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[dentifyging and mitigating fhe seven forms of corrosion

control the corrosion of copper
tubes and fittings exposed to
dorestic waters, one first must un-

derstand its cause, as mitigation techniques are
not universal,/Through more than 1,500 inves-
tigations codducted over 25 years, the authors
identified/seven sources of copper-tube corro-
siop-ifi domestic-water systems:

e Soldering-flux-induced pitting attack."

¢ Hydrogen-sulfide-induced pitting
attack.

e Erosion corrosion.*?
5,6,7

4

¢ Cuprosolvency.
¢ Concentration-cell corrosion.®?

e Chemistry-related cold-water pit-

2 5,10,11,12,13
ting.>

o Chemistry-related hot-water pitting,

14,15

PHOTO A. Soldering-flux-induced pits covered with friable green tubercles of
copper-corrosion products. The tube-wall perforations (see arrows) and most of
the pits exist along relatively narrow bands, which are nearly parallel to the
longitudinal axes of the tubes (i.e., along the "ghosts" of flux runs).

This article will describe each of these forms
of corrosion and discuss methods
of mitigating them.

Soldering-Flux-Induced Pitting
Attack

Occurring most often in cold-water lines,
but also known to occur in infrequently used
hot-water lines, soldering-flux-induced pitting
attack almost always is associated with the use
of an unusually aggressive flux and /or exces-
sive amounts of flux. Once initiated, the propa-
gation of pits is facilitated by the natural pres-
ence of dissolved oxygen in conveyed
water.

Containing porous, reddish-brown cuprous
oxide (Cu;0), flux-induced pits are covered
with relatively voluminous, friable tubercles of
green-colored copper-corrosion products
(Photo A). Typically, the tubercles consist of
basic copper carbonate (1.c., malachite) and /or
copper chloride(s).

Flux-induced pits tend to occur preferen-
tially along relatively narrow bands that are
nearly parallel to the longitudinal axes of tubes
and fittings (i.c., along the “ghosts” of flux
runs). Often, these bands are covered with tu-
bercle ridges (see the top tube half-section in
Photo A), rather than distinet hemispherically
shaped tubercles. Flux-induced pits also
often occur preferentially on the
periphery of petrolatum-base flux
residues /runs, which often exist on water-side
surfaces when plumbing technicians apply flux
excessively. When flux is applied excessively,
globules of solder also can be found on water-
side surfaces of tubes and fittings. Although




flux-induced pitting can be expected at
or near poorly soldered connections,
pitting has been known to occur more
than 8 ft from fittings.

Soldering-flux-induced pitting can be
confirmed using energy dispersive spec-
troscopy (EDS). Chlorides in major
amounts—and, sometimes, zinc (from
the soldering flux)—can be detected in
pits or on the edges of pits (Figure 1).
Copper chloride exists with Cu,O at pit
sites. This is understandable, as
soldering fluxes commonly contain acti-
vating chlorides, such as ammonium
chloride, zinc chloride, tin chloride,
and /or hydrochloric acid.

Soldering-flux-induced pitting can be
avoided by stipulating that plumbing
technicians use industry-standard mate-
rials and practices when installing cop-
per-tube systems. Fluxes should satisfy
the requirements of ASTM B813, Stan-
dard Specification for Liquid and Paste
Eluxes for Soldering of Copper and Cop-
per Alloy Tube.*® Soldered connections
must be made in accordance with ASTM
B828, Standard Practice for Making
Capillary Joints by Soldering of Copper
and Copper Alloy Tube and Fittings,'®
and “The Copper Tube Handbook.”"

There are no known methods of miti-
gating flux-induced pitting attack. Typi-
cally, systems are replaced after four or
five leaks.

Hydrogen-Sulfide-Induced
Pitting Attack

Small quantities of dissolved hydro-
gen sulfide (H,S) in water can cause pit-
ting of many metallic materials. Al-
though the threshold concentration for
copper is not known, quantities as low as
0.020 mg per liter have resulted in per-
forations.

Typically, domestic water containing
H.S is obtained from well supplies. Sul-
fide is a natural constituent of many well
waters, resulting from underground sul-
fate-reducing-bacteria activity and /or
general bacteria decomposition.

