles
consist primarily of copper sulfate. Often, small amounts of the pit-initiating metal will
be detected during EDS of the tubercles. It is unusual for EDS to detect any chloride-
containing products in the pits.

LA Myers & A. G. Kireta, Jr. = 14
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Where pitting has not occurred and the copper is covered with a thin layer of cupric
oxide, it is common to observe friable, loosely adherent layer of brownish-colored
(Figure 10) or brownish-black colored deposits from the water (Figure 9). EDS of these
products in the immediate vicinity of the pits will provide the insight required to identify
the offending metal(s), which is primarily responsible for the pitting attack. The deposits
will contain varying amounts of aluminum, iron, and/or manganese.

Briefly, iron and manganese appear to initiate the pitting attack by the deposition of,
respectively, highly cathodic iron oxide (esp., hydrated hematite) and highly cathodic
manganese dioxide (MnO3) on the hot, copper surfaces, especially at locations where
temporary defects in the copper oxide layer might exist. Once initiated, the pits will
propagate by microgalvanic corrosion and concentration-cell corrosion of the oxygen-
differential form. The role of aluminum in the hot-water pitting process (Figure 9) is
somewhat less clear because the only investigators on the subject were interested in
solving a practical concern, not providing fundamental research.’® The pitting process
could involve the deposition and subsequent hydrolysis of aluminum sulfate to
aluminum hydroxide on the hot, copper surfaces which could cause the localized
destruction of the copper’s passive film.

Regardless of the corrosion mechanisms associated with the copper pitting by waters
containing iron, manganese, and/or aluminum, the phenomena is clearly facilitated by
heating the waters conveyed to higher-than-necessary temperatures and by the
presence of sulfate in the waters.

Hot water pitting by manganese and/or iron-containing waters can often be mitigated by
reducing the concentration of these constituents in the waters to acceptable levels at
the treatment plant. Iron and manganese-removal systems are available to accomplish
this objective. For example, colloidal iron can be removed by coagulation, flocculation
and precipitation or filtration. Sometimes the iron content of a water can be sufficiently
reduced by, for example, mitigating the corrosion of hot-water heaters/storage tanks,
cast-iron/ductile-iron mains, and/or galvanized-steel service lines upstream of the
copper tube system. Cases are also known where the hot water pitting was effectively
mitigated by reducing the temperature of the water to a safe and energy efficient 120 to
130°F. Properly blended sodium silicate — organic polyphosphate inhibitors added to
the water have also been known to mitigate the corrosion concern.

The hot-water pitting associated with the presence of aluminum in the water has been
effectively mitigated by raising the pH of the water to about 8.5 while reducing the
aluminum content to less than about 0.1 mg/l. Often, the aluminum content of a water,
as well as its sulfate content, can be reduced to an acceptable level by simply reducing
the amount of aluminum sulfate used for coagulation at the treatment plant and/or
insuring adequate coagulation, settling, and filtering of the water before it is distributed.
Reducing the temperature of the hot water from 165°F to 130°F has also been known to
correct the pitting concern. Recent studies also suggest that the aluminum contents of
domestic hot waters can be reduced to acceptable levels by avoiding the use of
sacrificial aluminum-alloy anodes in the hot water heaters.
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Figure 9 - The pits were covered with friable tubercles of greenish-colored copper corrosion
products. Loosely-adherent layers of brownish-colored hydrated hematite
deposits covered the black cupric oxide which existed on the waterside surface of
the hot water line.
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Figure 10 - The perforation through the tube wall (i.e., see arrow) was covered with a friable
tubercle of greenish-colored copper corrosion products. In general, the cupric
oxide on the copper tube surface was covered with a relatively-thick, loosely-
adherent layer of brownish-colored deposits from the hot water conveyed. EDS
revealed that the brownish-colored products contained significant amounts of
aluminum.
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Conclusions

Based upon the CDA experience regarding the corrosion of copper tubes and fittings by
domestic waters, it can be concluded that the seven basic forms of waterside corrosion
can be viably and cost effectively mitigated providing the water purveyors distribute
quality products (e.g., waters which do not contain unacceptable amounts of suspended
solids, dissolved carbon dioxide, manganese, aluminum, dissolved hydrogen sulfide
and/or iron), the copper tube systems are properly designed (e.g., for circulating
systems, the velocities do not exceed about 4 to 5 fps), the copper tube systems are
properly installed (e.g., the systems are installed using the general guidelines presented
in ASTM Standard Specification B828 and the CDA Copper Tube Handbook without the
use of excessive flux and the use of unusually-aggressive fluxes), and the copper tube
systems are operated within the design parameters (e.g., domestic hot-water
temperatures do not exceed a safe and energy-efficient 120 to 130°F and measures are
taken to prevent the corrosion of water heaters/storage tanks).
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Sandia Response to the Analysis Conducted by
the Copper Development Association

In response to the analysis conducted by the CDA, Sandia produced the following document
summarizing the situation.

@ Sandia National Laboratories

Op for the U.5. Dep of Energy by
Sandia Corporation

David Menicucci P.O. Box 5800
Manager, Energy Surety Program Office Albuguergue, NM 87185.0710

Phone:  (505) 844-3077
Fax: (505) 844-0968
Internet:  dimenic@sandia.gov

August 24, 2004

Solar Rating Certification Corporation
Attn: Jim Huggins

1679 Clearlake Rd

Cocoa, FL 32922

Dear Jim:

Thank you for providing a copy of the Copper Development Association, Inc. (CDA) report regarding
the corrosion problems in solar hot water systems in the Civano subdivision in Tucson, AZ. We have
reviewed the report and we have several comments that might be useful to the industry. Could you
please distribute this letter to the industry via the Solar Rating Certification Corporation (SRCC)? Note
that for reference a copy of the CDA report, as well as ours, is posted on our FTP site (see download
instructions at the bottom of page 2 of this letter).

The CDA is a fine, highly respected organization with a great deal of experience and expertise regarding
copper materials and related alloys. In fact, as we conducted our analysis, we referred to a number of
CDA reports and consulted with a retired expert from that organization (reference Sandia report page 5).

We applaud the efforts of Mr. Bohner of Sun Systems to follow-up on our recommendation to elicit the
expertise of the CDA to further investigate the root cause of the corrosion in the collectors (reference
Sandia report page 10). As we noted, we did not have the funding resources to adequately investigate
the possible chemical reactions and underlying mechanisms involved with the corrosion. The CDA
report has provided an interesting hypothesis as to the possible cause(s) of the pitting corrosion
ubiquitously observed in the Civano/Tucson area.

We noted with interest the CDA conclusion, that “heating of the water...facilitated the rate of pitting
attack.” This corroborated our “temperature dependency” conclusions (reference Sandia report, page
10). The relationship between the water temperature and the rate of corrosion helps explain the
observations that the double-glazed TCT collectors, which typically operate at higher temperatures than
single glazed units and employ thinner wall tubing, were the first systems to fail.

The CDA report suggests an experiment to validate their hypothesis about the probable mechanism of
pit corrosion. The CDA recommendations include water sampling and analysis at various points in the
local water system to identify suspended solids and/or iron and/or iron oxides and, if these materials are
present in “deleterious amounts”, a treatment program designed to mitigate these compounds. We agree
with this approach.

However, we believe that such an effort is incomplete without a follow-up experiment that would test

the efficacy of the water treatment method(s) directly on the solar collectors most prone to failure. Since
it is the solar collector system that is experiencing the pitting corrosion problem, tests of the water

Exceptional Service in the National Interest
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treatment program and the subsequent water quality improvement direetly on the collector is a credible
approach to determine if a hona fide solution is at hand.

One possible field experiment to validate the proposed water treatment approach is to install three solar
callectors at the same time and lecation in the Civano area. These collectors should be of the same type
that has historically fatled in the area. Two collectors should be subjected ta the patable water withoul
any treatment (1.¢.. the “control” systems) with one mounted in full sun 1o achieve maximum operating
temperature and the other with an attenuating screen over its collection aperture. The screen should
attenuate approximately 50% of the incoming sunlight to significantly reduce the maximum operating
temperature of the collector. This test should validare the CDOC statement and the Sandia obscrvation
that the pitting was facilitated by heating the water to iemperatures approaching 205°F. The third
callector should be installed dewnstream of the treatment system and should be exposed to full sun.

Water samples should be taken at the inlet of each separate collector siream and analyzed on a regular
hasis. The water iemperature should also be continuously monitored al the outlet of each collector.

I'he collectors should be allowed (o operate normally for 12-18 months. During this period, the water
analysis resulls should be monitored 1o ensure that the water treatment system is operating effectively.
The collector water temperature data should also be recorded and 1abulated for future analysis.

At the end of the testing period, all colleciors should be remaoved, dissected, and analyzed for evidence
of corrasion. Based on the documentation of the water analysis, collector icmperature measurements,
and eallector material analysis, qualitative information will be available 1o help determine if the CDA
proposed water treatment strategy is cffective in decreasing the rate of pitting cormosion of copper
collector products in the Civano arca. Assuming that the water quality treastment approach 15 successiul,
recommendations can be formulated based upon the cconemics of the treatment system and the
projected hifetime of the collector system using the decreased pit corrosion rates.

[f there is sufficient interest, we could collaborate on a more detailed test plan in cooperation with the
CDA and SRCC. Please let us know if we can be of further assistance.

Sincerely,

-E <'.-.-’I. o g
David Memicuce:

Download instructions for CDA and Sandia corrosion repons:

1. Type FIP.SANINA GOV in the URL line of your browser and hit “enter™ key.

2 Goto folder PUR and then down to subfolder DOD_TREC.

3. Click on each file and a drop-down menu should give you an option to Open or Save.

File names: swl_corr_rep.doc (open as “read only™); CDA pdf
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Lessons Learned from the Civano Experience

The following paper was published in the proceedings of the SOLAR 2003 Annual Conference
(page 93). It reflects on the Civano experience and summarizes the lessons learned from it. It is

reproduced here with permission of Becky Campbell-Howe, American Solar Energy
Association.
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LESSONS LEARNED FROM THE COPPER CORROSION
EXPERIENCES IN THE CIVANO COMMUNITY, TUCSON, AZ

Dave Menicucci (MS0750) and Rod Mahoney (MS0665)

Sandia National Laboratories
Albuquerque, NM 87185

Abstract

As solar hot water systems become more common,
previously unseen problems are emerging, including
pitting corrosion of the copper used in many solar
collectors. The lessons learned from these experiences
can help improve the reliability of these products.

The Civano Subdivision in Tucson currently has many
integral type solar water-heating systems installed on
homes (Fig. 1). In late 2000, a few of the systems
began to leak. Sandia National Laboratories agreed to
investigate the failures and found evidence that the
community’s water is somewhat corrosive to copper
and that the corrosiveness may increase with
temperature.

-
I

ol =
Fig. 1: Aerial Picture of Civano.

Subsequent to the analysis, the community leaders, the
solar installer, and the manufacturer disagreed on a
process to provide homeowner compensation for the
system failures. Most of the liability debate centered on
ambiguities within the warranty. Additionally, the
installers were not totally versed in the terms of the
warranty. The lessons from these experiences are that
warranty statements should be enumerated more clearly
and that the installer should be fully versed in the
details of the warranty.

Valerie Rauluk
Greater Tucson Coalition for Solar Energy
2539 N. San Carlos PI.
Tucson, AZ 25712-1920

1. PAPER ORGANIZATION AND AUTHORSHIP

This paper is organized around two themes:

(1) Corroded copper sample analysis and results,

(2) The negotiations regarding compensation for the
failures.

The lessons learned from both experiences are
documented in the final section of the paper.

The authors from Sandia National Laboratories (SNL)
contributed material pertaining to the corrosion
analysis. The author from Greater Tucson Coalition for
Solar Energy contributed material on the community’s
reaction to the failures.

2. INTRODUCTION

The Civano Subdivision is a master-planned,
sustainable community located in eastern Tucson,
Arizona. The project was conceived in the late 1980s
and began building in the mid-1990s. By 2002, 286
homes were built in the subdivision. Eventually the
subdivision is expected to build a total of about 2000
homes.

Solar technology is a key feature of the homes in this
area, with over 95% of the homes having solar hot
water and/or photovoltaic power systems. All future
homes will be required to install solar hot water
systems under a memorandum of understanding with
the City of Tucson that supplied an infrastructure loan
guarantee.

Two hundred fifty-three of the homes installed at
Civano have Integral Collector Storage (ICS)
collectors, all of which were fabricated from copper.
Of these, 150 were produced by Thermal Conversion
Technology and 103 were produced by Sun Earth.
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A diagram of the ICS system appears in Fig. 2.
Typically, these systems are constructed from a series
of 4-inch (10.6-cm) diameter tubes, each connected
serially to the adjacent ones using a .75-inch (1.9-cm)

pipe.

Integral Collector Storage
Solar System

Double Glazing

Water
In

Fig. 2: Diagram of ICS System.

The collector is mounted on a roof with the glazing
side facing the sun. Cold water from the street main
is connected to the bottom tube of the collector. The
collector’s outlet, located at the top, is connected to
the inlet of the standard hot water system in the
home.

During normal system operation, the collector tubes
are completely full of water and are warmed by
sunlight. Whenever hot water is drawn throughout
the home, solar preheated water flows through the
collector and into the standard water heater. When
the solar collector is optimally sized to the load of the
home, most of the hot water consumed will have
been produced by the sun.

When the water load in the home is minimal or zero
over an extended period and the sun is shining, the
water in the tubes achieves a steady-state condition.
As such, the solar heat gain through the front glazing
equals the heat that is lost through the front, sides,
and the back of the box. This is the maximum
temperature the system can achieve and is referred to
as the “wet stagnation temperature.”

3. TCT SYSTEM DESIGN

The TCT design has some notable features. First,
each tube is fabricated from premium quality, 1SO-
certified 99.99% copper sheet material that is rolled
into a tube and then tungsten inert gas- (T1G-) welded
along the seam.

Second, the collector employs a double-glazed front
covering that limits heat loss and allows the collector
to produce water temperatures of greater than 180°F
in wet stagnation conditions.

Finally, every collector is pressure tested to 160 psi
before delivery to ensure that it is free of leaks.

4. SYSTEM FAILURES AND THE OBJECTIVE
OF THE CORROSION STUDY

In late calendar year 2000, some of the TCT
collectors began to leak from pinholes that developed
in the tube wall. The frequency of failures occurred
slowly, with a total of six failures confirmed as of
August, 2002.

In response to the first reports of a leakage, TCT and
the Civano Community asked Sandia National
Laboratories to investigate the possible causes of the
failures.

The main goal of the copper material corrosion
analysis was to understand the probable cause of the
failures. A secondary goal was to identify
economical mitigation strategies or other solutions
that might prevent or decrease the number of future
failures.

5. COLLECTION OF SAMPLES FOR STUDY

Samples of failed collector tubes were submitted for
analysis at SNL. All of these tubes had been installed
for at least 18 months. However, it was unknown
exactly how long each of the collectors were in
service.

In addition to the TCT collector samples, a single,
fully-operational Sun Earth ICS collector was
removed from an installation in Civano and samples
of the collector tubes were also sent to SNL for
analysis.

Finally, two copper samples were taken from
standard Type L tubing used to supply and return
water from a leaking ICS system. Fig. 3 shows
where the sample tubes were taken. Note that one
tube would normally contain hot water (outlet tube)
and the other tube would normally contain cold water
(inlet tube). These samples were sent to SNL for
analysis.
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Fig. 3: Diagram of Where the Tube Samples were
Taken.

In addition to the copper material samples, water
samples were taken, with the assistance of the City of
Tucson Water Department, from the municipal water
supply for the Civano area. The water analysis was
performed by Assaigai Analytical Labs, a certified
water analysis laboratory in Albuguerque, NM.

In preparation for this analysis, published information
and knowledge concerning copper corrosion process
was obtained by consulting a former Copper
Development Association (CDA) materials expert, as
well as a literature search.

6. DIFFERENCES BETWEEN TCT AND
SUNEARTH ICS COLLECTORS

There are three significant differences between the
TCT and Sun Earth designs. First, the Sun Earth
collector tubes are fabricated from standard,
commercially-available Drain-Waste-Vent (DWV)
4-inch (10.6-cm) diameter pipe, which has a
relatively thick wall to meet its designed use in
commercial and industrial settings. The copper alloy
in DWV tubing consists of ~99.9% copper.

Second, the Sun Earth collector utilizes a single
glazing, rather than double glazing used by TCT,
which should reduce the maximum wet stagnation
temperature of the collector.

Third, the TCT collectors have slightly thicker
insulation in the collector box, which increases the
wet stagnation temperature and slightly improves
energy performance.

7. ANALYSIS AND FINDINGS

Based on the limited samples, the water analysis
showed that the dissolved constituents in the supply
water, including the nitrate/nitrite ratio, potassium
level, sulfates/chloride ratio, and dissolved CO,
(about 10ppm), were sufficiently high to conclude

that the water was mildly corrosive toward copper
metal.

The TCT collector samples were visually inspected
for evidence of pitting corrosion. Fig. 4 shows sites
observed on the tube walls.

Fig. 4: Photo of Corrosion on the Tube Walls.

Samples of tubes were taken from each of the six
failed collectors. A total of 32 tube samples were
examined visually. A summary of the observations is
as follows.

(1) Twelve tubes sampled exhibited a random
distribution of pitting corrosion sites, most of
which had not fully perforated the tube wall but
probably would have had the collector had been
left in service.

(2) Three tubes had wall pit corrosion that fully
perforated the wall.

(3) Three tubes had pit corrosion in the seam welds
that had perforated the wall. (There was no
evidence that the corrosion was due to an
improper weld.)

(4) The remaining tubes showed no evidence of pit
corrosion.

Fig. 5 shows a close-up view of a corrosion pit site.

Four tubes from the Sun Earth collector were
examined. Numerous surface corrosion sites were
observed where pit corrosion was apparent. No areas
were found where tube wall perforation was
imminent. However, additional analysis showed that
the corrosion had begun to penetrate the tube wall at
some of the pitting sites.

The hot and cold water-supply tubings were
examined. Corrosion products were observed on the
interior of both the cold and hot water tubing.
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The cold water tubing showed numerous, small
surface corrosion sites. However, the hot water

supply tube showed a significantly greater amount of
corrosion products and possible pitting.

FraN
Other corrosion sites ", -, \

Corrosion pit

- =

Fig 5: CIoseup'o}- Corrosion Pit.

Fig. 6 clearly show the differences in the amount of
corrosion on the cold supply tubing and the hot return
tubing. An analysis of some potential pitting sites on
the hot tube showed that the corrosion had begun to
penetrate the tube wall.

r'

Fig. 6: Pictures of Corrosion on Hot and Cold Tubes.

The analysis team considered whether the
manufacturing  processes could have created
conditions that initiated pitting corrosion in the TCT
collectors. There are two manufacturing processes
where corrosion problems could be induced: tube
rolling and seam welding. The team hypothesized
that if one or the other process was at fault, there
would be a preponderance of pitting corrosion sites in
either the tube walls or the seam weld. However, the
corrosion sites were randomly distributed over the

tube walls and seams, thus failing to support the
theory.

The team also considered whether installation
techniques could have created the pitting corrosion.
However, the team could not theorize how the
installation could induce failure, even if the collectors
were not installed to the manufacturer’s
specifications. Therefore, no hypothesis was tested.

8. CONCLUSIONS FROM THE CORROSION
ANALYSIS

Conclusions from the analysis are summarized
below.

(1) The failures in the TCT collectors were due to
copper pitting corrosion in the collector walls.

(2) The water was mildly corrosive to copper, based
on current published criteria by the CDA.

(3) Samples from all three copper subsystems
showed evidence of pitting corrosion, regardless
of design or application.

(4) The pitting corrosion was more pronounced in
the samples that were subjected to the highest
temperatures, suggesting that the rate of
corrosion and/or the corrosion process may be a
function of temperature.

(5) If the corrosion rate and/or process are related to
temperature, then the TCT collector systems
would tend to corrode more quickly than the
SunEarth systems because of their higher
operating temperatures. Additionally, the walls
of the TCT collectors are thinner than the DWV
or Type L tubing, which would allow more rapid
pitting perforation.

(6) There is no evidence that the pitting process in
any of the copper subsystems is related to the
manufacturing processes, materials,
workmanship, design, or installation.

There are several uncertainties in the analysis.

(1) Itis not known whether the water quality in the
area has changed over time and is continuing to
change. Changing water conditions could affect
the rate of pitting corrosion.

(2) 1CS collectors with thick walls and lower
stagnation temperatures may have a relatively
long life in the Civano environment. However,
no accurate estimate of the life can be made
based on the analysis.

(3) Itis not possible to estimate if or how many
additional ICS collectors might fail due to pitting
corrosion.

46




The SNL analysis was unable to produce enough
information to develop a mitigation strategy. Further
study would be needed to better understand the water
quality issues and the interaction between the
constituents in the water and the copper metal. No
funding is available to complete this study.

