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ABSTRACT

Brass components are widely used in drinking water distribution systems as
valves, faucets and other fixtures. They can be corroded by “dezincification,”
which is the selective leaching of zinc from the alloy. Dezincification in potable
water systems has important practical consequences that include clogged water
lines, premature system failure and leaks, and release of contaminants such as
lead. Brass failures attributed to dezincification are known to occur at least
occasionally all over the world, and have emerged as a significant problem in the
U.S. recently due to the use of inexpensive high zinc brass fittings in cross-linked
polyethylene (PEX) plumbing systems. As PEX systems gain popularity and
leaded brass is recognized as an important source of lead in potable water

systems, it is important to examine dezincification corrosion in more detail.

An in-depth literature review revealed that conventional wisdom about
dezincification was no longer adequate in explaining failures observed in
modern water systems. Little research has been conducted since the landmark
work of Turner et al. nearly half a century ago. The potential role of chloramines,
phosphate inhibitors, and modern understanding of water chemistry need
evaluation. The role of physical factors including stirring, heating and galvanic

connections are also potentially influential.

A mechanistic study of zinc solubility and corrosion of copper: zinc couples
provided insight to factors that might mitigate and exacerbate zinc leaching
from brass. Zinc solubility and corrosion was reduced by higher pH and
bicarbonate, but was enhanced by higher chloride. Hardness ions including
Mg™ and Ca™ had little effect.



Alloys with higher zinc content had a greater propensity for dezincification
corrosion. Stirring and galvanic connections caused brass to leach more metals
and have higher weight loss. Heating may contribute to corrosion scale
accumulation.

A comprehensive examination of dezincification as a function of water
chemistry used numerous techniques that include measurement of galvanic
currents, metal leaching, and weight loss. In general, as would be predicted
based on results of the study of solubility and corrosion of pure zinc, chloride
emerged as an aggressive ion whereas bicarbonate was beneficial to brass
corrosion. Hardness had little impact, and phosphates, silicates and Zn™
inhibitors had a significant short-term benefit but little long-term benefit.

The relationship between dezincification corrosion, lead leaching from brass,
and water chemistry was investigated in Chapter 5. Surprisingly, lead and zinc
leaching from a range of brasses were found to be negatively correlated. Hence,
use of brasses that minimize dezincification problems might increase lead
leaching.

This thesis represents a comprehensive analysis of factors that are influential for
dezincification and lead leaching from brass in premise water distribution
systems through literature reviews, mechanistic investigations, bench-scale
experiments, and case studies. Results can be used by water utilities, plumbing
engineers, manufacturers and home owners to better prevent, recognize, and

mitigate brass and dezincification corrosion problems.
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Chapter 1 Review of Brass
Dezincification Corrosion in Potable
Water Systems

Emily A. Sarver, Yaofu Zhang, Marc A. Edwards

Abstract

Brass dezincification corrosion is re-emerging as a significant problem in potable
water systems due to corrosion product (meringue) build-up and pipe blockage,
fitting bursts, lead contamination events and pitting failure. Dezincification can
occur as a uniform or localized process, with or without meringue build-up.
While resistant brasses have been developed and are available for use in potable
water systems, it has become commonplace to use alloys susceptible to
dezincification due to their low cost. It is accepted that high chloride, low
hardness and low alkalinity waters are especially prone to dezincification, but
little research has assessed influences of modern potable water practices, such as
chloramination or addition of constituents such as corrosion inhibitors.
Moreover, there has been virtually no research directed at evaluating impacts of
physical exposure conditions, such as brass location within a system, as a
contributing factor to service failures. This paper provides a comprehensive
overview of dezincification in potable water systems and synthesizes prior work
regarding effects of water chemistry. A conceptual framework is also developed
to understand the potential roles of various physical factors (e.g., flow
conditions and galvanic connections) as contributors to rapid dezincification.

I(QYWOI‘dS: dezincification, dealloying, brass, galvanic corrosion, potable

water

Introduction

Brass failures in building plumbing systems resulting from dezincification
corrosion can be expensive, result in water resource loss, create conditions
suitable for mold growth, and decrease consumer confidence in the safety of the
public water supply. There are also health concerns due to links between

dezincification and increased lead contamination of potable water from brass
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(Triantafyllidou and Edwards 2007) (D. E. Kimbrough 2007) (D. Kimbrough

2001).

For many decades, well-established problems associated with brass
dezincification corrosion in potable water were considered “solved” by use of
low-zinc or dezincification resistant (DZR) brass alloys. However, there has been
resurgence in use of high-zinc brass fittings which are relatively inexpensive and
easy to manufacture, in both plastic tube (e.g., cross-linked polyethylene) and
traditional copper pipe plumbing systems. In fact, there have recently been
several high profile class-action lawsuits in the United States related to failures
resulting from use of the high zinc brasses. For example, a lawsuit surrounding
hundreds of sub-divisions (more than 30,000 individual homes built between
2001 and 2004) impacted by dezincification failures in Nevada was recently

settled with damages approaching 100 million dollars (Smith 2009).