H,S-induced pitting occurs randomly
on water-side surfaces of copper tubes
and fittings (Photo B). The pits typically
contain porous, dark-reddish-brown-to-
nearly-black CuzO and are overlaid with
friable green tubercles of copper-corro-
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FIGURE 1. Energy dispersive spectroscopy normally reveals large amounts of chloride

at soldering-flux-induced pit sites.

sion products. Most often, the tubercles
consist of copper sulfate, which some-
times is admixed with black copper sul-
fide(s). Regardless of the composition of
the tubercles, black, loosely adherent,
porous layers of copper sulfide(s) are as-
sociated with pitting attack. The pres-
ence of these corrosion products can be
verified using EDS and microchemical
analysis (MCA).

H.S can be removed from water sup-

plies through a number of tech-
niques,’®"? such as aeration in a forced-
draft tower. Sulfide is removed by the
scrubbing action of air and by oxidation.
Lowering the pH of water greatly re-
duces the size of acrating equipment re-
quired.

Erosion Corrosion
Erosion corrosion (i.e., accelerated
attack related to localized high-veloc-

PHOTO B. Hydrogen-sulfide-induced pits overlaid with friable green to black tubercles
of copper-corrosion products. Loosely adherent and porous layers of copper sulfide
have broken free from the upper two tube half-sections.




ity /turbulent water inside tubes and fit-
tings) of copper tubes and fittings nor-
mally is associated with circulating do-
mestic-hot-water (DHW) systems.
Erosion corrosion can be recognized
readily (Photo C). Areas of attack typi-
cally are grooved and essentially free of
residual corrosion products. Affected ar-
cas normally are bright and shiny, like a
new penny. This is understandable,
considering the erosion phase of this
rapid, repetitive process removes cop-
per-oxide films from copper
surfaces. Often, the U-shaped pits
in areas of attack are distinct enough
that the direction of water flow
can be determined. The orientation of
the pits gives
of “horses walking upstream.” Length-

the impression

wise sections of tube normally reveal un-
dercutting, which has the appearance of
ocean waves, with the crests of the waves
facing the direction of water flow.?

In circulating hot-water systems, ero-
sion corrosion often is associated with
naturally soft waters and waters softened
to a near-zero hardness,; particularly wa-
ters containing appreciable amounts of
dissolved oxygen and/or dissolved car-
bon dioxide (CO-). Erosion corrosion
is facilitated by water temperatures
greater than 140 F and flow rates above
4 to 5 fps. Erosion corrosion can be es-
pecially severe at water temperatures
above 160 F, at which point black cupric
oxide (CuO) forms instead of reddish-
brown Cu,O. CuO appears to be much
less resistant to erosion corrosion than
Cu,0 is. Erosion corrosion also can be
facilitated by the presence of abrasive
suspended solids (e.g., iron oxide
and/or sand). Often, erosion-corrosion
damage is restricted to locations where
water flow makes multiple changes in di-
rection over relatively short distances.

Poor workmanship is a leading cause
of erosion-corrosion failures. This in-
cludes:

® Unreamed cut tube ends.

* Globules of solder on water-side
surfaces.

® Dents in tubes and fittings.

.® Tubes not fully inserted into
fittings prior to soldering.

® Tubes “cocked” in fittings.

® Tubes not cut squarely.

PHOTO C. U-shaped pits and associated tube-wall perforations (see arrows) in a
localized product-free area are distinct enough that the direction of hot-water flow
can be determined.

e Improperly installed flared
fittings.

* Disrupted flow and excessive turbu-
lence in other locations.

Of workmanship-related causes of
erosion corrosion, the most serious and
prevalent is unreamed cut tube ends,

Erosion corrosion can be mitigated
by keeping water velocity below 4 to 5
fps, eliminating abrasive suspended
solids from circulating water, and main-
taining water temperature below 130
B

Excessive velocity in circulating sys-
tems often is associated with oversized
circulating pumps and /or undersized
tubes and fittings. Sometimes, these
conditions result from design deficien-
cies or changes to designs during instal-
lation.

Abrasive solids aggravate erosion cor-
rosion by destroying protective Cu,O
film. The repetitive process of forming
and destroying the film erodes copper
tube and causes failures. The source of
abrasive solids in water often is iron ox-
ide(s) from the corrosion of steel hot-
water heaters/storage tanks upstream of
copper-tube systems. This condition
usually can be corrected with protective
coatings, generally in conjunction with
cathodic protection of the ferrous-based
materials.