9. THE NEGOTIATION TO COMPENSATE
HOMEOWNERS

Subsequent to the release of the SNL analysis, the
homeowners, installer, and the manufacturer began to
negotiate a settlement for the failures. There were
disagreements regarding whether warranty service
was applicable.

The disagreements stemmed from the warrantee
document itself, of which there were two versions.
One version explicitly excluded warranty service for
failures due to “aggressive water.” The other
specified a range of pH for the water, outside of
which the warranty would not apply.

However, due to incomplete records, it was unclear
which warranty applied to each installed system. In
addition, the term “aggressive water” was not defined
in the warranty and such a term does not have an
accepted industry specification. Finally, the details
of the warranty were not understood by many of the
homeowners or the installer prior to installation.

In the end, the homeowners, installer, and
manufacturer agreed on an amicable settlement in
lieu of warranty adjustment in which the systems
were either repaired or replaced. The exact details of
the arrangement were not divulged.

10. SUMMARY OF LESSONS LEARNED

Numerous lessons were learned through this
experience and should be carefully reviewed and
considered by those contemplating the development
of a solar community such as Civano.

In the Civano community, the solar installer and the
product were selected without a comprehensive
specification for technical performance, warranty,
and bonding. One reason is that Civano developed
slowly and the solar technologies evolved into the
development.

However, many problems can be eliminated by
developing a clear set of specifications for the solar
product and the installer, developing a solicitation
package, and selecting a contractor and solar product
based on the specifications. This is not meant to

suggest that the procurement must be competitive.
However, if it is, it is probably best to select a
contractor based on the best value rather than lowest
bidder to ensure that the best product is delivered for
the price.

Although the manufacturer and the Civano parties
eventually settled amicably, ambiguity regarding the
warranty created misunderstanding.

From the manufacturer’s perspective, the warranty
document should clearly state the conditions under
which the warranty will and will not apply. For
example, had only one warranty been applied and had
it clearly stated that the warranty service was not
applicable for corrosion failures, much of the
ambiguity would have been eliminated. Furthermore,
had such a warranty been made clear to the buyers,
they could have purchased the product with full
knowledge of the risks, thus eliminating
disappointment if the product failed.

Both versions of the warranties are contingent on an
installation consistent with the manufacturer’s
recommendation. Some installations of failed
systems in Civano reportedly did not meet
manufacturer’s recommendations for optimal tilt
angle and plumbing configuration, which
complicated the negotiations.

It is important to ensure that all of the installations
meet the manufacturer’s recommendations. If
deviations are made to the installation specifications,
these changes should be negotiated with the
manufacturer prior to installation to avoid
disagreements later. This is especially important if
local codes require installation details that vary from
those of the manufacturer.

All installed solar collectors should meet the local
plumbing code. This usually requires a permit be
obtained from the local building code official and an
inspection of the job at time of completion. It is
important to record the time and date of the code
enforcer’s inspection and the identification of the
approval tag. This will serve as further evidence of
proper installation.

Clear records should be kept concerning the
installation, including the serial number of the
installed unit, the date of installation, the address and
owner of the property where the installation took
place, and the name and address of the installer. This
information is often required to qualify the unit for
warranty service.

47




If the solar system selected for installation is the type
where the water will be in direct contact with the
collector (such as an ICS), the water quality should
be investigated prior to installation. The CDA can
provide guidance about how to sample water and
how to determine if it might corrode the copper
material used in the collector. The experts at CDA
can be accessed via their web site at

WWW.COPPEr.org.

If the water is potentially corrosive, some
consideration should be given to one of the following
actions:

(1) Modify the water quality to make it less
corrosive. Typically, the water quality can be
altered by a property owner without
authorization from authorities after the point of
delivery, which is at the water meter.

Water treatment at the subdivision level is more
problematic and will often require the
cooperation and guidance of the local water
authority.

The CDA may provide guidance on how to treat
water that is potentially corrosive and whether it
is best treated before or after the point of
delivery.

(2) Use a solar technology that isolates the collector
and components from the water. Typically,
closed-loop systems provide this isolation.
However, while these systems do offer slightly
better energy performance than ICS collectors,
there are drawbacks to these systems, including
higher initial cost and increased complexity,
which could result in more maintenance.

(3) Assess the degree of corrosiveness of the water
and choose a product that is likely to withstand
the corrosion potential for the life of the
application. For example, products that have
thicker collector walls, different materials, or
internal coatings on the exposed parts might
provide additional life to the product. Again, the
CDA can provide guidance in this area.

Finally, if such a system is used in a potentially
corrosive environment, it may be advantageous to
secure an extended warranty against corrosion.
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Section 2b. Information Pertaining to the Analysis of the Failures at
the Camp Pendleton Pool

By 1999 unglazed copper collectors had been in use at Marine Corps Base Camp, Pendleton,
California, for about 12 years. Camp Pendleton is located about 25 miles north of San Diego.
The collectors were used to heat year-round training tanks and summer-only recreational
swimming pools. In total, six systems on base used solar heating.

The mechanical system design for all of the pools was very simple. Tapped off of the filtration
loop, pool water is pumped directly to the bottom header of the collectors and the warmed water
from the upper headers is returned to the filtration loop. The water is subsequently treated with
chemicals as needed before flowing back to the pool.

The solar system controls were set so that the pool’s fossil-fueled boiler would fire only if the
pool temperature reached a critically low value. To prevent the solar system from freezing,
which occasionally does occur, the solar pump is energized when the ambient temperature
reaches around 35 °F. Essentially, the heat in the pool is used to keep the collectors from
freezing in these rare instances.

Over the life of the solar system a number of leaks had occurred in the fin-tubes. There were no
analyses of these leaks because they did not occur frequently enough to warrant them and the
repairs were quite simple—the leaking fin-tube was cut out of the flow by severing it from the
headers and re-sealing the header with plugs that were driven into the short, protruding tube
stubs. The disabled fin-tube was left in place for aesthetic purposes. Less than 5% of the fin-
tubes had been disabled over the years. This simple system supplied the large majority of the
pool’s heating load in all but the coldest portion of the winter seasons.

In early 2000 Sandia engineers were called upon to investigate a massive failure of the collectors
at one of the pools. Reportedly, leaks suddenly appeared in the collectors over a period of 72
hours during a weekend.

Upon examination of the failures, Sandia engineers immediately identified the source of the
failures—pinholes in the copper fin-tubes and headers. Most of the pinholes were rather small,
perhaps <10 mil. Others were quite large, perhaps >1/16 inch. Each pinhole was circular, very
much akin to a mechanically drilled hole. The pinholes were randomly distributed over the
copper waterways in the collector system and, based on a sample, the Sandia team estimated that
over 10,000 pinholes were present in this 6000-ft* system.

Samples were returned to Sandia’s corrosion lab for analysis. In the interim, the Sandia team
interviewed the pool staff, including both civilian and military personnel, regarding the events
leading up to the failure. All reported nothing unusual having occurred.

At Sandia’s corrosion lab, engineers disassembled the samples and inspected them. They
immediately observed that the inside of the tubes were clean, smooth and with a brilliant copper
finish. This is unusual because these tubes had been in service for many years and a dark
passivation layer typically forms on the copper that has contacted pool water. This very thin

49



passivation layer is the by-product of a small amount of initial corrosion and it typically serves to
protect the remaining metal from further corrosion.

They also observed that the pinholes were relatively evenly distributed around the tubes,
indicating that the attacking agent was dissolved into the water rather than suspended.
Suspended materials might cause more pits on the bottom of the tube as gravity pulls the
suspended particle downward during the flow. Micrographs of some of the pinholes indicated
clearly that they were caused by pitting corrosion.

The situation presented a conundrum. First, these tubes had been operating for many years at
this pool essentially problem-free. Therefore, one would assume that some special event had
occurred to stimulate the failures. However, the staff reported no such event.

The Sandia team set forth various possible scenarios to explain the pitting corrosion. The most
likely was that the pH of the pool could have changed dramatically to a high value, which might
strip the passivation layer from the surface, followed by a very low value, a highly acidic
condition that would aggressively attack the copper.

In talking again with the Camp Pendleton pool staff and insisting on more details of the events
over the troubled weekend, the team discovered that the pool was “chemically shocked” because
they had found fecal matter in it. Chemical shocking of the pool under those conditions is
normal and they were adamant that the pool had been shocked numerous times when the
collectors were operating. They used sodium hypoclorite to shock the pool followed by muriatic
acid to bring the high pH back into the normal region. Both shocking agents are stored at the
pool site in high concentrations.

Given that information, it appeared that the shocking incident held promise to explain the
failures, but was inconsistent with the fact that the collectors had survived shocking many times
before.

During the interviews, one of the Sandia team members observed one of the pool staff pouring
sodium hypochlorite directly into the pool. Normally, chemicals are added to the pool with an
automatic entraining device that slowly adds the material until the pH is at the desired level.
However, in this case the entraining device was not operating so the adjustment would have to be
done manually.

After interviewing the staff again, they reported that they did indeed shock the pool manually
over the weekend and that this was the only time they had done it. As a result, they poured
significantly more sodium hypoclorite into the pool than was needed, thus driving the pH to very
high levels. To stabilize the pool, significant quantities of muriatic acid was needed to bring the
pH into the right region. However, this too was overdone and the pH of the pool sank to very
low levels. More sodium hypoclorite was needed for compensation. Finally, the pool’s pH was
stabilized, but not before it had experienced an extreme range of pH conditions.

50



This report meshed with the observations of the failed tubes and was consistent with Sandia
staff’s failure hypothesis. The amount of chemicals used in this shocking event, even if they
were entrained into the pool by machine, is sufficient to explain the failures.

However, the situation was exacerbated by a report that the chemicals were added to the pool
from a 55-gallon drum with their contents spilled directly over the edge and into the scupper
area. Unfortunately, the scuppers, which line the edge of the pool, constitute the beginning of
the return flow of water from the pool to the treatment area. From the scuppers, the water is
filtered and then flows directly to the solar collectors. Consequentially, the very highest
concentrations of sodium hypoclorite and muriatic acid were fed into the collectors.

Normally, the chemicals are fed into the pool on the inlet line, which is located in the middle of
the pool. Therefore, in normal shocking events the collectors are never subjected to high
concentrations of either the acid or base because the pH is carefully controlled by a machine and
is well mixed into the pool water by the time it is removed at the scuppers.

As a result, this single event resulted in the complete destruction of the solar system within a 72-
hour period. The copper collectors were replaced with polymer collectors and have been
operating normally since then. The pool’s staff subsequently instituted new procedures for
shocking the solar-heated pools, including a requirement to isolate the solar system during the
event.
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Section 3. Additional Information Pertaining to Copper Corrosion

The following document from West Associates is provided and reproduced with permission of
George A. Woods, PE, West Associates.

ws ‘T Water & €nergy Systems Technology, Inc.
P.O. Box 4810 — Mesa, Arizona 85211-4810 - Telephone (602) 962-4761

May 2, 1995

Mountain Country Supply
111 W. Broadway Avenue
Mesa, AZ 85210
Attention: Ray Myrabo
Re: Copper Tube Analyses

Dear Mr. Myrabo,

We have studied the failures in the copper tubes submitted to our office. Attached
is the report which outlines the methods and procedures used in our study. A summary
of our findings follows:

1. Both waters are very corrosive with relatively high bicarbonate alkalinity and
dissolved carbon dioxide.

2. The Continental Ranch water is more corrosive because of the large
number of total dissolved solids.

3. No deficiencies in workmanship which could have caused corrosion were
detected. The solder in all copper tubing connections was properly
applied.

4, The metal of the copper pipe was type L and met all the specifications.
Should additional information be required, please contact me.

Very truly yours,

WATER & ENERGY SYSTEMS TECHNOLOGY, INC.

George A. Woods
Corrosion Engineer, California Registration 284
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PITTING OF COPPER
IN POTABLE WATER LINES

Introduction

Copper plumbing sections were received by this office. The sections all exhibited
corrosion of the copper resulting in leaks. Two building sites were represented;
Continental Homes and Saddelbrook. Pipes exhibiting classic areas of cormosion were
selected for analyses. Although corrosion to the copper was similar at both sites, the
water quality is so different that we will cover the two areas separately.

Continental Ranch

The water analyses for the Continental Ranch area will be considered first. The
water analyses will be found in Table A,

Of significance in contribution to corrosion is the high calcium hardness of 300
ppm of calcium as calcium carbonate (120 ppm as the calcium ion). With the high
carbonata alkalinity at 220 ppm, and sulfate at 220 ppm, the scale potential exists for this
water. The positive 0.4 for Langelier's Index indicates a scale potential.

At the same time the water will be quite corrosive due to the high electrolyte
content of the water. The total dissolved solids of 913 ppm will provide the necessary
driving force to facilitate corrosion if dirt or deposits are present in the water. Also a
significant factor in copper corrosion is the presence of 12 ppm of carbon dioxide. This
may be present in the well water as a dissolved gas, or develop as a breakdown from
the high concentration of sodium bicarbonate.

2NaHCO, = Na,CO, + CO, + H,0
sodium bicarbonate « sodium carbonate + carbon dioxide + water

The reaction will certainly occur with any heating of the water. In every tube
section supplied this office patina or copper carbonate was observed. The physical
analyses including x-ray analyses and electron microscope follows.

Sample 1

The tubing was labeled "Waterline leading to the kitchen sink on the hot side",
There appeared to be no external corrosion. There was also no indication of corrosion
in the area of the silver solder. This would indicate the flux had been appropriately
applied and that the plumber doing the work had satisfactorily prepared the connection.

1

Water & €nergy Systems Technology, Inc.
P.O. Box 4810 - Mesa, Arizona 85211-4810
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Figure 1 indicates a typical penetration from the exterior side of the pipe. Figure
2 shows the same penetration from the interior of the pipe. There was major nodule
development in many places on the interior of the pipe. Nodules are best defined as
mounds of corrosion products in localized areas of the pipe. Pits are always found
beneath the nodules. In figure 2 the copper is covered first with a red-grey layer, and
on top of this a green layer. The Electron Dispersive X-ray Analyses of the module
confirmed the presence of copper. Chemical tests confirmed the green material to be
copper carbonate. The gray surface deposited directly over the copper metal is copper
oxide exhibiting a small amount of copper chloride. The green deposit over the entire
surface in addition to being copper carbonate alse had a small amount of copper
silicate. There were also copper oxide, copper carbonate, and ferric oxide found within
the pits.

The absence of significant calcium would indicate the water had been softened.

Sample 2

This sample was labeled as obtained from Continental Ranch, Lot 72, "Pinhole in
Copper® A-1. This sampla in many respects is similar in failure to sample 1. There was
no exterior corrosion of the pipe. The entire surface was totally passivated. There is
extensive nodule formation over an oxide coating of copper metal. A significant
difference is the presence of major chloride within an under-nodule pit. This is probably
a case of better retention of the chloride than in sample 1. Typically, the chlonde ion will
collect in a differential aeration cell pitting. See Table C which diagrams how this type
of pitting will oceur.

Although the chioride does assist in the attack of the copper metal, it is usually
not the prime cause of the original formation of the pit. Please note the Energy
Dispersive X-rays of sample 2.

Sample 3

Sample 3 was obtained from Continental Ranch, 7050 Safflower, and labeled
"Waterline leading to ice maker Piece A", The exterior of this pipe was seriously cormoded
as compared with the other pipes where all of the corrosion was on the interior. Figures
5 and 6 show the extent of external corrosion on the pipe. The figure 6 illustrates in
good detail the typical attack site for this sample. Graphically depicted are a rim or
raised ridge of green material surrounding a wide pit which includes exposed metal,
copper oxide crystals, and a white deposit. The analyses confirms the green rim to be
copper carbonate, moderate silicon, and minor amounts of aluminum, potassium,
calcium, and iron. The red crystals are copper oxide.

Water & €nergy Systems Technology, Inc.
P.O. Box 4810 - Mesa, Arizona 85211-4810
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The white material contained silicon, calcium, aluminum, and magnesium, and

potassium. The white material is not part of the copper comosion process but represents
portion of the soil in contact with the pipe.

Analyses of the soil had shown all of the elements present including lime, iron, as
well as building materials. The scil sample also harbored some sulfate reducing
bactena. Although the bactena were dormant in the dry soil as received, the spores
were present. Upon keeping the soil moist after 72 hours the sulfate reducing bacteria
were producing acids of sulfur which lowered the pH and developed some 50, gases.

The corrosion on the exterior of the pipe is a result of moisture with sufficient
oxygen present, This resulted in differential aeration cells with drastic loss of the copper
metal.

Sample 5

Sample 5 was labeled Continental Ranch, 7050 N. Safflower, Piece B, "Waterline
has no leak was attached to Piece A",

There was no significant corrosion except over a small area where the tube was
cut. The type of corrosion is the same as discussed above. Our analyses confirmed the
tube to be Type L copper tube and mesting all requirements of specifications for this
schedule tube.

Saddlebrook

The water from Saddlebrook was of low hardness and low solicdls. The total
dissolved solids was measured at 200 ppm. This water is very slightly corrosive and
lacks the driving force of the Cantinental Ranch for aeration type corrosion. However it
does contain 6 ppm of carbon dioxide and exhibits some corrosive tendencies. Table
B includes a complete analyses of the water.

Sample 4

The analyses of the pipe submitted is labeled Sample 4, "Saddlebrock”. The
exterior section of pipe had virtually no corrosion. There was some interior corrosion.
A yellowish track of deposit exists along one area of the pipe that represents the bottom
of a horizontally installed pipe. Within this track there are discrete pits which fit the
classic description of under deposit corrosion, or differential oxygen cell corrosion.
Figure 7 shows a typical area of the deposit track and small corrosion sites along the
deposit.

Water & €nergy Systems Technology, Inc
PO, Box 4810 - Masa, Arizona 852114810
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Of academic interest are two relatively large areas out of the deposit track which
show extensive development of large copper oxide crystals. These areas act like typical
corrosion sites, but there are no nodules or other obvious mechanisms to provide
differential corrosion aeration cells.

These atypical corrosion sites may be associated with physical damage to the
pipe from an outside source. Examination shows a physical indentation on the exterior
surface. Each corrosion site has the small exterior indentation. The indentation broke
the passivating film inside of the pipe and caused irregularities in water flow. Under
normal water conditions such dents are not cormrelated with corrosion sites. With the low
solids, carbon dioxide loaded water the corrosion on this site is not unexpected.

Flexible Copper Tubing

Five 1/4 inch flexible copper lines ware submitted for examination. All had pin
hole leaks. Because of the cold work machining in the manufacture of these lines,
stressed areas are induced. The corrosive nature of the water with dissolved oxygen as
well as deposits of silt in the valleys inside the tubing has resulted in under deposit
corrosion. There already exists a potentiometric difference between the ridge and the
valley of the tubing.

Recommendations

The Continental Ranch water is the more corrosive of the two waters. Because
of the high electrolyte content influenced by high sulfates and chiorides with dissolved
carbon dioxide the water will be aggressive to both copper and iron.

An approved phosphate/zinc product may be fed by the water supply company
to all potable water supplying the project. The phosphate level should be maintained
between 1 to 2 ppm. This will passivate the copper metal in all homes in the system.

Over-chlorination of the water should also be avoided. Chlorine residuals should
be maintained not to exceed 1.5 ppm. The chlorine is quite effective in stripping copper
lines of a passivating oxide film.

The Saddlebrock water is of a less corrosive and better quality. The water does
have some suspended solids in the form of silt. The silt laydown in pipes contributes to
under deposit corrosion. Better filtration at the source of the water will result in less
corrosion in the lines.

Because of the better quality water chlorination should be carefully controlled.
The carbonate buffering system existing in the Continental Ranch water is reduced in the

4

Water & €nergy Systems Technology, Inc.
P.O. Box 4810 - Meso, Arizono B5E11-4810
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Saddelbrook water. The chlorine should not exceed 1 ppm free chiorine.

Flexible copper tubing should be replaced with flexible reinforced plastic tubing.
This will eliminate the problem of cormrosion inherent in this type of tubing.