When outbreaks of dezincification failures occur in a locality, there is
widespread confusion amongst all stakeholders (homeowners, water utilities,
contractors, etc.) as to the factors contributing to dezincification failures,
terminology, and possible remedial strategies. This paper provides an overview
of existing understanding of dezincification in potable water systems,
synthesizes key research results, and develops hypotheses regarding
underappreciated factors associated with modern plumbing practice and water

chemistry.

Manifestations of Dezincification Corrosion in

Water Systems

Dezincification is a dealloying process resulting from the selective leaching of
zinc from brass (a Cu-Zn alloy). Dezincification can be localized to certain parts
of the brass, resulting in deep regions of spongy brittle copper, which appear as
red patches on the brass surface. This is termed “plug” dezincification (Figure 1 -
1). Plug dezincification can lead to component failures if the affected regions
penetrate deep enough within the metal to compromise mechanical integrity.
Dezincification can also attack brass surfaces more uniformly, in which case it is
referred to as “layer” dezincification. This tends to result in shallow regions of
porous copper, which also exhibit a characteristic uniform red color. Layer

dezincification can contribute to brass fitting fragility and increase the
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likelihood of fracture under mechanical stress.

There have been considerable efforts dedicated to differentiating between the
plug and layer types of dezincification and to determining under what
conditions each might develop, but solid conclusions have yet to be reached. For
example, Nicholas observed from field experience that dezincification attack is
often non-uniform, and there is no clear evidence of fundamentally different
mechanisms in these two types of attack (D. Nicholas 1994). Regardless of attack
mechanism, it is clear that substantial and costly damages can result from
dezincification failures and associated leaks, especially when failures occur in

buildings.

The most commonly cited problem associated with dezincification is the
formation of “meringue” deposits on brass components, which can physically
block water flow (Figure 1 - 1, Figure 1 - 2). Meringue is a characteristic white,
voluminous and tenacious deposit that is visually reminiscent of a meringue
dessert topping. It tends to form when pH is relatively high (above about pH 8.3)
and zinc solubility is low, and is typically a basic zinc carbonate (Simmonds 1967)
but may incorporate dissolved constituents of the brass itself or constituents of
the system water. Meringue deposition can occur as part of either plug or layer
dezincification, and in extreme situations the deposit can completely stop water

flow through the brass device and associated plumbing line.

In addition to component failures and associated water damage, release of minor
brass alloy constituents is also possible (Figure 1 - 1). Lead is a component in
many brasses manufactured for use in potable water and even brass advertised as
“lead-free” can legally contain up to 8% lead. The potential for lead release via
brass corrosion is increasingly of concern (R. J. Oliphant 2007), and the
literature suggests a relationship between the occurrence of dezincification and
persistent lead leaching in many potable water systems (Triantafyllidou and
Edwards 2007) (D. E. Kimbrough 2007) (D. Kimbrough 2001) (Lytle and Schock
1996) and in “green” buildings (Nguyen, et al. 2009). Unfortunately, relatively
little research has been conducted conclusively tying the two phenomena
together. Some have hypothesized that lead is present in brass alloys as small
“islands”, rather than being well mixed into the solid solution of copper and zinc,
and that the porous structure produced by dezincification may allow lead to be
released more rapidly than would occur otherwise (Maynard, Mast and Kwan
2008) (C. A. Risbridger 1952). Work by Triantafyllidou et al. (2007)



demonstrated that lead leaching could increase with time when dezincification
was occurring in low alkalinity waters (Triantafyllidou and Edwards 2007), and
this trend was confirmed by Maynard et al (Maynard, Mast and Kwan 2008). The
latter study speculated that the porous surface structure produced by
dezincification may promote lead release either by enhancing diffusion or

allowing lead particulates to detach from the surface.

In practice, the different types of dezincification can occur concurrently in the
same water or even on the same fitting, due to different local chemical, physical
and hydraulic conditions on the exposed surface. While some earlier research
associated meringue-type blockage with layer dezincification (Jester 198s5),
Nicholas noted that if meringue was removed from a brass component plug-type
red pits were often observed underneath (D. Nicholas 1994). Nicholas also
argued that conditions favoring meringue deposits (e.g., high pH and low zinc
solubility) are often independent from those thought to encourage the
underlying plug or layer dezincification, (e.g., somewhat occluded vs. fully

exposed brass surfaces).

Basic Electrochemical Reactions Driving

Dezincification

The fundamental mechanisms by which dezincification will occur are relatively
well understood. The simplest is a singular mechanism, in which the only
significant anodic reaction involves zinc metal oxidation and dissolution from
the brass surface (Table 1 - 1). The electrons released by this reaction are
consumed by a cathodic reaction via reduction of either oxygen or chlorine

supplied from the bulk electrolyte (i.e., water).

Dezincification can also occur by a dual mechanism, in which both copper and
zinc are oxidized and dissolved from the brass surface. As the soluble copper
accumulates in the water near the dezincifying surface and if
oxidation-reduction potential is low enough, equilibrium between the cupric ion
in the water and metallic copper is established. In that event, a substantial
fraction of the copper that dissolves will re-deposit or “plate” back onto the
dezincifying metal surface and the net material loss is still via leaching of zinc
(Table1-1).