In aerated domestic-water systems in
which water must be circulated at tem-
peratures greater than 120 to 130 F, wa-
ter velocities should be controlled below
the recommended 4 to 5 fps. When
velocities are required to exceed 4 to 5
fps or aggressive domestic waters must
be circulated at temperatures above 130

F, tubes and fittings made of 90-10 cop-
per nickel should be considered.*

When erosion corrosion occurs
in cold-water lines, the cause almost al-
ways is unusually high (greater than 80
psig) water pressure, which results in
water velocities in excess of 7 to 8 fps,
and/or poor workmanship. Erosion
corrosion in cold-water systems can be
mitigated by keeping water velocities
below the industry-recommended 8 fps
and by using industry-standard practices
during installation.””

Cavitation, a special form of erosion
corrosion, occurs when vapor/gaseous
bubbles form at low pressure and col-
lapse /implode at high pressure, produc-
ing very high localized pressures (shock
waves) that destroy copper’s protective
tarnish film and create boundary-layer
water temperatures that are much
higher (above 160 F) than those of the
water being conveyed. Typically, cavi-
tated copper is distinguished by the ab-
sence of residual corrosion products and
the presence of bright, sponge-like,
rounded pits (Photo D).

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. It can result in stained
plumbing fixtures and somewhat ele-
vated copper levels in water following
periods of zero flow. Although cupro-
solvent water can be annoying, it is not
known to have culminated in a tube- or
fitting-wall perforation.

Cuprosolvency occurs when water-




PHOTO D. A tube-wall perforation (see arrow) in a localized area of severe cavitation.
Surface heating caused the formation of black cupric oxide where cavitation had not

occurred.

side surfaces of copper tubes and fittings
do not form or completely form a natu-
rally protective Cu,O film, developing
instead a thin, loosely adherent, floccu-
lent-type layer of blue to blue-green
copper-corrosion products’ (Photo E).
Typically including copper hydroxide,
these products are formed during peri-
ods of water stagnation.

Cuprosolvent water typically is very
soft (near-zero hardness), with a pH of
less than 7 and a low alkalinity. In gen-
eral, the pH is less than neutral because
of the presence of dissolved CO,.*

Cuprosolvency usually is self-
correcting, once a sufficient supply of
water flows through a line. The water’s
dissolved oxygen enables the copper to
form a naturally protective Cu,O film.

INCHES

When cuprosolvency is persistent, miti-
gation can be accomplished by raising
the pH of the water to about 8 through
the addition of chemicals, such as so-
dium hydroxide and calcium hydroxide.
At individual residences, cuprosolvency
can be corrected by installing neutraliz-
ing filters.

Flux-induced cuprosolvency involves
the slow, nearly uniform dissolution of
copper, rather than the development of
pits.

Concentration-Cell Corrosion
The form of concentration-cell corro-
sion associated with copper domestic-
water systems is oxygen differential. Of-
ten, it is referred to as underdeposit
corrosion because deterioration occurs

PHOTO E. A loosely adherent flocculent-type layer of blue-tinted copper-corrosion
products on the water-side surface of a tube.

preferentially, in the form of pits under
deposits, where the oxygen content of
water is lower than it is immediately ad-
jacent to the deposits.

The localized corrosion process can
be especially rapid, such as when chlo-
ride anions migrate to anodic sites under
deposits and react with metal to form
metal chlorides, which react with water
(hydrolyze) to form hydrochloric acid.
The reactions are:

2CI" +Cu = CuCl; +2¢

CuCl, + H,0 = 2HCl + CuO

The source of deposits on tubes and
fittings almost always is suspended solids
in the water conveyed. Often, these de-
posits consist of iron oxides and /or sil-
ica/sand (Photo F), It is not unusual for
the source of iron oxides to be the cor-
rosion of cast-iron /ductile-iron mains
used to distribute water or galvanized-
steel service lines used to connect build-
ings to water mains. Iron oxides also can
result from the oxidation of natural con-
stituents in water (e.g., iron bicarbon-
ate). When deposits consist primarily of
silica/sand, the cause normally is the
overpumping of a well or a deteriorating
concrete or cement-lined water main. In
rare cases, the source of deposits is post-
precipitation of colloids leaving the wa-
ter-treatment plant.

Once the source of corrosion-causing
deposits is identified, suspended solids
in water usually can be eliminated. For
example, the corrosion of cast-
iron/ductile-iron mains and galvanized-
steel service lines can be mitigated cost-
effectively with water treatment,®
normally by the water purveyor. Sus-
pended solids can be removed with fil-
tration,® cither at the treatment plant or
the affected building /residence. Im-
proved dwell time at treatment plants
can eliminate the post-precipitation of
suspended solids in water-distribution
systems.