Water & €nergy Systems Technology, Inc.
PO, Box 4810 - Meso, Arizono B5811-4810
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Figure 1 - Sample 1
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Figure 2 - Sample 1

Water & €nergy Systems Technology, Inc.
P.O. Box 4810 - Mesa, Arizona 85211-4810
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Figure 4 - Sample 2

Water & €nergy Systems Technology, Inc.
P.O. Box 4810 — Mesa, Arizona 85211-4810
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Figure 5 - Sample 3

Figure 6 - Sample 3

Water & €nergy Systems Technology, Inc
P.O. Box 4810 — Mesa, Arizona 85211-4810
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Figure 6A - Sample 3

Figure 7 - Sample 4

Water & €Energy Systems Technology, Inc.
P.C). Box 4810 - Mesa, Arizona B5211-4810
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Table A

WATER CHEMISTRY INPUT

CONTINENTAL RANCH

TUCSON, AZ

Report Date: 05-01-95

Sampled: 05-01-95

Sample ID#: 0 at 1111
CATIONS ANIONS
Calcium 120.00 Chloride 30.00
Magnesium 4.80 Sulfate 220.00
Sodium 117.98 "M" Alkalinity 220.00
Potassium 0.00 "P" Alkalinity 0.00
Iron 0.00 Silieca 19.80
Ammonia 0.00 Phosphate 0.00
Aluminum 0.00 H2S 0.00
Boron 0.00 Fluoride 0.00
PARAMETERS COMMENTS
pH 7.61
Temperature 65.00
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Table A

DEPOSITION POTENTIAL INDICATORS

CONTINENTAL RAMNCH

TUCSON, AZ

Report Date: 05-01-95

Sampled: 05-01-95

Sample ID#: O at 1111

SATURATION LEVEL BOUNHD IONS TOTAL FREE

Calcite: 2.04 Calcium: 120.00 101.40

Aragonite: 1.78 Carbonate: 1.56 0.60

Silica: 0.17 Phosphate: 0.00 0.00
Calcium phosphate: 0.00
Anhydrite: 0.07

Gypsum: 0.13 ppm PRECIPITATION TO EQUILIBRIUM
Fluorite: 0.00

Calcites 0.51

SIMPLE INDICES Aragonite: 0.44

Gypsum: -588.63

Langelier: 0.40 Anhydrite: -829.53

Ryznar: 6.81 Calcium phosphate: -0.56

Puckorius: 6.01 Silica: -96.85

Larson-Skold: 1.62 Flucrite: -0.56
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Table B

WATER CHEMISTRY INFUT

SADDLEBROOK
TUCSON, AZ
Report Date: 05-01-95 Sampled: 05-01-95
Sample ID#: 0 at 1119
CATIONS ANIONS
Calcium 32.00 Chloride 8.00
Magnesium 4.80 Sulfate 21.00
Sodium 13.55 "M" Alkalinity 96.00
Potassium 0.00 "P" Alkalinity 0.00
Iron 0.00 Silica 26.10
Ammonia 0.00 Phosphate 0.00
Aluminum 0.00 H2S 0.00
Boron 0.00 Fluoride 0.00
PARAMETERS COMMENTS
pPH 7.06
Temperature 65.00
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Table B

DEPOSITION POTENTIAL INDICATORS

SADDLEBROOK
TUCSON, AZ
Report Date: 05-01-95 Sampled: 05-01-95
Sample ID#: 0 at 1119
SATURATION LEVEL BOUND IONS TOTAL FREE
Calcite: 0.10 Calcium: 32.00 30.64
Aragonite: 0.09 Carbonate: 0.12 0.06
Silica: 0.22 Phosphate: 0.00 0.00
Calcium phosphate: 0.00
Anhydrite: 0.00
Gypsum: 0.01 ppm PRECIPITATION TO EQUILIBRIUM
Fluorite: 0.00
Calcite: -0.93
SIMPLE INDICES Aragonite: =1.09
Gypsums: -673.50
Langelier: -0.97 Anhydrite: -843.62
Ryznar: 9.01 Calcium phosphate: =0.56
Puckorius: 8.18 Silica: -90.94
Larson-5Skold: 0.35 Fluorite: -0.56
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Table C

a+

adT lats
i o -
Cl- i LS Cut) \\N“Hn;f-
—e .
irea ”*— k\-/ CATHODIC REACTION

OXYGEN CAN REACH METAL ONLY AT OPEM SURFACE

Hes

CATHODIC REACTION CONTINUJ
07 + 2Hq0 + 4e - > 4OH-

OXYGEN CONTINVES TO DEPOLARIZE THE CATHODIC AREA
WHILE CHLORIDZ DIFFUSES INTO THE POROUS DEPOSIT

U2 + 2H.0 + 4e -> LOH-

THE COPPER WITHIN THE DEPOSIT REMAINS SOLUBLE AS Cu+

L% THE ABSENCZI OF O~ CORROSION INCREASES AS IONIC
STRENGTH IN TEE DEPDEIT INCREASES
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The following material from the Nickel Institute is provided with permission from Catherine
Houska, Nickel Institute.

Stainless Steels
in Architecture,
Building and
Construction

Thr: material prasantad in this publication has been
prepared for the general information of the reader
and should not be used or relied on for specific
applications without first securing compatant advice

The Mickel Development Institule, ils members, staff,

and consullants do not represent or warrant ils

guftability for any gencral or specific use and assumea no la-
bility or responzibllity of any kind in connection with

the informmation horein,

This report was prepared by Catharing Houska,
Technical Marketing Resources Ing., Pittsburgh, PA, USA,
consultant o the Nickel Davelopment Institute.
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INTRODUCTION

Stainlezs steal ks ane of the most duralble
materags used in architeciure, building, and
construchion, With appropriate grade and finish
saleclion, dasign, fabrication, and maintenance,
hée appearance and pooperties of the stainless
steel will reman unchanged over tha e of the
builchng. These properies make stainless stoal
a popilar choica for buidings designed 1o last
50 or more years, agaressive environments,
applicatons where securily 5 a concern, and
high traffic areas.

Stainless steels are comosion-resistant because
they lorm a thin, protective passive film on their
surface. This film forms spontanenushy whien
chromium in the stainless stesd macts with
wegygen in the e I the fim s damaged or
removed during fabrication or polishing, it seif
repalrs quickly as long as the stainiess steol
surface is clean, Because stainkess steels do
not suffer genaral comosion and becoma thinner,
the term “cormosion aliowance” has no meaning
N stamiess steal struclural design,

Almospheric comosion, tamishing, pitting, crevico
corrosion, embadded ron, erosion/corosion,
galvanic corosion, and stress cormosion Cracking
can impact the performance and appearance of
bailcing matenials. This brochure discusses thase
Izzues and stainless steal’s performance refative
1o other construction matenals,

Guidelines for Corrosion Prevention=3
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DESIGN,
FABRICATION,
MAINTENANCE
AND SURFACE
FINISH

PRACTICAL GUIDELINES FOR
DESIGN AND FABRICATION

This section provides an overview of general
design considerations. Examples of degons
that can cause corrasion and alternale designs
that halp prevant comoson arg illustraled.
Cualified, axpenanced stamless steel tabricators
and contractors will be familier with these
fuickalines, but it 15 important for the dasignes
o know them as well, When daesigning and
fabricating in stainless steel;

Evaluate the aminanment and probable
claaning reqima 1o dotenming the ikehhood
o accumulated deposits and air pollutants
such as soot, iron oxde particles, sulphur
digxiche, and sall exposura bafora selecting
thi stainlass stesl grade,

* Lse & design that allows rain 1o nnso away
surlece depositz.

* Specity a higher grada of stainless etesl in
shellered areas that am not washed requilary

Munimize crences in areas coposed (o
messtura andfor aggressive corrodants.

Use a stainlass stesl fastaner with
equivalent or higher comosion resistance
hean 1he component being lastened.

s Mewer 56 carbon stool brushes or stesl
wiodd on Staindoss stel, Use stainless stesl
brushes or soft-bristle brushes made of an
inert matenial.

* MNever use hydrochlonc or muratic acid on
or arcind stainkoss stecks, 1| munatic acid is
etridentally splashed on stainksss, it should
b washed immediately with large quantities
of waler before Ihe ecid seversly damageas
tha stalniess staod,

4+Guidelines for Corrosion Prevention

Dizsimilar metals shoukd be slectncally
isolated from each oiher in appoationg
where they may gel wel. This can ba
achlaved using inart washers, prolective
coalings e painl, and other phyeical
barrars that prevent dirgct contact.
Dissimilar metals showld be avoided in
epplications wheare stancling water is sy
and il ks ol possible o insulate the metals.

It the: design reduires welding sections
heavier than about 0.25 inches {6 mm)
and the weld area will be axposed to a
Cormosve ermmaninenl, use low carbon
versions of the stainiess steols (0., 3040
or 316L) 1o reduce the risk of sensitization
and improve walkd comosion resstance,

& | a lller matal is used in walding, its

corroson resislance should be equivalant
to or greates than the cormosion resstance
ol the base melal.

Weld imperfections, such as blowholes,
cracks, slag or wedd spatler, are polential
sites for corosion and should ba repained
oF rernoved,

Visible welds should be dressed and
polished o match the parent metal surface
firesh, taking care 1o remove any traces of
spatter and haat tint,

Do not wse abrasive polishing or blasting
melerials that have besn usad previoushy
an carbon steed, This will embed carbon
steel in the surlace,

Claan tools and work areas previousty used
for carbon stesl 1o remove iron particles and
prénvent their lransler o the stainless stesl
suriaca.

Protect the stainless steed during fabnoation,
shipping, and installation with paper or
sinppabile plastic m,

Clean grease, oll, lubacants, painl, and
Crayon markings rom e surface prior o
walding 1o prevent weld contammnation
Surface chromium dephation and &
subsequent recluction of camosion
resstiance may De caused by inadequate
oas shiglding during welding or insufficion
haat int remdval
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Stainkess steal s specified for ts comosion
ragigtance and long senice e, Even with
approprale gracke sslection, comosion
prooéems Can oo in crevices and areas
where water collects. The design rules for
other erchilectural metals are also Impartant for
slainkess stesl, Examples of desian details that
can lead to comasion probilems and alermatives
that minimize the potlential for cormosion wre
shown in Figure 7.

SURFACE FINISH

Surface roughness s an importam factor n
corrosion perormmance in extenor appkcations,
Tabia | provides an international cross-
rafarence (o common finishes and Tabls 2
and Figure 2 show the range of surfacs
roughnacsas acsocaated walh those lnishes in
Marth America, Typical surface roughness
ranges vary with the supplier, Polished
Tinishes produced speciicelly for architecturs
ang usualy smoother, and lighter gauge sheat
and sinp generaly have smoother finishes than
heavier gauges.

Resaarch has shown a direct comalaton
between surface finish roughness and the
likelineod of comeson, Smoolher surface
firishes tymcally selan less dirt and debris,
and provecke beller corrosion parlormanca than
remigher finishes, For that reeson, Europaan
Standard EN 10088 recommends & surface
roughness of R, 20 micro-inches or 0.5
micrors or less for poiished finishas ussd in
emaonmeants with high levels of pariculate,
corrosive poliution, and/or salt axpdsune and
In applications whand reguiar mamlcnance s
unlikely, Samdar guadehnes should be lollowed
tor finishes produced by means other than
Palishing.

For most coined or embossed finishes, the
roughness of the finish should be measured
prar 1o pressng e pattern into the motal,
Thara are two exceptions, If the coined o
ambossed finish simudales another finish
such as abrasive blasting or polighing, ar

Table 1

Finish Typa

International cross-rafarence to mill

and polished finishes

USA (ASTM A 480)  Jopan [JSSA)  Europesn Standard EN 100648
mn 0 ol
bl i} Fii]

Bright sanealed (BA) BA om
Ho 3 No. 3 16 or 26
Mo 4 ] 1lar 2
= Ko, 240 1Kor 2k
No. 7 No. 7 1P or 2P
No. B 1P o 2P

Nato: In the Evrcpean Standard, 1 indicates a hof rolfed product and
2 & cold rolled product.

if the: pattern is likely to motain dint and debris,
the roughness of tha final finesh should ba
mizasured,

Dirt accumulations are greater on horizontal
or semi-horzontal surfaces and in shefterac
locations. Il the location lends o collect din
anctfor a rougher surlace finish is selacted,

it may be necessary to use 8 Mo Cormoskon-
resistant stainless steal (o achisve tho dosired
Iong-termn corrosion performance,

Elactropolishing 1s sometimes usaed to make
components with a No. 3 or No. 4 polish
brghter and mone rellective. It also smoathes
the surlace, lypically reducing the orgenal
surlace roughness by about hall, which

Can improva commason perdormance,

Ewene linishes have obvious directionality,
Thase include the rougher posishecd (No. 3
and No. 4) and embossad finishes, Tho
surface will coflect less dint and rain washmg
Wil By micares effesClive i the Dirish grain
onemanon s vertical ralber than horizontal,

MAINTENANCE

Stainless steel Inoks best and provides
IMAXIMLUM COMOSon resistanco when il is
cleaned regularty, Comosion may ooour if dr,
gnme and surlace slains conlaining cormasive
sulstances ano left on the stenless stesl
surface. Rouling cleaning preserves stainlsss
sleels appearance. Tha frequency of cleaning
will depand on assthetic requirements, severly

Guidelines for Corrosion Prevention+*5
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Figure 1 Unsuitable metal design details for locations with potantial
corrosion problems and lypical solutions'*

Problem Typical Solution Probilem Typical Solution
Backs of double sngle create Dasign as single Dirt sccumulates and molsture Consider using welded
a erovice where dirt and angle truss, or penetrates into crevicas or butt-welded joints
molsture can accumulale use T-section created by bolted joints or sealing with mastic

N T
-

Polential corrosion due to Close crevice by Lapped joint creates Arrange joint so that ledge
anghes creating a crevice sealing or welding ledge exposed to weather Is not on the weather side
- ':‘/ —
ey “':?
iy 20
% %,

| S——

Sharp corners and Round cornors and Gussets create pockels Design without gussets
discontinuous welding continuous wilding for dirt and moistuns or allow dreinags

Channels or I-beams could Invert section or dasign
collect dirt and moisture o avold retention of
maoisture and dirt

G+Guidelines for Corrosion Prevention
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Figure 1 Unsuitable metal design details for locations with potantial
{cont'd) corrasion problems and typical solutions" "

Problem Typleal Solution Probilem Typleal Solutian
Possible crevice cormasion Avoid crovioe corrosion Angla collects Invert angle
where stainless steal with sealant dirt and moistura

enlers concrote

m ﬂ Waelding only the bottom af Weld the top of the joint
I the joint creates a crevice

Base and bolts at ground Caolumn baseplote Reinforcemeant Leave gop to ollow drainage
level result in water retention abave ground level, prevents drainage
ond corrosion Helding-down bolts not

exposed to corrasion.
Stalk of column well

clear of ground hevel.
Slopea for drainage.

s

A crevice is created Use a straight member
by welding a curved and webd both sides
member at one end

E 1

Table 2 Typical surface roughness ranges
for cold rolled sheet and strip from
Narth American stainless steel suppliers

ASTM A 450 Finish R, end iM5 Surface Roughness Equivalents
Dascriptions A micro-inches A, microns  AMS, micro-inchas  RME, microns

n ~B0-380 0A3-1.0 [T 0.16-1.25

i ] L4=2010 D6 -0LET 30-251 100301 54
BA DS540 0.o1-0.10 O4f-4.8 noi-o1a

&3 10.0-43.0 0.25-1.10 12.3-54,1 0.31-1.37

8 1.0-750 0IB-0.84 B.9-21.5 0.23-0.80

] 12.0-18.0 0.30-0.46 14.8-728 0.37-057

T 24-8.10 D.0&-0.20 10-98 0.07-0.25

B 07d-4.0 0.019=0,10 n8-4.9 0.02-0.13
Super No. B bA-0.8 0.0 -0.02 05-1.0 0.01=0.03
Hairties 5.5-8.0 0.14-0.20 G.a-98 0.18-0.25
Eleciropolished 4, 0=1510 nap-o4 4.5-M2 13050

Nole: Data for sheet and sirip were obtained from Narth American suppliers. The
highast and fowest values were used fo create e surface mughness range and
include both kght and hsavy gouges. Lightor gavges generally have smoatier
finishes than hedwier gauges and would be at the bottom and of the range.
Surlave roughress will vary acrass sheer width and lengli,

Guidelinas for Corrosion Prevention*7

76




Figure 2 Typical surface roughness ranges for cold rolled sheet
and strip from North American stainless steel suppliers

Electropolished

Hairfine
1]

Finish Descriptions

of the emaronmen, suitability of the stainiess
Stedd grade wnd nish lor that environmeant,
the presence or lack of heawy raing to clean
the: surface, and tha design.

Whan possible, designs should take advanlage
of natural rain washing and includi building
washing systems. Designing or rain cleaning
and stainkass stodl grado and firesh selection
ara pamiculady important in structures that

Wil rvier Of rarcly be cleaned, like industrial
Bigdings and monumentsl structures such

as the Gatewsy Arch,

Slainless steal s aasy to clean and regular
cleaning with appropnate products will nod
change the appearance of W hrush over lime.
Loosa dit 15 nnsed ofl walth clean water. A mild
detergant or 5% ammonia and water solution
15 apgihed with & soft clean cloth, This is
rnsed off with clean water and then wiped

or squeegead dry. A goft-bretle brush can

b used 1o loosen dint and a dograasorn (o
ramicve ol srains, Cleamng products should
nat contain chlondes o harsh abrasives,

T T
o 15

R., micro-inches

8*Guidelines for Corrosion Prevention

It the surface has been neglected or thara

are stubborm depoesits, a mild, non-acidic,
non-scralching, abrasive powder that doos
not contain chiorides can be used on bare
stainlass steel. More aggressive cleaning can
damage the finish and the suppier should be
consulted before proceading. It is best (o test
cleaning products on a stainkess stesl samples
of Inconspicuous lncation belore use, Although
Eniciinggs can often be restored 1o their original
appearance aller many years ol neglect,
remachal cleanmng ms more costly and can
have uncerlain resulls. Cleaning guidesines
can be lound in the NIDI publication 11 014,
Guitaiines for Maintenance and Claaning.




Typa 316,
No. 4 polish.

[ = :
These Type 376 and 302 sampivs woro exposed 800 feet (250 metres) from the ocean for forty years at Kure Beach,
North Carclina with only natural rain cleaning.

Guidelines for Corrosion Preventions9
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ATMOSPHERIC
CORROSION

ATMOSPHERIC
EXPOSURE TESTING

Potontially cormosive atmospheric pollutanis,
wind-Dorme marine sall, temperatuna, Rumidity
resnfall, and deicing =8t axposure must bo
taken into consideration when selacting an

The lnland Steol Building

(completed In 1957) is on a busy streot
in downtown Chicago and has Typa 302
exterior wall pancls with a No. 4 polish,
They are exposed to deicing sall and
pollution. The panels have always been
cleanad three Lo four imes per year
when the windows are washed.

It is in excellent condition.

10+Guidelines for Corrosion Prevention

appropnate stainkess steel, Localized pallution
and the disection of the prevailing winds can
cause differances in the comisivencss of siles
that Are anly A few miles oF kKiometres apert.,

For testing and material selection, senvice
environments are classified as neal, urban,
indiustrial, and maring, These categories refer
10 the general emdronmant and not to localized
conditions such as the immeadiate proximily ol
a source of strong pollution ke a smokestack,
Passible snvironmental changes during the
biuiiding ife should be evaluated, For exampla,
waill 3 rural s Decome wban or industrial?

Withen cach category. levels of savarty have
been established. To clazsify the severty of
an environmant, rainfall, ar emparaturo,
polluticon and olher factors have bean
mondored. Because no two anvironments
are exactly alika, the data should be used as
a ganeral performance quideling for localities
with similar pollution levels and climale in
Conjunction with the guidelines in Table 3.