Regardless of whether dezincification is occurring via the singular or dual
mechanism, the key point is that zinc is preferentially leached from the metal
relative to copper. If dissolution of both metals occurs without re-deposition of
copper, electrochemical corrosion is still occurring but is defined as uniform
brass corrosion and is not dezincification. Uniform brass corrosion generally
seems to be self-limiting and, in the context of plumbing system performance

and longevity, is usually preferred to dezincification-type attack.

The corrosion mechanism is controlled by both the oxidation-reduction
potential (ORP) and the water chemistry at the dezincifying surface. Thus, it is
useful to consider the potential-pH conditions under which each mechanism is

thermodynamically predicted to occur (Figure 1 - 3).

Factors Affecting Brass Dezincification

Experience and electrochemical considerations indicate that the key factors
which determine the type and rate of dezincification include the alloy type,
water chemistry and physical factors. Each of these issues is addressed

separately in the sections that follow.

Alloy Composition

“Brass” refers broadly to a range of alloys with varying ratios of copper and zinc.
Brasses may also contain a variety of other elements, which may be naturally
present or intentionally added to the alloy. The convention in naming brass
alloys is to refer to their relative percentages of copper and zinc. For example,
70-30 brass refers to a common alloy which is approximately 70% copper and 30%
zinc. Alloy composition is a critical factor in determining the susceptibility of

brass to dezincification corrosion.

Zinc Content

The zinc content of brasses typically ranges from 3 - 45%, and the percentage of
zinc controls many physical properties of the alloy. With zinc content lower than
about 30%, the brass generally exists in a single alpha phase, and both tensile
strength and elongation ability tend to improve as zinc content increases (R.
Oliphant 1978) (Selvaraj, et al. 2003) (Karpagavalli and Balasubramaniam 2007).
When the zinc content is between about 30 to 40%, tensile strength and
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machineability improve with higher zinc, but elongation ability is reduced
(Selvaraj, et al. 2003). Such brasses generally have two phases (i.e., alpha and
beta) and are therefore termed “duplex” brasses. In addition to having good
surface finishes, duplex brasses are well-suited for forging (hot stamping), which
tends to make manufacturing less expensive than those brasses requiring casting
methods (C. A. Risbridger 1952) (Selvaraj, et al. 2003). When the zinc content
rises above 45%, the alloy tends to become very brittle which is problematic for

use in plumbing systems (Selvaraj, et al. 2003).

Zinc content is also a key factor in determining the susceptibility of brass to
dezincification (Figure 1 - 4). Brasses with zinc content below about 15% are
generally considered resistant to dezincification (Oliphant and Schock 1996)
(Davies 1993) (Kelly, Lebsanft and Venning 1980); this threshold is based mostly
on field experience, but it is rare that brass with less zinc exhibits serious
dezincification problems. Brasses with higher zinc contents, including alpha
brass with 15-30% zinc and duplex brass (> 30% Zn), can be susceptible to

dezincification attack under some circumstances (Davies 1993).

Effects of Alloy Additives

A substantial amount of effort has been invested in attempting to inhibit
dezincification by adding trace constituents directly to the alloy as per a prior
review article (Davies 1993); a summary of key results is provided in Table 1 - 2.
While some constituents may render alpha brass (and the alpha phase of duplex
brass) relatively immune to dezincification (Simmonds 1967) (Davies 1993)
(Heidersbach and Verink 1972), inhibiting the dezincification propensity of beta
brass has proven more difficult (D. Nicholas 1994) (Heidersbach and Verink
1972). Arsenic and tin are the most common alloy additives, which can
profoundly inhibit dezincification of alpha brass even at trace levels, and
benefits from these constituents have also been observed for duplex brass

(Karpagavalli and Balasubramaniam 2007).

Water Chemistry

Even if a brass alloy is considered highly susceptible to dezincification, the water
chemistry to which the metal is exposed will play a key role in determining the
type and extent of corrosion problems. The effects of individual water
constituents on dezincification have received a considerable amount of attention;

but synergistic effects and the complexities involved with film (or scale)

6



formation are still largely undefined. Indeed, passive film formation by reaction
with the water may exert significant control over the mechanisms of corrosion
which are operative, in some cases completely protecting the brass whereas in
other cases dramatically accelerating the attack. This section details general
observation of dezincification propensity under varying water quality conditions
and important effects of physical factors are described in a section that follows.

Prior research concluded that that increasing chloride tends to increase
dezincification propensity, particularly when hardness or alkalinity of the water
is low. Other influential factors have also been identified, including pH,
temperature, aeration, disinfectant type and concentration, other anions, and
the chemical make-up of surface films or scales. Conclusions as to the role of
individual constituents can vary from study to study, most likely because the
scope, experimental methods and specifics of exposure have also varied widely.
Table 1 - 3 summarizes the effects of individual water constituents and/or

parameters on brass dezincification reported in the literature.

Chloride and Alkalinity

To provide a rule of thumb, the ratio of c