Chemistry-Related Cold-Water
Pitting

Chemistry-related cold-water pitting
of copper tubes and firtings, sometimes
referred to as nodular or Type 1 pitting,
is associated with low-pH, high-alkalin-
ity well water and combinations of well
and surface supplics. Normally, the pit-




PHOTO F. Concentration-cell corrosion in the form of pitting attack under the thicker
layers of hydrated hematite and silica deposits on the water-side surface of a cold-
water line. The perforation through the tube wall (see arrow) is covered with a friable
tubercle of green copper-corrosion products.

ting occurs in cold-water lines or infre-
quently used hot-water lines. The corro-
sive agentis dissolved CO,.

The randomly occurring pits contain
porous, reddish-brown Cu,O and are
overlaid with discrete, friable, relatively
voluminous tubercles of green copper-
corrosion products (Photo G). Typi-
cally, EDS and MCA reveal that the tu-
bercles consist primarily of basic copper
carbonate.’* EDS sometimes shows that
copper chlorides coexist with the Cu,O
in the pits. Copper in areas where local-
ized pitting has not occurred will be
covered with a protective tarnish film of
Cu,0, which, in general, will be overlaid
with a thin layer of green deposits (typi-
cally, malachite), the source of which is
the pitting of copper upstream.

Chemistry-related cold-water pitting
is distinguishable from flux-induced pit-
ting by the randomness of its occur-
rence. The pitting is not located prefer-
entially along the “ghosts™ of flux runs
or on the periphery of sticky petrola-
tum-base flux residues.

Waters commonly associated with
chemistry-related cold-water pitting
normally have a pH of 7.0 to 7.7
and contain 25-mg-per-liter-plus dis-
solved COy, along with dissolved oxy-
gen. These waters arec common in
the Midwest and New Mexico, where
waters have high alkalinity. T.E. Larson
and A.M. Buswell*® presented a tech-
nique for calculating dissolved-CO»
content:

log(0.88+ K1) + logtotal alkalinity) + 0.05
—-pH =log CO,

where:

log(0.88+K1) is the temperature fac-
tor, which is 6.35 at 55 F

The higher the dissolved-CO, con-
tent, the greater the potential for chem-
istry-related cold-water pitting.

The most viable and cost-effective
means of overcoming chemistry-related
cold-water pitting in copper domestic-
water systems is to reduce dissolved-
CO, content. 1312 Chemistry-re-
lated cold-water pitting is relatively rare
in municipal water supplies because
purveyors routinely treat the water to
raise pH and reduce dissolved CO..
Raising a water’s pId to about
8 while reducing its CO; content to less
than 5 mg per liter will mitigate the con-
cern. Environmentally acceptable chem-
icals for achieving this objective include
caustic soda, lime, and soda ash, which
usually are added at treatment plants.
For private residences, the same objec-
tive usually can be achieved by installing
a neutralizing filter.

A study by Fred Fink at Battelle Lab-
oratories compared waters that caused
pitting with those that did not. The
study revealed that water prone to caus-
ing pitting often contains more than 15-
mg-per-liter chloride and more than 17-

mg-per-liter  sulfate, with the

sulfate-to-chloride ratio often in excess
of 3. Based on more than 100 investiga-
tions of chemistry-related cold-water
pitting of copper tubes and fittings,
there is no reason to believe manufac-
turing-related carbon films or other
films on copper surfaces are a factor in
pitting attack."*

Chemistry-Related Hot-Water
Pitting

Domestic hot waters containing rela-
tively small amounts of iron, manganese,
and/or aluminum have been associated
with hot-water pitting of copper tubes
and fittings. There also is reason to be-
lieve a silicon-containing constituent
could be involved. The quantities of
aluminum, manganese, and iron
required to initiate pitting attack
are believed to be as low as 0.10,'*
0.03," and 0.10 mg per liter,
respectively. Generally, hot-water pit-
ting associated with these metals is a
concern when water has been heated to
temperatures in excess of 160 F and
black CuO exists on hot copper surfaces.

Typically, hot-water-induced pits
contain porous, reddish-brown Cu.O
and are covered with friable, relatively
voluminous tubercles of green copper-
corrosion products (Photo H). EDS and
MCA usually reveal that the tubercles
consist primarily of copper sulfate. Of-
ten, EDS will detect small amounts of
the pit-initiating metal in the tubercles.
Rarely will EDS detect chloride-con-
taining products in the pits.