Carbon steal caltraling samples are used to
compare the severty of almospharis comason
lest sites around tha warkd.” Saa Tabe 4
Comparative maetal cormasion data from My
of thasa sitas is provided in this brochure, This
data can b usad in conjunchon with Table 4
and a thorough evaluation of the site to predict
probable metal parformance in locations with
simdar arvironmeants and carbon steal corroson
rates. Although some of these sites are in
locations where deicing salls are used, tha
calibrating samples were not exposad to salt
Salt exposure makes an anvironment much
maore aggressiva. Tha likelihood of delcing

zall axposune shoukd be considemad when

avahiating the senverity of sites

An dlectrobyle must be present for comosion
1 occur, An electrolte s a water solution
that can conduct an elscine curmant becassa
i contairns chemicals, such as chiorides. The
water could comea from rain, condensation of
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Table 3  Characteristics of the most and the least

corrosive environments
Mot Corrosive Least Cormosive
* High pollulien levels, espacially sulfor dicedde (50,), chiondes and = Low pallution levels

solid pamicies
® Liow 1o mdd rainfall with iy bigh perssstent hamidity
* Maderats ko high lemperatures with modierabe 1o high humidity
RIS COASERETION
= Fieguenl, sall-taden ooean fog and low rinfal
= Sheitered locations exposed 10 salt or comosive pollutants

= Lo saindall with bow bumidity ar

heavy. Irequent raintall

* Lorw it emperitlures, especialy
entended periods Below T2°F (0°T)
= High air emparatures with low

humiciay

Table 4 Corrosion rates of carbon steel calibrating samples at various test sites

Tast Site Atmosphers Comosion rate
mills/year mm/year
| Canada e E .
Manman Wolls, Northwes! Torrtorios Pl .03 0.00n
Esquimalt, Vancouver lsland, Ditish Columbia Blural murng 0.5 oA
Maontroal, Guobac Urban o8 0,023
Trail, British Columbin Irvchursbril 13 0033
Dunganass Inchestrial maringe 19.22 0.49
Pilsay tnland Inchsitrial marinn 404 003
Londaon, Battersea B Inchustrial 1.8 0.048
Panuma
Fort Amidaor Plor Tiopical marine 057 0.0
Liman Bay Tropical marine 245 0,062
Mirallores Tropical maring 1.69 0.043
Chnlgtn Point Trapienl maring 2714 080
South Afnca =
Durban, Sallsbury island Maring .00 0.058
Dwrban Biuf Savand MAarine 10.22 0.26
Capa Tovwn Docks Mild marinm 1.84 noaT
Walvis Bay military base Spvene maring a3 on
Sammesslonan M 0,63 e
United States = :
Phoanie, Anzona Rural anid 018 0.005
Paint Royos, Calllarnia Marina 19.711 050
Waterbury, Connecticut Inclustrial LR 0,023
Cape Canaveral, Florida Marine
0.5 miles (00 lom) from oCean 339 Q.06
180 #t (55 m) from ocean
elovation 80 # (18 m) 6.48 0165
slavation 30 it (9 m) 1797 {Ldad
ground leval 817 0
Bonch 420 1070
Daytona Beach, Florida Maring 1163 0.295
East Chicago, Indiana Icustrial 33 0,084
Datrodt, Michigan Industrial L KT oS
Moanci, Michigan Urban nrr LN
Durbam, New Hampshire Rural 1.1 002
Kurg Beach, Modh Carolina Maring
B it (250 m) from ocean 573 0148
B0 1t (25 m) from ocean 2.0 053
Nerwark, Now Jorsmy Inclustsial 20 0.061
Bayonne, New Jorsey Industrinl 31 0.079
Cloveland, Ohin Industrial 15 0058
Gaolumbars, COhio Industrial 13 0.033
Middltown, Claa Semi-industial 13 0.028
Bathlaham, Pannsytvania Industrinl 1.5 0.038
Manrosnlls, Pannaylvania Sami-Industrinl 1.9 0.048
State College, Pennsyhmnia Rural 08 0oy
Pittsburgh, Pennsylvania Industrial 1.2 0.030
Potter Cornly, Penmuylvania Foural 0.8 0,020
Braros River, Toxas Industrinl maring ar 0.084
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hurnidity, or fog. Tha pattern and cuantity of
raintall in an area are citical in determining the
saverity of an ervironmont. Especially wet ar
aspacialy dry chmales tend 1o ba lBss comosive
bt there are exceptions to this nds. i surdaces
are regularty damp Decause there ara small
amounts of rain &t frequent intervals, persistent
high humidlity, reguiar fog or anather source of
moisture and there are comosive deposits on the
surface, a potentially aggressive environment
exists. Small amounts of moisture will not wash
deposits from the surface and will combineg with
them o creale a comoshve solution.

Heavier rains dilute the alacirolyte and prosde
a washing action to remove potentially hammiul
deposils. Thus a simpla indication of anmul
rainfall at a particular site s not sufficent 1o
determing the sevarity of that Iocation.

Air temperature is often reported and can

have contradictory effects. Corrosion proceads
mare rapsdly with increasing lemperatures but,
if higher temperatures are associated with low
Purrsidlity, e waler will quickly evaparate and
he corrosion risk will ba reduced.,

SELECTING SUITABLE GRADES
FOR SPECIFIC LOCATIONS

The mast commonty used slainless steals

for architectural applications are Types 304
(5304000 and 316 (S31600), The 300-series
stainless steeds, such as Types 204 and 316,
ang iron-chromium-nickel alloys. Thay have
an austenitic microstructure, which combines
slrangth wilh ductility, and are not magnetic,
Ihe low carbon grades, Type 3041 (330403)
and Typa 3161 {S31603), improve weld
COTOSION resistance when section thicknesses
are greater than about 0,25 inch (B mm).

The general cormosion resistance of Type 304
5 equivalent o Typae 304L, and Type 316 is
aequivalant 1o Type J16L

Type 430 (UNS 543000) is less cormosion-
resistant and less frequently used in exterior
applications, The 400-senes stainkess steals,

12«Guidelines for Corrosion Prevention

such a3 Type 430, ara iron-chromium alloys,
have & famitic microstructune and ane magnetc,

Types 316, 304, and 430 heve bean lested
exfensncly in rural, urban, industrisl, and
maning emironments. In most applications, one
of these slainless stesls will maat assthelic and
senace life criteria.

Highly alloyed staniess stecls gare somelimas
needed for aogressive environments. Becausa
the corosion resistance and mechanical
properties of these grades span a broad rangea,
@ specigsl should be consulted for optimal
material selection. The following mora highly
dlloyed sustenitic grades ara listed in arcder of
MCreasing corrosion rasistance: Typo 3170
(S31703), Type 31TLMN (331 726), Alloy 9040
(NOEDDA), and the 6% molyvboanum stainless
stesls (.., 531254, NOBIGT, MOBS2E). Duplex
stainless steals such as 2205 (S32206/531803)
have been used for structural applications

and provide corrosion perormance that is
comparable to S04L and Type 31TLMN.

This kst ks nol exhaustive and othar highly
alloyed stainless stasls may be salected for
specific applications.

Allaying element additions enhance and modify
material proparties. Mohbdenum improves
rasistance 1o pittng and crevice corrosion And
iz particulary helplul in preventing chicnde
damage. Increasing chromium mproves overal
COMOsion resistance and mckel ncreases
toughness, ductility. weldabiity, and resistance
to reducing acids. Tabde 5 shows the chemical
composition of thesa stainless stesls,

Tabla & presents grade selection guidelnes
based an lang-term stanless sleel exposurs
clata for maring and polluted locations reported
by Baker and Lee’, Chandler’, Karissen ancd
Disgory', and Evans.™ Tha location cateqories
refer to ganaral conditions, Localized factors,
such as proximity to a flue discharging
coosive gases, must be considered when
sedacting an appropriate stainless steel,
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Table 5

Unified Numbering System (UNS) chemical compositions*

UNS Moo Commian or c Cr Cu Mn Ma N Ni P 5 Si Fee
Trade Name
543000 430 012 16.0-18.0 - 1.00 - - - 0040 .030 1.00 mm
S30400 0 008 1B0-20.0 - 200 - B.0=10.5 MG 0.080 1.06 mm
53254 254 SM 000 195-20.5 0.50-1.00 1.00 G.0-65 OL1B0-0.720 1T.5-185 na30 000 0.80 mm
531600 11 008 1B0-18.0 - 200 200-2.00 - 10.0-14.0 (L5 0.030 1.00 em
] nn 0030 1E0-20.0 200 L0=4.0 - 11.0-150 LTt 0,000 1,00 (]
SNTE HTLMH 0.03 17.0-20.0 0rs 200 A0-50 010020 135175 0045 0.0 076 mm
5316803 206 O N0-73.0 - 200 25-15 080070 4565 il i} 0,020 1.00 nm
532205 2206 0080 R0-230 - 200 30-35 0L14-0.20 4565 0030 im0 1.00 tem
NO&SST AL-GXH 0.030 =0 " 200 60-7.0 018-0.25 15755 OM0 | 0000 1.00 rem
NOE04 AL .00 18.0-230 1.00-2.00 200 4050 - 23.0-20.0 0045 0,035 1.00 Em
AR 0,020 190=31.0 0515 200 80-7.0 015085 24.0-00.0 oo | oolo 080 =m
* Relilmsriw s i B RICERS Y DA
RURAL SITES Smanther surface finishes provide betler
rasistance fo tamishing and reguiar washing
Locations cateqonzed as “rural” are not hedps rotain @ pristre linish.
expored (o noustnal aimosphenc dscharges
ar coastal or dhcing salls. Suburban sresEs Type 316/316L with & smooth surfaca firish
with lew population densities and hight. non- retains a brght appearance. Rougher surface
polluting industry may also be categorized as finishes like a Mo, 3 or No. 4 polish may
rural. Both mégrant air pollution and future expanence slight farnishing. Washing is not
devalopment should be considerad when generally necassany to maintain cormosion
categorizing a site performanca although dint fim removal
improves appaarance
Type 430 will =uffer light to moderate
staining and rusting an bath exposed URBAN SITES
and shaltered surfaces. Smoothor surface
finishes and regular washing help reduce Ur3an wiles include residential, commearncial
cormosion, dthough some loss of bnghtnass arvd light industrial locations with kv to
should be expecled, moderate pollution from vahicular waffic
and similar sotirces,
Type 304/304L exposed surfaces are
virtually unattacked bul shellered surfaces Type 430 can becoms quite heavily rusted,
could experience minor discolouration. especialy in sheflered areas whese pollutanis
Table 68 Grade selection guidelines
Grade [Type) ) '-U'ml!E‘ T
RuralfSuburt Urban _ Induslrial Mazina/Deicing Salt
L [ H L M H L [ H L M 1l
] [ ] | u L ] [} B L3 [ ] - L
T8, 316L ] L] ] L] L ] & 3 ® It} L] . ()
30, 304l L ] L L] & L1 . L ] ® [ ] i x
430 L ] (il L u ] ® X ] = = = X
L )
M Wy i
H { i I r T
| | T .| :
@ !
.
i1
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, 0.3 pm). Although thelr height
worn cleaned for the first time in 1995,
twice since 1930.

restoring their appearance. The Ghrysier

Above the third floor, New York City's
150 East 42nd Strool [completed in 1954)

has Type 302 exterior wall panels with a 28

Building can be seen In the background,

finish {surface roughness of R, 16 micro
It is also Type 302 and has the same finish

inches or R
exposed to pollution and coastal salt. Thay

protected them from deleing sall, they were
and surface roughness. It has been cleaned
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These Jones Beach,
New York stroet
lights (installed in
1967) are Type 316
with a No. 4
palished finish,
They are exposed to
coastal and deicing [
salls,

Type 376

toll booths

arw used in
Massachusetts,
Now Jorsoy,
Flarida and
where they
are exposod

to coastal salt,
automotive

\ pollution,

and, in the
northern states,
deicing salt.
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are not washed ol by rain, Neither tha surface
finish ror regular washing has a significant
affect on parformanca.

Type 304/304L can experience slight
tamishing. Regular washing will reduco this
tarnishing. In most cases, smoother surace
finishes provide betler perlormance,

Type 316/316L pariorms wall wath little or

i tarnishing. Reqular cleaning is not strictly
nacassary 1o prevent conasion but will mprove
the overall appearance by remaoving drt,

INDUSTRIAL SITES

Industrial sites are locations with moderate
10 heavy almosphernic pollution wsually in

the form ol sulphur and nifrogen oxides fram
coal combustion and gases released from
chemical and process industry plants
Farliculate depasits, such as soot from
incompletaly burned fusl or iron oxides, wil
Increasa the severity of the envircnment,

Type 430 is normally attacked quile severahy.
A smoother finish and/or periodic washing s
unlikely 1o produce a significant improvament,

Type 30473041 will often suffer moderate 1o
heavy attack although its pardormance can be
improved by washing and salecting a smaoother
limish, In aggressha locations, upgracing 1o a
more corrosion-resistant stainless stesl may b
appropriate. In less agoressive locations, Type
304 may be satisfactony il smoolh nishes ae
saleated, shellered and low-siope or horizontal
surfaces ang ehmeled o encowsge natursl
raun washing, and supplementsl washing s
used &s Necessary 1o remove daposits

Type 316/316L performs well in most
locations. A ight tamish or staining may
cevedop but can be minimized by requiar
washing and specilying smoather finishes, For
axiramety agarassve conditions, & mong highty
dlloyed stainless stesl may be needed.

COASTAL AND MARINE SITES

Seawater conlans a mixiure of salis. It is
Tycally 2.5 to 4% sodium chioride with smaler
Guantities of magnasium chioride, calcium
chioride, and potassium chioride, Chiordes in
alrborme sea spray and dry salt particles

may cause pitting and rusting of stainless
steals unless a sufficiently comosion-resistant
gracke i chosen, Evaporation and infrequant
rain ncreaso sall concentrations on axtarnor
surfaces and comosion rates.

Hurnidity levels are a critical lacior in
delenmining cormosion potential. Each

Sall begns to absarb moisture and forms a
corrosve solution at different critical humidity
and temperature levals. Ses Table 7.°
Corresion s most severe at this critical
humidity level because the solution is highly
concentrated. The solution does not form at
lower humidity or lemperaturs levals, "™
High sall concentrations combined with Righ
ambient lemperatures and moderate humidity
Greate he mos! aggressive conditlons.

The distance airborne salt s carred can

vary significantly with Iocal wind patterns.,

In some Incations, marne salt accumulations
ara anhy a factor within the first 0.9 rmiles or

1.5 km from the shore.” In other locations, salt
may be camed much lurther inlend. Japanase
resegrchers lound annual 2alt (socdium chiorics)

Table 7  Temperature and humidity levels at which selected marine and deicing salts
begin to absorb water and form a corrosive chioride solution
Temperature Critical Humidity Lisel E
F oG Sadium chioride Caduium chioride Magnesium Chioride
ki i1 ] 0% 50%
50 0 % Al S
X2 n - 45% Lr
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accumulations of 4.9 ma/dm®year al seaside,
3 mgddmvear 8R4 teet (300 m) from the
water, and 1.3 moidm2iyear 27 miles (50 kmj
inland,

Figure 3 shows 1he averege chiorida
concentration (mg/) in rainfall across the
Uinited States. The chiordes in raimwater are
primarity maringe salts camied intand by wealhes
pattarns,” Figure 4 shows the influence of
deicing and marine salts, corosve poliiiants
(805, MO, H.8, and NH,J, and pariculale on
Morth American vehicle comosion and is equally
relevant for street-level applications. S0,

and NO, can form sulphurc and nitric acid

in the atmosphere and become acid rain,

Genarally, locations within five to ten miles

(2 to 18 km) of salt water are conssderod at
risk for chioride-ralated comosion, but local
weathar patterns and the performance of
metals near the sito should be evaluated prior
1o material soiection. To accelerata comosion
testing, most sites are on or naar the coast
bocause sall concenirations ara higher,

Type 430 axpanances severs rusting over a
large propartion of its sudace and is unsuitabile
for maring exposures,

Type 304/304L generally performs batter
than Type 430 but may expenienoe severs
pitting and should e wsed wilh caution,

Type 316/316L is conmmmuonly used for coastal
archilecturdl apphcations and will genarally
provide good sendca. A pristing appearance can
usally be malntained by selecting a smooth
surtace finish and washing regularly to remove
contaminants, If unwashed, some dscolouration
My ocCur after Iang-tenm exposura.

It & rmaring almosphera is combéanad with
aggressiva industrial pollution, Tyoe 318 may
sulfer unacceptable atlack and a mone Feghly
alloyed stalnlass stesl may be necossary, In
such cases, & comosion spocalist's advice is
suggested.

DEICING SALT EXPOSURE

Typically, salt accumuilations on handreits,
doorstops, and olhwer streel-level applicatione
ang Iveenvigr in ereds wihers deicing ralt is used
than in coastal locations, Deicing salt carried by
road mist and wind has bean found as high as
the twetfth ficor of bulldings and on sculptisres
savaral hundrad feet from bisy highways, It
cantaminates soil and is found in girbome dust
churing other seasons of the vear, Figura 4
shows the mpact of deicing salt usa on maotor
velscle cormosion and coastal exposura an
slreet-level comrosion in Morth Amearnica

Deicing salt 1= typlcally a mixture of calcmm
chioride and sodium chionde. Salt grachually
baging 1o absort water and forms a cormosive
chiorida solution at critical humidity and
temparature levels, Comosion is most saverg
at thasa threshald absorption levels because
the solution is haghly concentrated, When
sovoral salts with different critical humidity
levets are combined, the lempearature and
humidity range at which cormosion can oncur
s broadened. Locations which combine the
humidity and temparaturs ranges shown in
Tabia 7 with high levels of deicing sall use and
close prosimity to the ocoan hive e greatest
chioride cormosion nishk.

Typa 316 is usually suitable if there is a regular
cleaning program o remove salt deposits, In
particularly aggressive environments with high
salt and pollution exposure, a mona highly
alloyed stainkess steel may ba neatied,

SHELTERED
EXTERIOR APPLICATIONS

Atmosphenc dust freguently contains cormsiva
sulphicles, mearine salts, deicing salt, iron oxdde,
and other contaminants. if sheltered araas,
such as bulding aaves, are not cleancsd
regularly, dust accumulates, creating a mong
aggrassive comosion emdranment.” The
presence of chlondes and moderate levels

of humedity may facilitate comosion ol a
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The deicing salt damage visible an this welded Type 304L ralling eccurred affer only ane winter in Bittshurgh,
Pennsylvania. Although there was some deicing salt used an the parking lot and stairs, the primary source of sall is a
busy highway soveral hundred foot downhill from the building. Sait-laden road mist was blown onto the ralling by the
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wind and deposited salt. The rough mill finish increased salf
adherance. The discolouration was removed with a mild abrasive
cleaner. Corrasion damage could hove been aveided or minimized
with frequent cleaning or selection of Type 316L with smooth finish.

=

% al
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Figure 3 Awvarage chloride concentration {mg/l) in rainwater
in the United States and the eastern coast of Canada

Figure 4 North American corrosion environment for vehicles and street-level applications
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Chicage's Blue Cross Bullding
(completed in 1998) has

Type 318 exterior wall panels
for the first 30 feet to avoid
dricing salt damage. The
remaining pancls are Type 304,
The panels have a lightly coined
finish that resembles fabric.

This highly
polighoed

Type 316

bike rack in
Toronts, Ontario
is exposed fo
deicing salts
and automotive
pollution.
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Table 8 Grade selection for roof applications

_Environment - Rural and Suburban Coastal, industrial, Severe Lrban
Apsplecation Aol or wall, Eaves and under-save Root or wall, Eaves and under-gave

= rain washesd wall, o rain washing rain washad  wall, o e washing
Depasit Accumulaton Mo Yoz Ha Yes Mo Yeg [ s
SO0 L] ] ] L ] v ¥ v
SNEN0 L] L] L ] L] | | | L
Highly alloynd L] L] L] +* . * . .

L]
* 4

Table 8 Suggested cleaning frequency for Type 304 in different environments

| Emvironment Hural and Suburban o Coastal, Industrial, Severe Urban
Application TiooT or wall, Exvez and under-eave ool or wall,  Ezves and under-eave
raan washad wall, fiy riin warshing rain washed wall, no rain washing

[ Depesit Accumulation No Yex Ho [ Mo Yes N Yes

mm 1] 1 1 =12 1 1 34 4=12
Table 10 Comparison of atmespheric corrosion rates and pit depths in exposed and
sheltered samples after 11.8 years' exposure in Bayonne, New Jersey
Grode Composition, wt. pct. Sheltered Exposad
or Ni Ofthess Cormosion rate, it depth, Cormusacn raln, Pit depth,
mgiam? pear mils [mam} mg'dm?/year mills {mes)
il 1BE 141 35 Mo 1] <118 {003 ] L]
316 17.8 134 ZH Ma 0 <118 (0,03 o 0
E i 184 B3 - el 7.08 {0.18) ] ]
£30 171 0.3 - 10.95 17 f0.20) 1] 0
[ eirraes) e eex ool workipally i shatarsd g 0 Doy deporand vl y
susceplible stainlass steal or othor matas in ATMOSPHERIC

sheflered appfications. Soa Tobk 7. Shellerey CORROSION COMPARISONS

locations, ke bulding saves, tend to have

mare modarate humidity kvels than exposed Almosphanc comasion 10sts have been
locations, therety adding to the conmosiveness eondueted in many pats of the word o

of those environments compans tha podormance of matals in different

erwinonments. These dala are heldpful n

The suggested grades (Tabie 8) and cleaning sedcoling appropriate metals far similar
Trequency (Tatde 9) are based on Japanesa erwironments and prepaning life-cycle cost
research on shaeltersd Incations. ™ Tatve 10 analyses, Although the same average cormosion

shows the corraelon rates and pit depths for
varioe staniass steols after 11,9 vears m

rates ware maasured for stamless steels wilh

differant levels of conosion resislance in soma
geographc locabons, appearance difarancas
wore observed, These appearance differences

Bayanng, Now Jorsey, g polluted, cosstal
lacstn, and Wiustrates the benaficial affect

of increasing chromium and malybdenum.' wiore incorporated into the grade selection
Although the corrosion rates of somea of tha guickelines in Table &,

exposed samples wara the samea, diffesrences
in appaaranca wara ohbsanac
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Table 11 Average corrosion weight loss in mils/year {mmiyear)
at Japanese sites after four or fiva years' exposure

* SuDies wene exnosed or o v

Thix cormusion weight loss of carbon steal,
weathenng steel, Typa 304, and aluminum
were medsured after elther four o five years'
exposure 8t seven coastal, intand, and
incdustrial sites in Japan, The results ara
summarized in Tabe 17."

Tropical smAronments ¢an range from and
desarts 1o humid, industnal sites. The U.S,
Maval Resaarch Laboratory in Washington,
D.C. conductod a 18-year sludy of 54 metals
ab two giles m Panarma, The Miraflores site is

Malerinl Pacific Coast Sea of Japan, Inland Industrial
coastal
Cly  Omaszaki [ Waema Takayama ifihirn vk Tokyo |
Type 34 0.003 0.006 00035 0.0055 00050 003 a3
10.00008) 10.00015) ] (0.00014) 000015} (0.00084) DL DGR3}
Aluminum 0157 one oia i R 24n o118
{0.004) ] 0003 (L0018} 00T (0.0615) {0,003}
Woathering 3012 2043 1829 14.04 1445 T 413
Hoal 10.765) B4 {0.420) (0.8} [m3aTy” 11835 (1121}
Carbon 442 0 768 1521 16.97 156,61 078
steel (1052 a1y 0.703) [.45H) {n.431) (3.083) (1.797)

location with prevading winds from the land to
the ocean, The Cristobal site is a marine
lecation on a rool 52 feet (16 m) above the
shora, facng wind from the ocean, In bath
lecations, the panals were angled 30 doegrees
froem the horzontal, See Tabla 12

In the United States, extensive manng testing
of matals has been conductod at Kure Beach,
Norh Carolina, Tatde 13 compares the average
coroson rates of Types 304 and 316 with
carbon sted, Gavalume®, and gahanized

4.3 rraes (8 km) from the coast in 3 semi-urban Steed,
Table 12 Atmospheric corrosion data for two tropical sites in Panama
Gonstituent Cristobal (coastal) Mirafiores {inland)
mg'10ms M, Min, [ Maz, Min. g
Total dissolved sofids 19.35 1.08 247 911 053 34
Dvpanic and volalile mallar aar 05 281 24 nF 1.20
Sulphate 226 o on EL] 004 (1]
Chigricy 148 (R F] 0 0.5 0.0 019
Nitrate 039 0.00 a.11 [T .00 014
Metnl Horg. mistal hous g, mnual Deepes pie, Fog. melal loss Forg. annual Detpest pit,
nitar 16 years, COfmosicn rafa, mils fmm) fter 16 years. comoskon rata, miks e}
mils (mm} milsfyear [mmiyear) mils {man} mishyear (mm/year)
Type 1B <001 (<0.0008) <01 {00 4,02 (0,125 (] ity 492 (20,135
Alumingm 1100 011 (oon2ey =001 (<0.0003) <4.02 (<0.125) LT (0.0010) <l {0.0003) <492 {).128)
Aluminum A0E1-T8 011 (uddeey <007 (<0.0003) <402 (<0,125) (L0 (L0 5) <l (). 0003) <482 (0,125
Nickel [99.5%) OL20 [mL0as) <001 (<00003) 4.8 |=0.125) DLOH {10 CXC1R) 0T (o300, 0003) <497 (<0, 128)
Ay 400 0,22 [0.0056) <001 (<0000 A 02 |=0.125) 014 {00006} <007 [=0.0003) wd 13 [ 125)
Cawtridge bress (.33 [0.0084} L2 {00005) <l 02 (=0.125) 0U75 [ILO0ET) =001 {«0,0003) <452 («0.125)
Nickghsilver L7 (0000} 002 (0.00N0G) ol A7 (0128 0.8 (00071} LT (L) 282 [=0.128)
Muntz metal 0,43 [.011) [0 [T OO} 482 (0128 0,52 (00081} <101 [l D003 <A (0125
Cast broaze 0TS (03] 002 {0 0oCR0S) 5.9H {1.152) 0,39 {0005} <001 {0,000 1299 [LURME)
Coppes {79.9%) 079 (0,020 1.0 {11 0NN <492 (0125 (0% {1 ) =001 [0.0003) <82 (0125
Lead [99%) 0,79 {I.02v) 0,065 [0,001:3) <482 (<0.175) 0,55 {014 004 (L001) <A.87 [«0.175)
Livw alicry sleal T80 {0156 (.04 {0.001) 17,01 (0432) 567 (0.144) 028 (000T) F2.01 [LSRAY
Cast gray iron 1.72 (0,168 .22 {00051} I (.98 5. {.151) [L2A (0007} 301 (09404
Cast lron (147% Ni} BT {0.233) 0.59 (0.015) 5402 (1.409) 290 {0.074) 0.24 [0L00G) W02 (OLF2A)
Carbon steel 10,63 {0,200 04T 0013 30002 (0g91) .58 {0218 043 011} 25,598 | uBE0)
Wrewght i 1870 {0.475) 0.94 {0,024 BGOSR (1.540) 12,200,300 0,63 D01G) A7.00 [L840)
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Table 13 Average corrosion rates 250 m (800 ft) from
mean high tide at Kure Beach, Nerth Carolina
Metal Exposurs tima, yasre  fwg. corosson rale, mils/year (mmiyear)
Type 316 15 <0001 (0000025
Type 304 15 0001 (=0.000025)
Galvalunse® 13 033 (L0084}
Gahvanized steel 14 088 (0L01TH)
Cartue g4l 16 58 (0147
Table 14 Average annual corrosion rate after 20 years' exposure in South Africa
Pratoria- Durban Bay Caga Town Durban Bt Walvia Ry Sasolburg
| Docks
__Environment
Location Typa T, very b maring, modenite manne, modoraln | Bewern maring, novers moner, industrial, high
pallution pallution poilustion moderatafiow I pollution pollutisn
- s pollution
50, Ranga pgim? (] 10-55 16-30 047 ) A [
Foy dersfyvar — WA NA [T} 113.2 [
""“[ "“”‘] _ 294 (746) 001,008 20 {500) (1,018 0 8 2.7 (67T
Feihive mAge % L EE] R Mo (TR -7
[ Temp. range F 43-78 (5-26) AT-A0 (16271 #-T7 () &1-80 (16-27] BT (1020} 47 (= |
ﬂ‘“‘hm‘“m“" 5-15 3.8 3.7 -5 06-2 515
Stainless steels Amnual [oevosion fste mils/year (mm/pr) =
Typo 318 CLO01 (00000 0001 0001 001 : QLM {0000102) [
M Q07 (0.000025] 0003 (000007 0005 0NET) oo W 0004 (0.000102) [
a0 G001 (0 000025 002 PLHDE) 007 (LOD03AT) 007 [0.001727) 0.02 (0.000558) DLOCH [OLO07)
mm!ﬂm AT ) (] 0T oo 07T (015968 0,18 10.00457) L7 DR
AR5 Q07 (00005 au % (XL Emm; [ 016 (0.00417) [
] 0.01 (.000285) 0.12 (0.00315) O [L0036E) 073 o) 0.19 §0.00435) A
AL BR0ET AT 060038 0114 (L0366 013 [603) 109 [LE2TE1) 0.2 (LO0SET) [
| RA DGR HA ) __Ha_ 093 [ILIEA6A) 015 {1 HUTS) 012 00T
Copper 0.22 [0.00559) 0.37 (0.008) 028 [T 097 [0 026} 1.51 i) LS55 14
| e 013 QLR 08 {023y 1.4 mﬁl 437 @1 CHA [
“Weatharing stesl 0.0 [0 8,35 02l 460 L) EIE] ggmih [ TN 431 007
Mikd sleol 1.70 (0432 1461 [0.371) 1012 {267y 622 (2190} 33,31 (0.846) &1 (0150
fiy e B e uaT on 5% o e Buriee aen
1A n % -z 5

Variois architectind metdls have been tested
at six test s105 n Seuth Alrica, Tabe 14 and
Figur 5 show the characteristics of each site
and the averaga annual corraeion rate of mild
stesl and the servica life of galvanized stood in
YBArS, In tha bvanty-year test program.*

MECHANICAL PROPERTIES
AFTER LONG-TERM
ATMOSPHERIC EXPOSURE

In some architectural applications, stamloss
steal 5 a lnad-beanng meamibern Samplos of
austanstic stankass stegls wong cxposed al 25
and 250 matros Tiom the mean high tida in

a marine, coastal location in Norh Cancling,
U.S.A, to determing if long-tarm atmosphonc
exposure affected their strendgth,

After 26 yoars' eaposune o wnd-blown salt
Spray, rain and hurmcanas, lensile tests wans
performed and Lhe strength and ductifity wers
compared with identical samplas that had been
sloved indoors. Similar tests were conducted al
a coastal site in Inclia with a ten-year exposure
The austenitic 300-sonos sleals had no
aignificant change in strength or chucility afer
long-term oxposune i these aggressive coastal
crvaranemicnts,
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Figure 5 Atmospheric comrosion map of South Africa

Code Description h:m‘ Type of comosion m i?:ﬂ“:tuﬂ‘

iy lifss i years®
A lvbewrticlal 10 5 ke inkard - Swvere maring 100 =~ 300 Uptad
8 Drmert mawine {mists) - Severt markng o - 100 05-2
=] Temioeerale fmar i - Mnarine 90 - 50 =7
o SHbARGRECA Msineg - Muodium 1o sovemn manns B = 1=5
e | Owstiinday | o s s
F Inlancd - Fourad 10 - 20 = 80
[ ke b | ana noustriar 1540 T
T Wiban coatlal ]_—] Mnrirn industrial® 50-150 1-3
I Intand and - Somi desart §=10 =3

* Highor comrosion rate usually indicates peoaimily of sea,
** Comrwmircial grxhe Z 2T8 ghm? junpninind)

" Life in years — until 5% of surface aroa showing red nst.
P Incustrial implies. poliution present in atmosphones,

G nnel 0wty fram 5 km indsnd up b Beat sl fange.
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ATMOSPHERIC CORROSION SAMPLE PHOTOS
The atmospheric corrosion test samples shown in the following 13 photos are at the LaQue Conter for Corrosion
Technolegy, Inc., an internationally respected corrosion research facility in Kure Beach, North Caroling, The samples
have been expased ta the eloments and are only cleaned by rain. Excopt whore noted, the samples are 820 feet
{250 m) fram the acean's mean high tide. These photos were taken in 2000,

Type 316
stainiess

stoel and
COpper
combination
is performing

wall.

Thuy rrvilfed
stoal plata's
corrosion
product has
axpanded and
broken o
cOppoar
saddle.

The aboeve Statue of Liberly corrosion demonstration panels have boon in place since 1984, Type 316 and carbon steol
plate samples were attached to copper sheels with a saddle which is riveted in place.
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Alsmirm
alloy GOGT
exposed since
1982 about
a2 feat (25 m)
from tha

muaan high
tide.

Anodized
aluminum
exposed
winoo

1842

Painted
cant
aluminum
allay 360 '
exposed

since 1388,
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b

Bare G-20 galvanized steel exposed since 1981,
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Painted
cold
rollod
sloel
exposed

Bdrn

1988.

High-strength,
low-alloy d
weathering §
steel exposod
since 1968,
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Tkpe 316
paposed
gince 1841,

exposed
since 1960
about 82 feat

alloy
exposed
gince 1960
about 82 feet
(26 m) from
the méan
high tide.
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FORMS OF
STAINLESS STEEL
CORROSION

If slanndess sleel v selecled, installed, and
maintanad comedtly, it does nol sufler
comosion, However, if the environmaeant
exceeds the comosion esistance of a
particular stainlass steal in a spacific locaton,
BOME COMOEKIN |r'|.1')a R, Cﬁ'lll,' COrtoen |:r'|:||;‘5

of cormasinn may affect stamiess stecls,
TARNISHING

Tarmeshing & @ fairly uniform discolouration of
a melal’s surlsca, With exterior etainlase steal
appbeations, thers may be a slight yallow
ternishing of the surface and some loss of
brighiness. espacially if ing particias of din
gre meorparated inlo the surlace deposit
Soma improvemant may ba obtained from
washing bt the ovarall effact on appearance
is small and may Not b apparent wien
el from o distanoe,

PITTING

Il & slainkess steal corradas, pitting s tha

st likaly form of cormasion. 1 iHe onvinanmont
ovenwhaime the capability of tho stierdoss sioel,
the pirctaciig passad film 5 :_Il'_',||_||'_':|4_'u ancl
cannat heal ilsall. This s shown schematically
in Figure &, (See Atmosphenc Corosion
senlion.) F'ulrln!] slarls as tiny poants of altack
and 5 usi ially Dlack or dark beoswn v colour, In
the most severe cases, the number and depth
of the pits can increase to give An axtansively

Figure 8 Pitting corrosion

32+Guidelines for Corrosion Prevention

comoded appaarance. |l tha attack is mild,
tha pits may not datract from the ganeral
appaarancs but tha anea Dolow them mixy
b staned as nest leaches out. Selecting
an appropnale stenless steal and cleaning
regularly o remove surface deposits
reduce the potental of pitling damage.

CREVICE CORROSION

Crevice corasion is simiiar 1o palting but ocowrs
over a langor area when deposits or othar
matenals Bock the oxygen accass needed to
maintain the passive film, Corrosion can oocur
if chigrde-containing rainwater or condansation
i presant in & tight crevice and conditions ars
created which axcesd tha cormosion resistance
of a particular stainkass steed, It is momn likizby
with lower-alloyed stainless steels, particulary
whang the crevica gap is very small (a tight
washar) and the path 1o free oxygen is kong

(a large diameter washar), Comect design
reducas the potential for crevice cormosion,

Ir areas exposed to waler, designers should
minimize crevices, seal them, or consider

a more corrosion-rasistant, higher-alioyed
grade, See Figura 7.

GALVANIC CORROSION

Gatvanic or "himatallic” comosion can
pocur whan hao metals of diffierng
slecirochemical potential ane clectncally
coupied in a conducting liquid, usualhy
callad an sfactrolie, Several factors
determing galvamnc corrosion polential: tha
etactrochemical potential diference, the

—=— Solution

-— Passive film

-=— Stainless slieel
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Figura 7 Crevice corrosion
Metal or non-metal

presence of moisture 1o connect the metale
o | reguler basis, and the relative surface
ares ratio of the metaliz, | no maolstue i
present or an inert, slectrically insdating
malerial prevente alectrical contact, galvanio
Corrosion cannot ooour.

Figure 8 illustrates, galvanic cormsion. Fguo 9
shows examplas of when galvanic corosion
CAan and canndt OcCur F:ry._lr:; 10 shows the
galvanic sencs i scawaler, The metals ara
arrgnged in order from the least noble (aast
corrosion-resistant) to the most nobla (most
corrosion-resistant). Emdronment affacts a
melal’s polantial, Some metals are shown
twice along with tha tarme “active”™ o
pasEa”. N extramisdy Sowern COTroesaon
enviranments like stong acids, a stenless steel

iy ol Be Ao 1o mesntain is prolechive
passive flm and may begin to comode actvey,
This might acour in an mcusthal et
application. These concditions are not peesent in
architis

Clurdl appdcalions and stainless steals
can be consdered to be in tha passiva stala

i Balution

-— Passive film
—— Stainless steel

Gu.".-'-.ll N GRS ey L:-'-_" B Concern il thers
15 a sgrdicant dilerence in elsctrochemical
potential end the melals are not alectrically
isclated from one ancthar, If bao matals are
close together In the gatvanic sares (G.0., two
slainless stewls o Copper and stainkss steal),
the potantial for gabvanic comasion is kow in

all bt the most aggrassive eminonments

The redative suface arca of the two metals [
important. When the surlace area of the mone
comosion-resslant melal s lerge relative 1o the
less corrosion-resiaiant metal, an unisvourabla
ralio exists and thera s 8n Increazs in tha
comosion rate of tha lese comrosion-resistant
metal. For exampla, coupling a small piecs of
carbon stesl 10 a largs piccd of stainless stoal

could caues rapid Comoson ol 1he carkon

steal, If the raticr & renars wich the less

i
carrosinn-rafetant matenal has a Brgo sufacs

araa, Iha cormoson rate of the 0SS Comasion

recastant matal s only shighlly incroas

Figure 8 Galvanic corrosion

Stainkess shoel

Courrenl -— Solution

-— Leas noble metal
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Figure 8 Dissimilar metal and electrolyle combinations where galvanic corrosion can and cannol occur

No Galvanic Corrosion Galvanic Corrasion
Cathode Anode Cathode Anoda

Metallic
Conductor

EEREE
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Figure 10 Galvanic series in seawater at 77F (25°C) =

Least noble = anodic = most susceplible lo corrosion

Magnesium and its alloys

Zinz

Galvanized stesl or galvanized wrought iron
Aluminum alloys 3004, 3003, 1100, in this order
Cadmium

Low carbon steal

Wrought iran

Cast iran

Mickel cast irans

Stainless steel, Type 410 (active)
a0-50 lsad-tin solder

Slainless stesl, Type 304 (activa)
Stainless steel, Type 316 (active)
Lead

Tin

Muntr matal, C2EO00

Alloy 200 (active)

Alloy BOO (active)

Yallow brass, C27000

Aluminum bronzes, C61400

Red brass, C23000

Commercially pure coppar, C11000
Silicen bronze, CES500

Alloy 200 (passive)

Alloy 800 (passive)

Alloy 400

Stainless stesl, Type 410 (passive)
Slainless steal, Typa 304 (passiva)
Stainless steel, Type 316 (passive)
Alloy B25

Alloy 625

Alloy G

Silver

Titanium

Gold

Most noble = cathodle = most corrosion-resistant
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Dessirmilar metal combinations should be
avoided in areas where moistune is ikely 10
accumidate and ramain for long peods. In
well-drained axtoror applicalions, dissimilar
mietals can be used logether if & favourabla
surface ratio exists. but they should be
elecincally insutated from one anothar,
Meoprene washars, roofing falt, paint, and cther
inert materals or coatings are eflective bamers.
When painted carbon steel and stainless steel
are welded together in an exterior application,
the welded joint should be painted, Hidden and
exposed stainless steel fastenars with neoprana
ar athor inert washers are used regularly in
aluminum, zing, and painted galvanized stes|
mof apphcations, The inerl washer separates
the melals in case water is frecquently prasent
or infitrates undar the head of the fastener,

EMBEDDED OR
TRANSFERRED IRON

lron or carbon steel can become transterred
1o or embedded in 1he surace of stainiess
stesd and other archwlectural metals and begin
1o rust wathen @ lew hours o days. This can
grve he incormect impression that the material
undernealh i rusting. However, in sevene
cases, the rusting stesl may actually cause
ihe stainless steel under it to comode because
the protective passive film cannot re-form,

The source of iron can be steal tools, abrase
palizhing ar blasting media or fabncabion areas
presioiisly used on carbon o low-aloy steels,
use of carbon slec wool or carbon stesl
brushes during cleaning, and accidental
suralchmg, Ideally, the fabrication area shouid
be dedicated to stainless steel, If that & not
possible, the area should be cleanod phos

o stainiess cteal fabncation 10 remove residual
iran particles. To provant accidental
contamination, the stainkess steel surface
should be protected with pratective paper

or sinppedde plastic fims during fabrication,
handing, storage and transpon,

Thie purchaser can specily thal slainless stesl
products pass one of several non-destructive
tests for detection of embeddead iron such as
ASTM A BET. A particularly simple and
straightiorward test s to thoroughly wel the
surfaca with clean water and wait for 24 hours
1o see if rust appears. Additional information
about preventing, detecting and removing
emibedded Inon and steel can be found in

the Mckel Development Instiute publication,
Fabrication and posi-fabwication claanup

of sfainiass sieals, Mo, 10 004,

EROSION-CORROSION

Erosion-comosion i accsleraled metal koss
caused by a fewing comosive liquid which
contans abrasne particles such as zand or
debris. It can be a problem with aluminum,
coppor and othar susceplible malerials in
appications ke pping and roof drainage
syslems. Resistance o arosion-comosion is
not related to hardness or strength, but flow
valocity, high turbulence, or changes in flow
diraction can have a significant impact

on performance in susceptible metals.™
Stainless stedls ang virually immune to
enson-comesion because they Torm thin,
lightly adhwrant, protective passive films. High
llow velocities are benaficial to stainkses, steal
corosion parformance bacause they help
kewp Uw slainless steel surface clean.

CHLORIDE STRESS
CORROSION CRACKING (SCC)

Chlorice stress comosion cracking (SCC)
may ocour in Types JUd4 and 318 exposed
1o chiondes and tensile residual stress at
lemperaluras above about 150°F (B5C)
These conditions are unlikely in most
architectural applications,

BCC has occumed al lower temperatures in
unusUally severe iIndoor crmrcnments, such
as swimiming pool suspended ceflings. The
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This infreguantly
cleansd stotues of
Bun Yal Son
(Tnstalled in the
1930s) In San
Francleco's
Chinatown
combines stain-
less steel (body)
and copper
(hards and hoad).
Moisture is only
present for short
poriods of time.
The two melals
are In close
proximity in tha
galvanic serias
and there /s no
sign of galvanic

Corrosion,
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38«Guidelines for Corrosion Prevention

The ratio between the dissimilar motals
Is Important In evaluating the potential
for galvanic corrosion. The fastenar
should always be of equivalent or higher
corrosion resistance. Stainloss steel
fasteners with inert washers are

often used for Weathering stoel (left),
carbon steel, copper aluminum

and zinc roof and wall panals.
Galvanized steel fasteners should

navaer be used for stainfoss

steal panels (balow).
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Micked Development Institute publication

Mo. 12 010, Stainless sfesl in swimming poal
huicings, provides additional information about
appropriate grades for this appscation,

Thi potential for SCC in an aggressive manna
BMARONMENt Wwas cvaluated in a five-yvear study
o 300-som0s stamless sleals in threa
metalirgical conditions: annaealad (the

nonmal as-dalivered mill condition), as welded,
and cold-worked. The site for these tests, Kure
Beach, North Caraling, U.S.A., expenences hol
summers, Tho underside of the panels reachad
temperatures of aboul 120°F (S0C) and the
axposed side 140°F (B0C)* Nona of tha
sampies expenenced stress cormosion cracking

ENVIRONMENTAL
BENEFIT OF
STAINLESS STEEL

Thie ervaronmental impact of construction
miatersals s a growing concarmn., If an
appropriata grade and finieh are saacted,
there should ba no nssd 10 MREcS stainless
sleal, aven I tha building M spans hundreds
of yaars. Stainktss stoel scrap has a fegh
Ve - S0t i nol discarded, Slainless steal
i 1008 recyclable and thera is no limit to
how much recycled scrap can ba usad o
produce new stainkess steal.