Where pitting has not occurred and
copper is covered with a thin layer of
CuQ, a friable, loosely adherent layer of
brown (Photo I) or brown-black (Photo
H) deposits is common. The deposits

PHOTO G. Tubercle-covered, corrosion-induced pits on the water-side surface of a
tube that conveyed a domestic cold water containing appreciable amounts of
dissolved carbon dioxide in conjunction with dissolved oxygen.




will contain varying amounts of alumi-
num, iron, and/or manganese. EDS in
the immediate vicinity of the pits will
provide the insight necessary
to identify the metal(s) primarily
responsible for the pitting artack.

Iron and manganese appear to initiate
pitting attack through the deposition of
highly cathodic iron oxide (especially
hydrated hematite) and highly cathodic
manganese dioxide, respectively, on hot
copper surfaces, especially at locations
where temporary defects in the copper-
oxide layer exist. Once initiated, pits
propagate by microgalvanic corrosion
and concentration-cell corrosion of the
oxygen-differential form. The role of
aluminum in the pitting process is less
clear because investigators have been
more interested in solving a practical
concern than providing fundamental re-
search.™ The pitting process could in-
volve the deposition of aluminum sul-
fate and its hydrolysis to aluminum
hydroxide on hot copper surfaces, which
leads to the
destruction of copper’s passive film.

Regardless of the corrosion mecha-
nism, copper pitting initiated by waters

then localized

containing iron, manganese, and/or
aluminum is facilitated by the heating of
conveyed waters to higher-than-neces-
sary temperatures and by the presence of
sulfate in the waters.

Concentrations of manganese and/or
iron in waters often can be reduced at
treatment plants. Manganese- and iron-
removal systems are available for this
purpose. For example, coagulation, floc-
culation, and precipitation or filtration
can remove colloidal iron. Sometimes,
the iron content of water can be
reduced sufficiently by mitigating the
corrosion of hot-water heaters/
storage tanks, cast-iron/ductile-iron
mains, and/or galvanized-steel service
lines upstream of copper-tube systems.
Reducing the temperature of water to
120 to 130 F and adding properly
blended sodium-silicate /organic-
polyphosphate inhibitors to water also
have been known to mitigate hot-water
corrosion.

Hot-water pitting associated with the
presence of aluminum in water has been
mitigated by raising the pH of the water

PHOTO H. Chemistry-related-hot-water-induced pits covered with friable tubercles of
green copper-corrosion products. Loosely adherent layers of brown hydrated hematite
deposits cover black cupric oxide on the water-side surface of a hot-water line.

to 8.5 while reducing the aluminum
content to less than 0.1 mg per liter. Of-
ten, aluminum content, as well as sulfate
content, can be reduced to an accept-
able level by simply reducing the
amount of aluminum sulfate used for
coagulation at the treatment plant
and/or ensuring adequate coagulation,
settling, and filtering of water before it is
distributed. Reducing the temperature
of water from 165 F to 130 F also has
been known to correct the pitting con-
cern. Indeed, not only has lowering the
temperature reduced the rate of reac-
tion, there is reason to believe that pits
do not initiate at the lower temperature.
Recent studies suggest that the alumi-
num content of domestic hot water can
be reduced to acceptable levels by avoid-
ing the use of sacrificial aluminum-alloy
anodes in hot-water heaters.

Conclusion
The seven basic forms of copper corro-
sion in domestic-water systems can be

mitigated cost-effectively provided:

e Water purveyors distribute quality
products (e.g., waters that do not con-
tain unacceptable amounts of H,S, dis-
solved CO», suspended solids, iron,
manganese, and/or aluminum).

¢ Copper-tube systems are designed
properly (e.g., in circulating systems, ve-
locities do not exceed 4 to 5 fps).

® Copper-tube systems are installed
properly (e.g., installed using the gen-
eral guidelines presented in ASTM Stan-
dard Practicc B828" and “The Copper
Tube Handbook,”'” without the use of
excessive amounts of flux and /or un-
usually aggressive flux).

s Copper-tube systems are operated
within design parameters (e.g., DHW
temperatures do not exceed 120 to 130
F, and measures are taken to prevent the
corrosion of water heaters/storage
tanks).

Copyright © 2005 by Penton Media, Inc.

PHOTO I. A tube-wall perforation (see arrow) covered with a friable tubercle of green
copper-corrosion products. The cupric oxide on the tube surface is covered with a
relatively thick, loosely adherent layer of brown depasits from the hot water conveyed.
EDS will reveal that the deposits contain significant amounts of aluminum.
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