Metal loss dus to comasion can potentally
add toxic alameants 1o the envinonment and
the 105t matal cannod be recyclad, Replaong
loat matal adds an additional environmontal
birdden (mnengy consumpton, mining,
mineral extraction), Stanless steel corosion
loses ane noghgible, [See comparative
Cormsaon Clala,)

Becpuse siainless steels ans inhemsnthy
corroEion-regigtant, no protective COalingsS
are neadad, and the acharss amaonmontal
impact associated with coatngs (oul-gassing
of valatile organic compounds [VOG),
replacomant, and romoval lor reeyeling)

5 dhmeated. No aceks or harsh chemicals
are naachad to cloan stainkess steol,

Stainiess fasteners and anchors help ensura
that glone, mesonny, prassure-ireated lumber,
slate, and tie reach their {8 sarvice ke
patential
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Careful evaluation of a site is important because factors that influence the corrosivenass of a site may nol be immaodiately
apparent, This stainless steal arbour is in a park in a suburban area adjoining downtown Minneapolis. Normally a location
of this type would be considered a low to moderately corrosive urban environment, but this park is beside an elovated
highway and deicing salt laden road mist blows into the park, making the environment more aggrossive,

All the arbour's components are rough, abrasive blasted Type 304 (surface roughness of R, 281 micro-inches or

7.3 ym) except for the tension rods and lights which are highly polished Type 318, Photo A shows Type 304 deicing salt
damage. The rough finish retains more salt, making natural rain washing less effective. Sheltered surfaces experienced
significantly more corrasion than components boldly exposed to raln. The Type 316 was untouched by the deicing salt
except where crevices tfrappad salt and waler. Phato B shows crevice corrosion. Pheto C shows embeddad iron on ona
of the Type 304 vertical support membors.

Corresion of the attractive design could have been avoided if the entire arbour were Type 316 with a smooth linish,
crevices were senled or eliminated, salt had been washed off the arbour In the spring, and the surfaces were profected
fram emboedded iron during transport, fabrication and installation.
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Section 4. Bibliography

This bibliography contains reports and other reference materials relating to copper corrosion.

1996 Aboveground and Underground Storage Tank Conference Proceedings, 1996. NACE
Storage Tank Conference, Houston, Texas, January 16-18, 1996. D.E. Krause and J.A.
Lehmann (eds.).

Abstract: Risks of storage tank failure and ground contamination are just two of the problems
facing storage tank owners and operators today. As governmental concern for public safety
increases, so does the pressure on operators to implement the necessary changes to satisfy the
new regulations within a specific time frame. The papers published in these proceedings not
only cover pending legislation on aboveground storage tanks, but also prospective legislation.
Besides the important regulatory issues, these proceedings cover corrosion, leak detection and
prevention, contingency planning, emergency response, asset preservation, design, construction,
and maintenance.

Alhajji, J.N., and M.R. Reda, 1996. Role of Solution Chemistry on Corrosion of Copper in
Synthetic Solutions: Effect of Bicarbonate lon Concentration on Uniform and Localised
Attack, British Corrosion Journal. Vol. 31, No. 2, pp. 125-131. ISSN 00070599.

Abstract: Pitting of copper pipes was simulated in the laboratory in synthetic tap waters with
various water chemistries under stagnant conditions at room temperature. The primary interest
was the effect of bicarbonate ion concentration on uniform and localized attack. Long term
experiences were conducted by immersion tests (weight loss) of 8 months duration. Short term
tests were conducted using electrochemical tests. It was found that increasing the bicarbonate
concentration in tap waters results in a decrease in the corrosion rate due to uniform attack and

increases the tendency to pit. This is irrespective of the [ HCO; ]/[ SO;~] concentration ratio.
Pitting of copper can be enhanced if the solution contains an oxidising agent such as ferric ions
which are recognised to be a common constituent in water supply systems. A mechanism is
presented that predicts the observed relationship between bicarbonate ion concentration and
corrosion rate and is supported by experimental data.

Al-Kharafi, F.M., and H.M. Shalaby, 1995. Corrosion Behavior of Annealed and Hard-Drawn
Copper in Soft Tap Water, Corrosion, Vol. 51, No. 6, June 1995, pp. 469-481.

Abstract: The corrosion behavior of annealed and hard-drawn copper pipes was studied in soft
tap water at room temperature. The work was carried out under stagnant and flow conditions on
short- and long-term bases using electrochemical techniques. As-received copper pipes did not
suffer from pitting regardless of whether the water was flowing or stagnant. The pipes
experienced only mild general corrosion, which was more apparent in the hard-drawn copper.
However, the pipes suffered from pitting when their initial air-formed oxide film was removed.
The pitting attack occurred only when an external potential was applied and the water was
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stagnant. When general corrosion occurred, the protective oxide film thickened but did not
separate from the metal surface. When pitting occurred, a thin and translucent cuprous oxide
scale was formed. This scale separated from the metal surface, creating the occluded cell
required for pitting initiation. The number of pits was ~7 pits/cm? to 10 pits/cm? for both types
of copper and remained almost unchanged with polarization time. The average pit diameter was
larger in the annealed copper than in the hard-drawn, but the average pit depth was almost equal
in both types. Impedance measurements revealed that a mixture of capacitive and faradaic
behaviors existed during the developmental stages of pitting, with an increase in the faradaic
component as pitting progressed. Thus, the growth of pitting appeared to be dependent on mass
transport through the oxide scale.

Al-Kharafi, F., H.M. Shalaby, and V.K. Gouda, 1987. Failure of Copper Pipes in Kuwait’s
Domestic Tap Water, 10" International Congress on Metallic Corrosion: November 7-11,
1987, Madras, India, Trans Tech Publications, pp. 767-781. ISBN 0878495746.

Abstract: Annealed phosphorus deoxidized copper water pipes which failed after 16 and 20
months of service in hot and cold water piping, respectively, were investigated. When the pipes
were sectioned, some areas were covered by bluish-green crusts and the rest by a dark-greyish
layer. Pits were found along a longitudinal axis. The pits were hemispherical in shape, and
intergranular corrosion was observed inside and around the pits. Residual carbon found on the
internal surfaces of the pipes varied from 1.2 to 4.7 mg/dm?®. The water contains high levels of
chloride, sulphate, and a lower level of bicarbonate. The pH ranges from 7 to 9, and the water
was treated with a silicate-phosphate inhibitor. The crust covering the pits were essentially
composed of sulphate and phosphate while chloride was identified inside the pits. The pitting
potential of copper in Kuwait tap water was found to be 320 mVH.

Al-Kharafi, F.M., H.M. Shalaby, and V.K. Gouda, 1989. Pitting of Copper Under Laboratory
and Field Conditions, British Corrosion Journal, Vol. 2, No. 4, pp. 284-290. ISSN
00070599.

Abstract: An investigation of the pitting in soft tap water of copper has revealed that fresh
specimens tested under accelerated laboratory conditions behave similarly to copper tubes that
have failed during service. In both cases, the pits are hemispherical in shape and are surrounded
by an intergranularly attacked metal surface. They contain cuprous oxide and chloride crystals
and are covered with an adherent oxide scale. Bluish green mounds, composed of basic copper
sulphate crystals, are observed on top of the scale of the laboratory tested specimens. On the
failed tubes, the deposits were composed mainly of sulphate, phosphate, and chloride. SEM
examination of specimens after polarisation experiments revealed that the scale is initially
separated from the bare metal surface by a layer of cuprous oxide crystals. Pits initiate
irregularly along grain boundaries and later develop into a hemispherical shape. The
development in shape is associated with precipitation of cuprous chloride inside the pits and on
the metal surface below the scale. This is followed by precipitation of basic sulphate crystals
and readhesion of the scale to the underlying metal surface.

112



ASM Engineered Materials Handbook, Desk Edition, 1996, ASM International.
ISBN 0-87170-283-5.

Abstract: Contains information on the basic nonmetallic structural engineering materials—
plastics, composites, ceramics, and glasses. Provides data on properties, selection, applications,
and testing. Includes a “Guide to Materials Selection” that gives comparative information about
the characteristics and advantages/disadvantages of these materials. New sections have been
added on recycling plastics, metallizing of plastics, recycling, and environmental impact of
ceramics and ceramic-matrix composites.

Baba, H., T. Kodama, and T. Fujii, 1986. Measurements of Pitting Potential and Effect of
Oxidizing Agents in Water on the Pitting Potential of Copper Tubes in Hot Water,
Transactions of National Research Institute for Metals, Vol. 28, No. 3, pp. 248-257. ISSN
045329222.

Abstract: Critical pitting potential was measured for copper tubes in flowing synthetic water at
60°C. The chemical composition of the synthetic water (HCO; 36.6, CI” 42.6, and SO; 76.8

mg/l) was selected from chemical analysis data of types of water prone to pitting. Anodic
polarization curves did not show a rise in current due to pitting. Thus, it was impossible to
determine the critical potential from the polarization curves alone. The critical pitting potential
of 150 mV vs. SCE was determined by an optical microscopic examination of the
potentiostatically polarized copper surfaces at various potential values. The X-ray and EPMA
analysis showed that the products inside a pit were Cu,O and CuCl, and that the green product
overlaying the pit was Cus(OH)g SO4. The structure and morphology of the pit were the same as
those reported for the type 2 pitting of copper, which is commonly observed in soft type water
with low [HCO; J/[SO? ] ratio. Potential measurements were carried out for copper tubes in

flowing synthetic water at 60+1°C with and without the addition of oxidizing agents, dissolved
oxygen and residual chlorine. Also measured were the concentration levels of the oxidizing
agents for bringing the potential of copper above the critical potential, Ep=150 mV vs. SCE. In
the types of water saturated with dissolved oxygen (po, = 1 atm) and containing 3, 5, and 10
mg/l residual chlorine, copper specimens were brought to a potential nobler than Ep. In these
cases, a numerous amount of pits were observed. It has been demonstrated that residual chlorine
is the most detrimental factor for copper pitting in spite of the fact that its concentration level is
far lower than that of dissolved oxygen. The pit morphology and corrosion products were
classified as type 2 and were the same as those formed by the electrochemical method.
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Boulay, N., and M. Edwards, 2001. Role of Temperature, Chlorine, and Organic Matter in
Copper Corrosion By-Product Release in Soft Water, Water Resources, Vol. 35, No. 3, pp.
683-690.

Abstract: Soft, low alkalinity drinking waters tend to cause relatively high copper corrosion by-
product release in plumbing systems. Long-term tests (6-8 months) in a synthetic, microbially
stable soft tap water confirmed that lower pHs and higher temperatures increased copper release
to water. Soluble copper release increased at lower temperature and lower pH. Low levels of
free chlorine (0.7 mg/L) slightly increased copper release at pH 9.5, in marked contrast to the
dramatic reductions in copper release that have been observed in soft waters in which Type 111
pitting corrosion is occurring. Gum xanthan and sodium alginate produced a microbially
unstable water that reduced the pH and DO during stagnation in pipes — these indirect effects
far outweighed their possible role in chelation or other modes of direct attack on copper surfaces.

Cohen, A., and W.S. Lyman, 1972. Service Experience with Copper Plumbing Tube, Materials
Protection and Performance, Vol. 11, No. 2, February 1972, pp. 48-53. ISSN 00255378.

Abstract: Seven billion Ibs (over 6 million miles) of copper plumbing tube has been put in
service since World War I1. During the past five years, an average of 71 incidents of failure of
copper plumbing tube in the U.S. were investigated by the Copper Development Association,
Inc. (CDA) each year. These incidents of failure break down as follows: pitting attack occurred
in 24 of the cases; impingement attack, 12; general corrosion, 3, channel attack, 8; sulfide gas
attack, 6; underground corrosion, 2; faulty workmanship, 8; and special cases due to come
peculiar extraneous condition, 8. This distribution was fairly constant from year to year and
probably reflects accurately the distribution of causes of all incidents of corrosive attack that led
to failure in service for copper plumbing tube.

Cohen, A., and J.R. Myers, 1984. Mitigation of Copper Tube Cold Water Pitting by Water
Treatment, Corrosion/84, The International Corrosion Forum Devoted Exclusively to the
Protection and Performance of Materials, April 2-6, 1984, New Orleans, Louisiana.

Abstract: Copper is essentially immune to water-side corrosion. However, on occasion, pitting
corrosion has been experienced in some communities supplied with water from well sources.

Such pitting can be prevented by treating the water. Successful treatments that have been
demonstrated in the U.S. include the addition of soda ash, lime or caustic or simple aeration.

A computer program has been used to highlight the relative contributions to pitting
aggressiveness of the various chemical constituents in potable waters.
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Cohen, A., and J.R. Myers, 1987. Mitigating Copper Pitting Through Water Treatment, Journal
of the American Water Works Association, Vol. 79, No. 2, February 1987, pp. 58-61. ISSN
0003150X.

Abstract: In July 1978, the first of about 25 pitting corrosion failures occurred in the residential
plumbing systems of private homes and condominiums in the Highland Greens subdivision of
Fort Shawnee, Ohio. An investigation showed that the water distributed to the community
promoted and supported the pitting corrosion. Treatment of the water supply by addition of
sodium carbonate to increase the pH and to eliminate the dissolved carbon dioxide was
introduced. Pitting attack diminished almost immediately, and new reports of leakage ceased
within six months. Two corrosion test loops containing 100 tube specimens were exposed to raw
and treated waters. The 50 specimens exposed to the treated water showed no pitting attack.
About 20 percent of the 50 tubes exposed to the raw water displayed major pitting, with lesser
but still observable attack in the remainder of the tube specimens.

Cohen, A., and J.R. Myers, 1996. Overcoming Corrosion Concerns in Copper Tube Systems,
Materials Performance, September 1996, pp. 53-55.

Abstract: Copper water tube systems have a long and successful application history. On rare
occasions concerns about aggressive water, system design, material selection, system operation,
and defective workmanship occur. Proper materials selection, system design and operations,
correct workmanship practices, and effective water treatment alternatives for mitigating
corrosion concerns are described, while concurrently enabling the 1991 Lead — Copper Rule
Amendment of the 1974 Safe Drinking Water Act to be satisfied.

Cohen, A., and J.R. Myers, 1999. More on Copper Pipe Pitting, Materials Performance, MP
Forum, January 1999. NACE International.

Abstract: Arthur Cohen and James Myers respond in a letter to the editor to a previous Materials
Performance Failure Avoidance article by Richard A. Corbett (Well Water Causes Copper Pipe
Pitting, November 1998, page 61). They first state that the article contains material that was
published previously by Myers and Cohen in Materials Performance (October 1995, Vol. 34,
No. 10, pp. 60-62) without being referenced. They also argue that the author neglected to
indicate which of the optional water treatment techniques corrected the pitting corrosion concern
in this incident. Corbett replies to Cohen and Myers’ letter by saying the present study
represented just about everything that could go wrong and could contribute to cold water copper
pitting, and describes the corrective water treatment used.
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Control of Corrosion on the Secondary Side of Steam Generators, 1996. R. Staehle (ed.).
NACE. ISBN 1-57590-008-4.

Abstract: This book features 41 papers from 10 sessions of an October 1995 conference
sponsored by the Electric Power Research Institute (EPRI) and Argonne National Laboratory.
Topics covered include: modes and submodes of SCC; metallurgical definition; initiation and
growth of SCC; local chemistry and electrochemistry; relationship between bulk and local
chemistry; modeling and prediction for occurrence and minimization; stepwise approach and
critical elements; and research priorities.

Cornwell, F.J., G. Wildsmith, and P.T. Gilbert, 1973. Pitting Corrosion in Copper Tubes in Cold
Water Service, British Corrosion Journal, Vol. 8, No. 5, pp. 202-209. ISSN 00070599.

Abstract: Exposure trials in different water supplies have been carried out using copper tubes
having various degrees of carbon contamination in the bore. On exposure to a water that
supports pitting, the electrode potential of highly-contaminated tubes increases to a value greater
than the critical potential for pitting. On the other hand, tubes abrasively cleaned with iron or
alumina grit to reduce the carbon to a low level have potentials less than the critical value.
Experiments were carried out in which uncleaned tubes were transferred from a water that
supports pitting to one that does not and vice-versa. The results lead to the conclusion that in a
water that does not support pitting, cathodic polarisation occurs to such an extent that the
electrode potential never exceeds the critical value for pitting, even in the presence of
considerable carbon contamination.

Corrosion-Resistant Alloys in Oil and Gas Production, 1996. J. Kolts and S. Ciaraldi (eds.).
NACE. ISBN 1-877914-92-4.

Abstract: This 2-volume book features 103 classic pages from NACE as well as the SPE, ASM,
GDM, TMS, and other publications. This book is divided into seven section: martensitic
stainless steels; austenitic stainless steels; duplex stainless steels; precipitation-hardened nickel
alloys; solid solution nickel/cobalt base alloys; other alloys; and acidizing corrosion-resistant
alloys.

Edwards, M., and J.F. Ferguson, 1993. Accelerated Testing of Copper Corrosion, Journal of the
American Water Works Association, VVol. 85, No. 10, October 1993, pp. 105-113. ISSN
0003150X.

Abstract: An innovative, short-term corrosion test has been developed that can predict long-term
copper corrosion behavior. When used in a six-day study on uniform copper corrosion in five
waters, the test predicted corrosion rates that were in good qualitative and quantitative agreement
with known long-term (210-day) results. A second phase of the study examined the poorly
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understood phenomenon of soft-water pitting. Initial work successfully reproduced soft-water
copper pitting in the laboratory using a synthetic water, facilitating future studies of pit initiation
and potential remedies. Relative pitting tendencies were predicted using the short-term test, as
was the long-term release of the by-products of copper corrosion. Pitting severity increased with
increased pH and duration of stagnation and decreased in the presence of natural organic matter
or chlorine residuals.

Edwards, M., J.F. Ferguson, and S.H. Reiber, 1994. The Pitting Corrosion of Copper, Journal of
the American Water Works Association, Vol. 86, No. 7, July 1994, pp. 74-90. ISSN
0003150X.

Abstract: Some current theories of copper pitting are contradicted by practical experience.
Although it has been theorized that chloride initiates copper pitting attack, simple experiments
show that the presence of chloride ion actually tends to decrease the likelihood that pitting will
occur. In contrast, sulfate plays no role in pitting theory, yet sulfate has consistently
demonstrated a propensity to initiate and propagate copper pitting. New theories are required to
reconcile pitting theory and practical observation in order to allow the rational mitigation of
copper pitting problems. In addition, the presence of natural organic matter (NOM) in water
supplies prevents or inhibits certain copper corrosion problems. As a result, recent efforts to
remove NOM as a means of controlling disinfection by-products may lead to increased copper
corrosion problems.

Evaluating Elastomeric Materials in Sour Liquid Environments, 1996. NACE Standard
TM0296-96. ISBN 1-57590-010-6.

Abstract: New standard to serve as a tool in the process of evaluating elastomeric materials for
use in the oil field and other energy-related areas where sour liquid environments are
encountered. Describes an accelerated aging procedure with additional information on sour
environment testing under pressures greater than atmospheric pressure, allowing data from
separate laboratories to be compared if specified test conditions are used. Designed for testing
O-rings or specimens of elastomeric vulcanizates cut from standard sheets.

Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced Cracking,
1996. NACE Standard TM0284-96. ISBN 1-57590-020-3.

Abstract: Provides a standard set of test conditions for consistent evaluation of pipeline and
pressure vessel steels and test results from different laboratories pertaining to the results of the
absorption of hydrogen generated by corrosion of steel in wet H,S. Describes two test solutions,
Solution A and Solution B, and includes special procedures for testing small-diameter, thin-wall,
electric-resistance welded and seamless line pipe. Test is intended to evaluate resistance to
hydrogen-induced (stepwise) cracking only, and not other adverse effects of sour environments
such as sulfide stress cracking, pitting, or weight loss from corrosion.
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Extruded Polyolefin Resin Coating Systems with Soft Adhesives for Underground or Submerged
Pipe, 1996. NACE Standard RP0185-96. ISBN 1-57590-017-3.

Abstract: This standard details materials and methods of application for two types of polyolefin
resin coating systems extruded over soft adhesives on pipe for underground or submerged
service. The standard addresses surface preparation, application methods, electrical inspection,
pipe handling techniques, and coating system repair methods. The two types of coating systems
are (1) polyolefin resin that is crosshead-extruded on the pipe as a seamless coating over a hot-
applied mastic adhesive and (2) polyolefin resin that is extruded spirally around the pipe to fuse
and form as a seamless coating over an extruded butyl-rubber adhesive.

Fernandes, P.J.L., 1998. Type I Pitting of Copper Tubes From a Water Distribution System,
Engineering Failure Analysis. Vol. 5, No. 1, pp. 35-40. Elsevier Science Ltd.

Abstract: Samples of copper tubes from a cold water distribution system which had failed due to
pitting whilst in service were subjected to a detailed failure investigation. Analysis of the tubes
showed that failure was a result of Type I pitting attack. While the exact cause of pitting was
unknown, it was hypothesized that it could have been due to changes in the water quality and/or
content. The tubes were found to be made from phosphorus de-oxidised copper and no
anomalies were evident in either the chemical composition or the microstructure which could
have caused the pitting observed. It was recommended that the tubes be replaced and that due
attention be given to ensure that the new tubes are free of internal carbonaceous deposits or other
foreign matter.

Fischer, W., H.H. Paradies, D. Wagner, and I. HanRel, 1992. Copper Deterioration in a Water
Distribution System of a County Hospital in Germany Caused by Microbially Induced
Corrosion — 1. Description of the Problem, Werkstoffe und Korrosion, Vol. 43, No. 2, pp. 56-
62. ISSN 00432822.

Abstract: A severe copper corrosion process in the water distribution system of a County
Hospital has been detected in the cold and warm water sections shortly after the opening of the
Hospital. The damaged copper pipes showed pitting corrosion phenomena that could not be
attributed to known types of pitting. The results of a first sampling revealed the same kind of
corrosion in all installation areas. A thorough examination of the samples (perforations and hole
depths) proved an influence of design and operating conditions on the extent of corrosion.

The analysis of the corrosion products showed that some products could be attributed to
microbial activities in the copper pipes. A polymeric layer, the so-called “biofilm,” could be
detected beneath the corrosion products. The presence of a biofilm indicates microbially induced
corrosion. First countermeasures are being taken in the County Hospital to prevent further
damages.
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Fischer, W.R., D.H.J. Wagner, and H.H. Paradies, 1994. An Evaluation of Countermeasures to
Microbiologically Influenced Corrosion (MIC) in Copper Potable Water Supplies, ASTM
Special Technical Publication, pp. 275-282.

Abstract: Unexpected pitting of copper pipes in drinking water installations has appeared mainly
in public buildings (often in hospitals) at a small number of places around the world (for
example, Germany, Scotland, Saudi-Arabia). Experience and scientific based knowledge about
pitting corrosion of copper does not indicate a remarkable susceptibility in the respective
drinking water installations. Because substances of biological origin were mixed with the solid
corrosion products, the following hypothesis was generally accepted: microbiologically
influenced corrosion (MIC).

Though the mechanism of MIC is by no means clear in detail, promising countermeasures have
to be developed substantiated and introduced into practice to protect existing installations. In
this paper, the arguments for qualified actions are described and, when available, the success of
these measures are mentioned. It can be stated that the likelihood of MIC in copper can be
reduced to technically acceptable or even to negligible values by a combination of some well-
known methods of corrosion protection.

Francis, R., 1996. Carbon Film Causes Pitting, Materials Performance, Letters to the editor,
March 1996. NACE International.

Abstract: Dr. Roger Francis responds in a letter to the editor to a previous article in Materials
Performance by James Myers and Arthur Cohen (Pitting Corrosion of Copper in Cold Portable
Water Systems, October 1995, page 60). He disagrees with their dismissal of carbon films as a
source of pitting corrosion problems in copper alloys. In his experience, he argues, he has seen
many copper tube failures due to Type 1 pitting produced by the combined effects of an
aggressive water and a “carbon” film, which is produced by the breakdown of drawing lubricant
during bright annealing. He argues that carbon films do contribute to Type 1 pitting, although it
is believed that they have no role in Type 2 and Type 3 pitting.

Fujii, T., 1988. Localized Corrosion and its Prevention for Copper in Water, Transactions of
National Research Institute for Metals, Vol. 30, No. 2, pp. 81-86. ISSN 04539222.

Abstract: Localized corrosion modes of copper encountered in water were reviewed to elucidate
the mechanism and establish preventive measures. First, the corrosivity of soft water in Japan
was evaluated in relation to the performance of plumbing materials. Subsequently, typical
corrosion failures due to pitting, erosion-corrosion and cuprosolvency were discussed and finally
a pitting corrosion mechanism was proposed. It was concluded that pitting can occur, when the
transition from cathodic control to anodic one due to passivation is combined with the presence
of chloride and highly oxidizing agents like residual chlorine.
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Fuji, T., T. Kodama, and H. Baba, 1984. The Effect of Water Quality on Pitting Corrosion of
Copper Tube in Hot Soft Water, Corrosion Science, Vol. 24, No. 10, pp. 901-912.

Abstract: Laboratory reproduction of pitting on copper was attempted in a hot, circulating water
loop for the purpose of clarifying the mechanism and establishing countermeasures to the pitting.
Type 2 pitting was observed to occur on the internal surface of copper tubes after long-time
exposure to Tokyo water, when it was heated to 60°C and residual chlorine of 2~3 mg/l was
added. After prolonged loop testing, the electrode potential of copper exceeded the critical
value, +150 mV (SCE). The pits were deep and acute, and were covered with greenish glue
products, which were identified as basic copper sulfate. Pitting did not occur in water free of
residual chlorine even under air-saturated conditions, in which copper retained a low potential
value.

Gan, F, C. Der-Tau, and A.K. Meitz, 1996. Laboratory Evaluation of Ozone as a Corrosion
Inhibitor for Carbon Steel, Copper, and Galvanized Steel in Cooling Water, ASHRAE
Transactions, Vol. 102, No. 1, pp. 395-409. ISSN 00012505.

Abstract: An experimental study has been made to evaluate ozone as a corrosion inhibitor for
use in cooling water systems. Corrosion of AISI 1010 carbon steel, CDA 122 copper, and hot-
dipped galvanized steel in soft and hard water containing 0 to 0.1 ppm of ozone as examined at
90°F (32°C) over a range of water velocity of 0.5-0.5 ft/s (0.15-2.9 m/s). The mechanism of
ozone affecting metal corrosion was studied with an electrochemical polarization technique and
the change in the chemical composition of test water during the corrosion tests. It was found that
in soft water corrosion of carbon steel was inhibited by ozone. The corrosion rate of carbon steel
in soft water was: 22-60 mpy (0.56-1.5 mm/yr) without ozone and 14-27 mpy (0.35-0.68
mm/yr) in the presence of 0.1 ppm of ozone. Pitting corrosion occurred on all carbon steel
coupons in soft water; ozone decreased pit density, pit size and pit depth. In hard water,
corrosion of carbon steel was accelerated by ozone. Uniform corrosion occurred on all carbon
steel coupons in hard water. The extent of corrosion acceleration by ozone decreased with
increasing water velocity; at a high velocity of 9.5 ft/s (2/9 m/s) the corrosion rates of carbon
steel with and without ozone became approximately the same at 20 mpy (0.51 mm/yr).
Corrosion of copper in both soft and hard water was accelerated by ozone. In the presence of
0.1 ppm ozone, the corrosion rate of copper was: 0.6-1.5 mpy (0.016-0.038 mm/yr) in soft
water, and 0.8-1.4 mpy (0.02-0.036 mm/yr) in hard water. Corrosion of galvanized steel in both
soft and hard water was inhibited by ozone. The inhibition efficiency increased with increasing
water velocity.
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Harju, T., and O. Oy. The Effect of Water Quality vs. Tube Surface Quality on the Corrosion of
Copper.

Abstract: The corrosion behaviour of copper tubes was followed at six waterworks in southern
Finland. All tests were performed in cold water over a period of about twelve months. The
‘passivation’ process of four different copper qualities was followed by means of
electrochemical measurements. Corrosion behaviour of these four surface qualities differed only
slightly in good supply waters, while in an ‘aggressive’ water the differences were more
pronounced. These observations indicate that the quality of the supply water plays a dominant
role in the passivation of copper tubes.

Hatch, G.B., 1961. Unusual Cases of Copper Corrosion, Journal of the American Water Works
Association, Vol. 53, pp. 1417-1428. 1SSN 0003150X.

Abstract: The consumer generally feels that copper tubing should last a lifetime, and usually he
is not disappointed. But in those rate instances when pitting occurs in copper tubing, holes may
be formed after approximately a year of operation.

Copper, like other metals used for potable-water tubing, can be damaged from both general and
localized corrosion. General corrosion of copper tubing in water service produces harmful side
effects but seldom causes an appreciable decrease in the life of the tubing. Further, general
corrosion usually can be controlled rather simply by treating the water. Localized corrosion
markedly decreases the life of tubing. Most problems of copper pitting still remain to be solved
by the corrosion investigator, but some puzzling instances of pitting encountered by the author
may be of interest.

Hughes, H.C., and T. Pyle, 1982. Importance of Some Aspects of Water Quality on the
Corrosion of Copper and Stainless Steel in Solar Hot Water Heaters, Conference 22,
Australasian Corrosion Association, Technical Papers (Preprints), Hobart, Tasmania,
Australia, November 8, 1982.

Abstract: The pitting corrosion of copper and crevice or pitting corrosion of stainless steels have
been discussed in terms of factors such as temperature, chloride concentration, pH and
bicarbonate concentration all of which affect the corrosion and hence the use of these metals in
domestic solar hot water heater manufacture. A thermodynamic approach indicates that the
desired basic copper carbonate protective film will not be formed on copper in some waters at
high temperatures and an experimental approach in which the potting potentials are determined
indicates that the safety margin for the corrosion potentials of stainless steel is small in similar
waters.
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Impressed Current Anodes for Underground Cathodic Protection, 1996. NACE Publication
10A196.

Abstract: Addresses six commonly used anode materials: graphite; high-silicon chromium cast
iron; mixed-metal oxide; platinum-coated niobium, titanium, and tantalum; polymeric materials;
and scrap steel. The report describes the nature of each material; reported consumption rates;
typical applications; anode configurations; handling, packaging, and connections; environmental
considerations; and history and limitations. The report is intended to provide an overview of
impressed current anode materials for individuals new to the cathodic protection field and to
serve as a reference for more experienced personnel.

Jacobs, S., S. Reiber, and M. Edwards, 1998. Sulfide-Induced Copper Corrosion, Journal of the
American Water Works Association, Vol. 90, No. 7, pp. 62-73. ISSN 0003150X.

Abstract: The presence of sulfides in potable water increases copper pitting and the release of
copper corrosion by-products. After 3 h of stagnation in a copper pipe, the average by-product
release of a synthetic drinking water that contained sulfides was 8.0 mg/L at pH 6.5 and 4.4
mg/L at pH 9.2. These concentrations represented a 5- and 30-fold increase compared with
water without sulfides. Sulfide-induced corrosion problems might be ameliorated by removal of
sulfides from the water, mechanical removal of the sulfide scale, chlorination, or deaeration.
However, in the laboratory only mechanical removal of the sulfide scale and removal of sulfides
from water were effective within a month. Utility case studies strongly support a relation
between sulfides and increased copper corrosion problems.

Kearns, J.R., and B.J. Little (eds.), 1994. Microbiologically Influenced Corrosion Testing,
Symposium on Microbiologically Influenced Corrosion Testing, American Society for
Testing and Materials, pp. 253-265. ISBN 0-8031-1892-0.

Abstract: A copper-corrosion process of unknown origin was observed in the cold and warm
water supplies shortly after commissioning a county hospital in Germany. The cause of the
damage could be attributed to microbial-influenced corrosion (MIC). An evaluation of the
damage showed that corrosion is most likely to occur in intensively branched, horizontal
pipework during prolonged periods of stagnation. The influences of operating conditions and
design installation on the corrosion process could not be separated. The operating conditions and
design installation can be separated in test rigs using the occurrence manifestation characteristics
for this corrosion process as a measure for the likelihood of corrosion. After an induction period
of 200 days the corrosion is most often found under intermittent and stagnant conditions in the
test rigs. Furthermore, a seasonal influence can be observed. It was shown in experiments
performed in the laboratory that it should be possible to considerably minimize this induction
period found in the test rigs.
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Keating, K.L., 1974. Investigation of Copper Tubing Failures at Chula Vista Development in
Nogales, Arizona, September 29, 1974.

Abstract: In 1974, an investigator for the Arizona State Registrar of Contractors discussed a
problem with the author concerning leaking water pipes in a home development in Nogales,
Arizona. Several home owners in the development had filed a complaint with the Registrar of
Contractors to the effect that the plumbing in their homes was faulty. About 20 leaks had
developed in various homes in the 120-home development. The author was asked to help
determine the cause of the leaks, or at least if the contractor was at fault. Based on his
investigation of the copper tubing samples and the information given to him by the investigator,
the author believes that this corrosion is the same type of problem that he has encountered in the
Tucson area. Furthermore, he believes that the evidence indicates it is the same corrosion
problem that other investigators have reported from other parts of the country and the world.

Keating, K.L. Corrosion of Copper.

Abstract: Copper and its alloys are generally considered to have good resistance to corrosion.
Copper can and does corrode in certain environments, however. There is a pitting corrosion
phenomenon that takes place on copper tubing that carries fresh water. The phenomenon has
been observed in the United States and other parts of the world. One way to attack a problem of
this sort is to try to duplicate in the laboratory those conditions that seem to develop the problem
in actual practice. This approach was taken by the author of this paper. The presentation will
show how these conditions were synthesized in the laboratory and were able to develop a scale
similar to that formed in copper tubes perforated in actual situations. A possible solution to the
problem will also be presented.

Komukai, S., and K. Kasahara, 1994. On the Requirements for a Reasonable Extreme Value
Prediction of Maximum Pits on Hot-Water-Supply Copper Tubing, Journal of Research of
the National Institute of Standards and Technology, Vol. 99, No. 4, July—August 1994, pp.
321-326.

Abstract: Application of extreme value statistics to the problem of Type-I1I pits growth
prediction on hot-water-supply copper tubing is described. A recommendation is suggested for
optimum combinations of the number and the size of unit samples required for reasonable
extreme value predictions.
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Korshin, G.V., S.A.L. Perry, and J.F. Ferguson, 1996. Influence of NOM on Copper Corrosion,
Journal of the American Water Works Association. Vol. 88, No. 7, July 1996, pp. 36-47.
IRN 10391836.

Abstract: Natural organic matter (NOM) profoundly affected the corrosion of copper in a
moderately alkaline synthetic water. It decreased the rate of corrosion, increased the rate of
copper leaching, and dispersed crystalline inorganic corrosion products. The interaction of NOM
with corrosion products was modeled using separate phases of malachite and cuprous oxide. The
authors concluded that NOM promotes the formation of pits in a certain narrow range of
concentrations (0.1-0.2 mg/L in laboratory tests) and suppresses this type of corrosion at higher
dosages. At low DOC concentrations, the main interaction between NOM and the surfaces of
corroding metal and corrosion products is adsorption. The influence of NOM on corrosion of
metals in real distribution systems must be studied in relation to long periods of surface aging,
flow rate, concentration and type of oxidants, pH, and alkalinity.

Lin, Y., and H. Yasuda, 1996. Effect of Plasma Polymer Deposition Methods on Copper
Corrosion Protection, Journal of Applied Polymer Science, Vol. 60, No. 4, pp. 543-555.
ISSN 00218995.

Abstract: The behavior of plasma polymer coating for Cu corrosion protection was investigated
in dc cathodic polymerization, with and without anode magnetron enhancement, af magnetron
glow discharge polymerization, and rf glow discharge polymerization. The combination of
visual and scanning electron microscopy observations established general trends in an
accelerated wet/dry cycle corrosion testing environment containing 0.1N chloride ions. Dc
anodic magnetron cathodic polymerization of TMS offered the best Cu corrosion protection due
to an enhanced deposition uniformity and adhesion of the deposited plasma polymer to the Cu
substrate. No corrosion was observed after 25 wet/dry cycle accelerated corrosion tests when
uncoated Cu suffered a severely generalized attack in one cycle. Superior corrosion protection
was also performed by an af plasma polymerized coating of C4F1o + H, (1:1) at a low-energy
input density and of methane at high-energy input and high deposition thickness carried out in
the range of this study. The application of plasma polymers which showed high water vapor
permeation resistance and surface dynamic stability greatly reduced the pitting densities.

Lucey, V.F., 1967. Mechanisms of Pitting Corrosion of Copper in Supply Waters, British
Corrosion Journal, Vol. 2, September 1967, pp. 175-185.

Abstract: Detailed examination of a large number of copper water tanks and pipes showing
pitting corrosion (taken from certain districts to which pitting is confined) revealed features that
could not be reconciled with the conventional explanation based on the presence of large
cathodic areas surrounding small anodic corrosion sites. A new theory of pitting corrosion of
copper is proposed which explains the features observed. Pitting arises when a pocket of
cuprous chloride forms beneath a porous electrically conducting membrane (usually cuprous
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oxide). The anodic and cathodic processes occur on the inner and outer surfaces of the
membrane. Dissolution of copper occurs by reaction with the anodic product beneath the
membrane and deposition of calcium carbonate occurs by reaction of hardness salts in the water
with the cathodic product above the membrane.

Pockets of cuprous chloride capable of developing into corrosion pits can only form if the
potential of the copper rises above 90 mV Ey during the period of film formation. Control of the
potential below this value by coupling to a small sacrificial aluminum anode has been shown to
prevent formation of pits in copper tanks and cylinders in service.

Lucey, V.F, 1977. Prevention of Pitting Corrosion of Copper Water Tanks and Cylinders,
EROCOR ’77 Eur Congr on Met Corros, 99nd Event of the Eur Fed of Corros, London,
England, September 19-23, 1977, Published by the Society of Chemical Ind., London,
England, pp. 261-264.

Abstract: A basic understanding of the mechanism of pitting corrosion of copper has led to the
development by BNF of the now well established method of protecting copper tanks and
cylinders from Type 1 pitting corrosion using aluminum protector rods. More recent
fundamental work now suggests that the action of the protector rod is not to influence the type of
oxide film formed on the copper as previously thought but to prevent the formation of mobile
copper corrosion products which are instrumental in pit initiation.

Managing Corrosion with Plastics, Volume X1, 1993. Proceedings of the 12" Biennial
Managing Corrosion with Plastics Symposium, November 1-4, 1993, Baltimore, Maryland.
NACE. ISBN 1-877914-68-1.

Abstract: Promotes cost-effective use of plastics in solving corrosion problems. Emphasizes the
importance of plastics selection, specification, fabrication, installation, inspection, and
maintenance. Topics covered include: acoustic emission intensity, design, fabrication and
inspection of RTP tanks for corrosive chemical service, evaluation of fiber-reinforced plastics for
solvent resistance and containment, failure analysis of FRP pipe and tanks, hand portable face
planning vs. traditional abrasion methods for FRP laminates, fluoropolymer linings technologies,
reliability of high-density polyethylene pipe bonds in high-pressure applications, double
containment systems and much more.
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Mattson, E., 1968. Corrosion Investigation of Water Heaters with Heating Coils of Copper
Tubes, Proceedings of the 5™ Scandanavian Corrosion Congress, October 7-10, 1968,
Copenhagen, Denmark. Vol. 2, Pap. 39, 16 p.

Abstract: In certain parts of western and northern Sweden pitting has occurred in the heating
coils of copper tube used in water heater batteries. The results of this investigation do not
indicate that the pitting can be eliminated by a change from phosphorized copper to oxygen-
bearing or arsenical copper as material for the coils. A considerable decrease in the pitting has
been attained, however, by alkalization of the water to a pH- value of about 8.3.

Mattsson, E., 1979. Corrosion of Copper and Brass. Practical Experience in Relation to Basic
Data, Metaux: Corrosion-Industrie. Vol. 55, No. 645, May 1979, pp. 173-185. ISSN
00261084.

Abstract: During the period 1965-1979 the author has — in co-operation with various co-
workers — investigated some of the corrosion phenomena occurring in the application of copper
materials. A survey is given of some conclusions reached in investigations on the following
subjects:

— the electrode kinetics of cooper in acidic copper sulphate solution;

— atmospheric corrosion and patina formation;

— the pitting of copper water tubes;

— the erosion corrosion of copper water tubes;

— the dezincification of brass;

— the stress corrosion cracking of brass;

— the hydrogen embrittlement of copper;

— the corrosion resistance of copper canisters for final disposal of spent nuclear fuel.

Mattsson, E., 1987. Focus on Copper in Modern Corrosion Research, National Association of
Corrosion Engineers, April 1987, pp. 9-16.

Abstract: A survey is given of recent development work on the corrosion of copper and its
alloys. Corrosion on electronic equipment has been studied with the aid of x-ray photo-electron
spectroscopy and the quartz crystal micro-balance technique. Sulfur and nitrogen oxides have
shown a strongly synergistic effect on the corrosion of copper. For assessment of the corrosivity
of atmospheres, copper coupons are exposed, and the corrosion products are analyzed by
cathodic reduction. Copper pipes are increasingly used for hot and cold tap water. Type 1
pitting, generally ascribed to a continuous carbon film inside the pipe, is considered in new
specifications limiting the carbon film contamination. Type 3 pitting can apparently be
counteracted by increasing the alkalinity of the water so that protective basic copper carbonate
can form. Traces of copper dissolved in the tap water may kill bacteria in the water. A copper-
nickel sheathing of offshore jacket structures has been found cost effective for controlling
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corrosion and fouling. Corrosion inhibitors for copper have been studied simultaneously using
surface-enhanced Raman spectroscopy, ellipsometry, and an electrochemical technique in situ,
and new inhibitors have been tailored. In a new underground application, copper canisters have
been considered for final disposal of spent nuclear fuel at 500-m depth in granite rock. The
canister corrosion has been estimated considering thermodynamically possible reactions and the
supply of corrosive species. For assessment of the stress corrosion resistance of copper alloys,
an ammonia test has been developed as an alternative to the mercurous nitrate test. Finally,
studies are reported of stress corrosion in pure copper resulting from the action of nitrite.

Mattsson, E., 1988. Counteraction of Pitting in Copper Water Pipes by Bicarbonate Dosing,
Werkstoffe und Korrosion, VVol. 39, No. 11, pp. 499-503. ISSN 00432822.

Abstract: Copper pipes are extensively used for tap water installations and generally perform
well. Exceptionally, however, copper pipes are perforated due to pitting. Three main types of
pitting (1, 11 and I11) have been identified, but as for the causes and the mechanisms these have
not yet been fully clarified.

Through case studies, model experiments, thermodynamic calculations, and service tests,
evidence has been obtained that waters having a pitting propensity for copper pipes can be made

less corrosive by an increase of the HCO; content. On water treatment the following water
composition should be aimed at:

— apH value of at least 7

— an HCO; content of at least 70 mg/I, preferably 100 mg/I

— Aslow as SOZ content as possible, or at least lower than the HCO; content (both in
mg/l).

Mattsson, E., and A.-M. Fredriksson, 1968. Pitting Corrosion in Copper Tubes — Cause of
Corrosion and Counter-Measures, British Corrosion Journal, Vol. 3, No. 5, pp. 246-257.
ISSN 00070599.

Abstract: An abstract of failures of hard-drawn copper water pipes (phosphorus-deoxidised
copper) in service due to pitting corrosions was conducted from November 1962 to February
1965. Fifteen cases were reported. All those about which information could be obtained came

from hot water installations and occurred in water with a low pH (<7) and a HCO; content of, at

the most, 100 mg/l but generally below 50 mg/I. Failures not due to pitting corrosion (i.e.,
caused by erosion and corrosion or corrosion fatigue) occurred in waters with a higher pH and

higher HCO, content.

A laboratory investigation into the ability of the corrosion products to counteract further
corrosion in different types of water was also carried out, using an electrolytic cell which, in
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principle, was a model of an active pit in a copper tube. This led to the following conclusions,
which are in good agreement with the results obtained from the examination of service failures:

If the pH value of the water is high enough, the copper dissolved by the corrosion can be
precipitated as basic cooper salt. At low pH values such precipitation does not take place.

If the [HCO; J/[SO; ] ratio in the water is high, dissolved copper can be precipitated as basic
copper carbonate in the neighbourhood of the corrosion site and counteract further corrosion.

At alow [HCO; J/[SOZ ], crusts of basic copper sulphate will be precipitated at some distance
from the corrosion site and may lead to a high corrosion rate.

Pitting is not likely to occur in hot water tubes of hard copper if the pH is >7 -4 and the
[HCO; J/[SO: ] ratio >1 (the concentration given in mg/l). The critical values mentioned are
approximate and may be adjusted in the light of future experience.

Minamoto, K., and S. Inagaki, 1990. Corrosion Behavior of Copper Tube in Hot Water Supply
Systems, Kobelco Technology Review, No. 7, pp. 22-25.

Abstract: This paper describes a comprehensive survey of the causes of corrosion problems in
copper tubing used in hot water supply systems for buildings. In particular, the effects of

HCO; /SO;" ratio, residual chlorine and SiO;, on pitting corrosion and possible countermeasures

are examined in depth from a new viewpoint. Also, the characteristics of pitting corrosion
resistant alloy “ANPIC-TUBE” and results of its field tests are reported.

Monticelli, C., G. Brunoro, G. Trabanelli, and A. Frignani, 1986. Corrosion in Solar Heating
Systems. |. Copper Behaviour in Water/Glycol Solutions, Werkstoffe und Korrosion, Vol. 37,
No. 9, pp. 479-484. ISSN 00432822.

Abstract: A research programme has been developed in order to investigate the corrosion
behaviour of metallic materials commonly used in solar heating systems.

This paper presents the results of an experimental study on copper corrosion resistance in
ethylene and propylene glycol/water solutions (1:1 by volume) constituting the most common
bases of heat transfer fluids. Long time gravimetric tests were carried out on electrolytic copper
at 80°C, even in glycol/water solutions previously degraded at their boiling temperature or
polluted with 200 ppm chlorides.

Chemical compositions, semiconducting properties and morphological characteristics of all
surface products were investigated by X-ray diffraction analysis, pulse photopotential technique
and SEM observations, respectively. Heat transfer effects on copper corrosion and copper/6351
aluminum alloy couple efficiency were evaluated by electrochemical tests.
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The following results were obtained:

— Ethylene and propylene glycol/water solutions are low corrosive media.
Nevertheless, chloride pollution and/or high temperature degradation of glycols
markedly increase their aggressivity. Under all the experimental conditions, copper
corrosion rates are higher in ethylene than propylene glycol solutions.

— In chloride-free solutions, heat transfer stimulates the cathodic reaction of the copper
COrrosion process.

— Galvanic contact between copper and aluminum alloy always causes pitting corrosion
on aluminum electrodes. The severity of the pitting attack is enhanced by the
presence of heat transfer conditions on copper and/or chloride ions in the solutions,
particularly in ethylene glycol.

Muhlibauer, W.K., 1996. Pipeline Risk Management Manual, Second Edition. Gulf Publishing
Company. ISBN 0-88415-668-0.

Abstract: This reference guides you in managing the risks involved in pipeline operations.
Pipeline engineers, designers, operators, and managers rely on this book’s basic risk assessment
model—a practical, straightforward method for analyzing pipeline risks. Covers many
additional aspects of pipeline risk management including: risk and cost of service interruption;
risk of sabotage; methods to assess environmentally sensitive and high-value areas; workplace
stress; and human error potential. Covers ways to create a resource allocation model by linking
risk with cost. Also addresses offshore pipelines and distribution system pipelines as well as
cross-country liquid and gas transmission pipelines.

Myers, J.R., and A. Cohen, 1994. Soldering Flux-Induced Pitting of Copper Water Lines,
Materials Performance, October 1994, pp. 62-63.

Abstract: Soldering flux-induced pitting attack is becoming more frequent on the inside surfaces
of copper tubes and fittings in both domestic plumbing and sprinkler systems. It occurs
preferentially in cold-water lines. The problem can be effectively mitigated by requiring
plumbing technicians to use industry-standard materials and workmanship.

Myers, J.R., and A. Cohen, 1995. Pitting Corrosion of Copper in Cold Potable Water Systems,
Materials Performance, October 1995, pp. 60-62.

Abstract: Copper tubing in potable water systems is highly resistant to corrosion. However,
pitting attack will occur in tubing carrying cold water with an aggressive chemistry (typically,
pH of 7.0 to 7.7 and dissolved carbon dioxide of at least 25 mg/L). The most cost-effective
method for preventing this pitting is altering the water chemistry by raising the pH and reducing
the carbon dioxide content.
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Rambow, C.A., and R.S. Holmgren, Jr., 1966. Technical and Legal Aspects of Copper Tube
Corrosion, Journal of the American Water Works Association, Vol. 58, pp. 347-353. ISSN
0003150X.

Abstract: The use of copper for conveying drinking water dates from the early days of
civilization, but only within the past 50 years or so has copper tubing come into widespread use
for domestic water applications. This rapid acceptance stems from its ease of installation and its
record of satisfactory service. In addition, the cost differential between copper and other pipe
has largely disappeared in recent years because the former, although relatively expensive, can be
installed with less labor. For these reasons, it is expected that the use of copper tubing for
domestic water service will continue to increase.

Although copper tube is a high-quality, trouble-free, corrosion-resistant, and otherwise generally
satisfactory material, this very fact has led many users to assume that copper would not corrode
under any conditions of exposure to domestic water. This is not the case. The authors are aware
of several instances in which copper tube has failed owing to corrosion-caused leaks. There have
been other instances in which corrosion did not result in leaks but in which the copper content of
the water so increased that the suitability of the water for domestic purposes was affected.

Riedl, R., and J. Klimbacher, 1989. Pitting Corrosion in Copper Water Pipes, International
Journal of Materials and Product Technology, Vol. 4, No. 2, pp. 159-166. Inderscience
Enterprises, Ltd. ISSN 02681900.

Abstract: Copper as a material for water supplying installation is used to an increasing degree in
Austria as it also is elsewhere. Pipes of copper are used in cold- and warm-water supply because
good economy is promised by the easy machinability, handling, very good soldering properties
and the good corrosion resistance. In spite of the good corrosion resistance there have been
corrosion problems leading to great damage which has had to be covered by technical insurance
either of the owner or the manufacturer. Corrosion attack occurs as pitting corrosion; three
different types are known. The conditions for pitting corrosion will be shown; in most cases a
characteristic analysis of the water may be assigned. This does not mean though, that certain
waters automatically cause corrosion. Further conditions must be fulfilled to make corrosion
damage probable. Conditions depending on fabrication, handling and use of copper pipe systems
will be discussed.

Rossum, J.R., 1985. Pitting in Copper Water Tubing, Journal of the American Water Works
Association, Vol. 77, No. 10, October 1985, pp. 70-73. ISSN 0003150X.

Abstract: Investigation of leaks in copper water tubing led to evidence that internal pitting
corrosion of copper is the result of failure to thoroughly flush household plumbing rather than a
result of corrosive water or defective material.
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Sandenbergh, R.F., 1993. Pitting Corrosion of Copper Tubing in Domestic Waters, Corrosion
and Coatings South Africa, Vol. 20, Issue 2, pp. 4-8, 12, George Warman Publications (PTY)
Ltd., IRN 10023100.

Abstract: The corrosion of copper tubing in domestic waters is discussed with special reference
to pitting corrosion. Critical factors in the initiation of pitting corrosion such as the water quality
and the presence of surface films on the copper are pointed out. The electrochemical pitting cell
is used to evaluate waters from the Pretoria Region and some sub-surface waters were found to
be conducive to pitting corrosion. Steps that can be taken to avoid pitting corrosion in copper
tubing are discussed. The potential benefits of a water database and a test capable of evaluating
surface films in relatively short times are pointed out.

Schock, M.R., and D.A. Lytle, 1994. Critical Issues in Water and Wastewater Treatment.
Proceedings of the 1994 National Conference on Environmental Engineering, J.N. Ryan and
M. Edwards (eds.). American Society of Civil Engineers, Boulder, Colorado, July 11-13,
1994, pp. 17-25. ISBN 0-7844-0031-8.

Abstract: Historically, uniform copper corrosion has been of little concern. Numerous forms of
pitting corrosion and consequent pipe failures have been documented and classified. Recently,
because of the monitoring introduced by the Lead and Copper Rule, cuprosolvency (copper
solubility) has forced many utilities to undertake corrosion control studies and treatment, rather
than the replacement of pipes perforated by pitting. The development of a useful model for
cuprosolvency in drinking water is constrained by several areas of uncertainty, many of which
were addressed in a recent study. These areas are: the nature of field data; the selection of
appropriate aqueous and solid species for drinking water systems; the uncertainties in selection
of the most accurate equilibrium constant data; the role of metastable phases in cuprosolvency
control; the effects of temperature; and residual oxidants in the plumbing systems.

Sequeira, C.A.C., 1995. Inorganic, Physicochemical, and Microbial Aspects of Copper
Corrosion: Literature Survey, British Corrosion Journal, Vol. 30, No. 2, pp. 137-153. ISSN
00070599.

Abstract: A literature survey on the corrosion of copper in aqueous solutions, with particular
relevance to potable water, is presented. Coverage is of inorganic and physicochemical aspects
of copper corrosion, namely those dealing with the thermodynamics of copper corrosion
reactions, oxygen reduction at copper surfaces, and the photoelectrochemistry of the copper
copper oxide—electrolyte system. Microbially induced pitting corrosion and transport in
associated biomembranes are also considered.
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Shalaby, H.M., F.M. Al-Kharafi, and V.K. Gouda, 1989. A Morphological Study of Pitting
Corrosion of Copper in Soft Tap Water, Corrosion, Vol. 45, No. 7, July 1989, pp. 536-547.

Abstract: A morphological study was carried out on the pitting corrosion of copper in soft tap
water at room temperature. Pitting corrosion was initiated through localized breakdown of a
relatively thin protective cuprous oxide film. This film increased in thickness and became a
scale that separated from the metal surface by cuprous oxide crystals. The oxide crystals
ruptured the scale and extruded from it forming mounds at sites that corresponded to grain
boundaries. The initiation of pitting attack was observed along the grain boundaries, and the pits
developed into hemispherical shapes. After the pits were already established, basic copper
sulfate corrosion products were formed on top of the scale through a precipitation reaction that
involved basic copper chloride crystals grown underneath the scale.

A new mechanism is proposed that can explain pitting corrosion of copper in soft and hard
waters. The presence of chloride ions is a prerequisite in the breakdown of the film and the
initiation of pitting attack. Furthermore, the pit morphology depends on the deformation of the
grains, and the composition of corrosion products inside the pits is the same whether the water is
soft or hard. The concentration of the chemical species present in the water determines the
composition of the corrosion products covering the pits.

Smith, S., and R. Francis, 1990. Use of Electrochemical Current Noise to Detect Initiation of
Pitting Conditions on Copper Tubes, British Corrosion Journal, VVol. 25, No. 4, pp. 285-291.
ISSN 00070599.

Abstract: Many failures in copper pipes used for cold water transportation result from type 1
pitting. This occurs when tubes containing a deleterious film from the manufacturing process are
exposed in an aggressive water. Present tests to detect the presence of deleterious films are
unsatisfactory and a possible alternative rapid test method has been studied. The technique
involves collection and analysis of the electrochemical current noise signals emitted by the
copper tube during corrosion. Tubes with different amounts of carbon contamination, produced
at BNF and deliberately engineered by industry, have been studied using an electrochemical
current noise technique. After only 20 h on test, the standard deviation and coefficient of
variation of electrochemical noise signals clearly distinguished between grit blasted tube and
contaminated tube. A longer, 30 h, test was needed to separate those that were borderline but
satisfactory from those that were borderline/unsatisfactory.
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Sosa, M., S. Patel, and M. Edwards, 1999. Concentration Cells and Pitting Corrosion of Copper,
Corrosion Science, Vol. 55, No. 11, November 1999, pp. 1069-1076.

Abstract: Certain aspects of copper tube failure in drinking water systems are inconsistent with
the “membrane cell theory” of copper pit propagation, which postulates that cathodic reactions
occur immediately above the pit tubercle. To examine the basis for this theory, classic
experiments of Lucey were revisited and alternative interpretations were apparent that are
consistent with concentration cell effects. In fact, under chemical conditions thought to support
Type | copper pitting, more than 90% of electron loss at the anode was accounted for by
concentration cell effects rather than cathodic reactions occurring above the pit. In addition, the
qualitative trends in currents arising from concentration cells are consistent with practical
observations regarding the role of bulk solution pH in Type I pitting; that is, waters between pH
6.5 and pH 7.8 sustain currents that support pitting, but at pH < 6.5 or pH > 7.8, currents become
self-limiting.

Storage Tanks—Advances in Environmental Control Technology, 1996. P.N. Cheremisinoff
(ed.). Gulf Publishing Company. ISBN 0-87201-332-4.

Abstract: This volume helps in identifying and assessing problems regarding the technical issues
are well as regulatory requirements regarding storage tank use, replacement, and remediation.
This volume is divided into ten chapters dealing with aboveground and underground storage
tanks composition; underground storage tanks; aboveground tanks; aboveground storage tanks
regulations and engineering; aboveground tank farm specifications; a comparison of steel and
fiberglass construction for underground storage tanks; fuel dispensing tanks—factors to consider
in location; a comparison of steel fiberglass construction; air stripping VOCs from groundwater;
and minimizing ecological damage during cleanup of terrestrial and wetland oil spills.

Sulfide Stress Cracking Resistant Metallic Materials for Qilfield Equipment, 1996. NACE
Standard MR0175-96. ISBN 1-57590-021-1.

Abstract: Presents metallic material requirements for resistance to sulfide stress cracking for
petroleum production, drilling, gathering and flowline equipment, and field processing facilities
to be used in H,S-bearing hydrocarbon service.

Survey of CRA Tubular Usage, 1996. NACE Publication 1F196.

Abstract: New technical committee report contains data solicited from oil and gas companies on
use of CRA tubulars in oil and gas production. Data have been analyzed in terms of total
quantity of pipe reported for specific environmental conditions, including bottomhole
temperature, H,S concentration, H,S partial pressure, and CO; concentration.
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Suzuki, 1., 1984. The Prediction of Pit Initiation Time for Copper Tubes in Hot Water From
Water Composition, Corrosion Science, Vol. 24, No. 5, pp. 429-437.

Abstract: Chlorite ion, formed by disproportionation of hypochlorite, is a cause of pitting
corrosion of copper tubes in hot water. The attack of chlorite ion depends on the corrosion
product layer on copper, the properties of which are influenced by water composition. A new
method to predict the initiation time of pitting from water composition was presented on basis of
quantitative relationships between the attack of chlorite ion and the corrosion product layer
formed in various water compositions.

Suzuki, 1., Y. Ishikawa, and Y. Hisamatsu, 1983. The Pitting Corrosion of Copper Tubes in Hot
Water, Corrosion Science, Vol. 23, No. 11, pp. 1095-1106.

Abstract: The electrode potential of copper tube used in hot water distribution system in
buildings rises gradually with time of exposure and then attains to a critical value of pitting
potential after a long incubation period. The process of potential rise proceeds in two stages.
The first stage is the formation of a cuprous oxide layer in the potential range <60 mV (SCE) and
the second stage is due to the reactions of chlorite ions accumulated in the cuprous oxide layer in
the potential range >60 mV (SCE). Oxyacids and oxyanions of chlorine formed in the water, to
which chlorine gas or hypochlorite was added for sterilizing process, accelerate the formation of
cuprous oxide layer in the first stage, and the reaction of chlorite ions increase the electrode
potential of copper tube in the second stage.

Taxén, C., 2000. Pitting Corrosion of Copper, Equilibrium — Mass Transport Limitations, Mat.
Res. Soc. Symp. Proc., Vol. 608, pp. 103-108.

Abstract: Predictions from a mathematical model of the propagation of a corrosion pit in copper
are reported. The model uses equilibrium data for solid and aqueous species to calculate local
chemical and electrochemical equilibria in small volume elements. Mass transport between
elements under local internal equilibrium is calculated using aqueous diffusion coefficients with
the constraint of electrical neutrality. Propagation of a corrosion pit is deemed possible when the
fraction of the oxidised copper that forms solid corrosion products, at the copper metal, is
insufficient to completely cover the underlying metal. The effect of pH and salt concentrations
in the bulk water was studied by varying the composition of the water.

Results are presented in the form of E-log[Cl"] diagrams where E is the applied potential and
[CI7] is the total bulk concentration of chloride. The E-log[CI"] diagram shows two separate
areas where pitting is found to be possible. One region at low chloride concentration and high
potential and one region at high chloride concentration and low potential. Increased sulphate
concentration is found to be detrimental with respect to pitting corrosion, particularly in the high
potential region. Increased carbonate concentration is found to be beneficial, particularly in the
low potential region. Pitting corrosion of copper can be described as a case of galvanic corrosion
where cuprous oxide at a pH similar to that of the bulk is the cathode material for oxygen
reduction and copper metal at the local, lower pH in a corrosion pit may behave as the anode.
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Treseder, R.S., and R.N. Tuttle, 1996. CORROSION UPDATE: Oil and Gas Production, 1996
Edition. corUPdate, Inc.

Abstract: Excellent reference tool for designers, builders, and operators of oil and gas facilities.
Summarized papers published in 1995 and papers presented at CORROSION/96.

Wilson, J.T., 1997. Microanalysis Project Report, Materials Analytical Services, submitted to
John Harrison of Florida Solar Energy Center, Cocoa, Florida.

Abstract: The objective of the performed analyses was to determine the most probable cause of
the leaking in the submitted tubes taken from various ICS solar collectors. Based on the
performed analyses the most probable cause of the leaking appears to be localized pitting
corrosion as the result of iron precipitation from the incoming city water supply.
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