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A. INTRODUCTION

Zinc, one of the most widely used metals, is silvery blue-gray in color with a relatively low melting
point (419.5 0C) and boiling point (907 0C). The strength and hardness of unalloyed zinc are greater
than those of tin or lead, but appreciably less than those of aluminum or copper. Pure zinc cannot be
used in applications under applied stress because of its low creep resistance. It recrystallizes rapidly
after deformation at room temperature and, thus, cannot be work-hardened at room temperature. The
temperature for recrystallization and the creep resistance can be increased through alloying [I].

The binary zinc alloy systems of most interest for commercial applications are (1) Zn-Al, which
at 4% Al forms the basis of the zinc die casting alloys; (2) Zn-Cu, which with zinc up to 45% are
brass alloys, (3) Zn-Fe, which includes the phases making up the galvanized coatings; and (4)
Zn-Pb, which plays an important role in some pyrometallurgical extraction processes. Ternary and
quaternary systems involving these alloys, with additions of such elements as nickel, magnesium,
titanium and cadmium, are also of commercial importance.

The electrochemical properties of zinc are important in the production and application of zinc.
For example, electrowinning in zinc refining, electroplating in the production of zinc coating, zinc
batteries for energy storage and coatings, and anodes for corrosion protection are all based
essentially on its electrochemical properties. These electrochemical properties include the relatively
active position in the electromotive force series, fast and reversible dissolution/deposition kinetics,
high overpotential for hydrogen evolution, and formation of passive film in slightly alkaline
solutions [2].

The uses of zinc can be divided into six major categories: (a) coatings, (b) casting alloys, (c)
alloying element in brass and other alloys, (d) wrought zinc alloys, (e) zinc oxide, and (f) zinc
chemicals. The use of zinc coatings for corrosion protection of steel structures is the most important
application due to the high corrosion resistance of zinc in atmospheric and other environments.
Nearly one-half of all zinc produced is consumed for this purpose.

In the past decades, research on various aspects of corrosion of zinc has generated much technical
information. This wealth of information has been systematically and critically reviewed in a recently
published book entitled "Corrosion and Electrochemistry of Zinc" by Zhang [2]. The information
presented here is abstracted from this book. Most of the electrochemical information and much of
the specific corrosion data, descriptions and theories contained in the book are omitted, due to
limited space.
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ISBN 0-471-15777-5 © 2000 John Wiley & Sons, Inc.



Hot-Dip Batch Galvanized
Structural steel for power-generating plants, petrochemical facilities, heat exchangers, cooling coils,
water-treatment facilities, and electrical transmission towers and poles
Bridge structural members, culverts, corrugated steel pipe and arches
Reinforcing steel for concrete structures
Highway guard rails, lighting stands and sign structures
Marine pilings and rails
Architectural applications of structural steel, lintels, beams, columns and related building materials

"See [3-5].

B. ZINC COATINGS

The many types of zinc and zinc -alloy coatings can be classified according to coating composition
and production methods [3-5]. According to chemical composition, zinc-based coatings fall into
several major categories: (1) pure zinc, (2) Zn-Fe, (3) Zn-Al, (4) Zn-Ni, and (5) zinc composites.
In terms of methods, zinc coatings can be produced by hot-dipping, electroplating, mechanical
bonding, sherardizing, and thermal spraying (metallizing). The hot-dip method can be further
divided into two processes: continuous hot-dip and batch hot-dip. Typical applications for zinc and
its alloy-coated steel sheet products cover a wide range in the construction, automobile, utility and
appliance industries, as shown in Table 1.

Hot-dip galvanizing, either continuous or batch, is a process by which an adherent coating of zinc
and Zn-Fe alloys is produced on the surface of iron or steel products by immersion in a bath of
molten zinc. In general, an article to be galvanized in a continuous galvanizing process is cleaned,
pickled and fluxed in a batch process, or heat treated in a reducing atmosphere, to remove surface
oxide. It is then immersed in a bath of molten zinc for a time sufficient for it to wet and alloy with
zinc, after which it is withdrawn and cooled.

The coating produced in this way is bonded to the steel by a series of Zn-Fe alloy layers, with
a layer of almost pure zinc on the surface. The engineering properties of the coating depend on
the physical and chemical nature of the Zn-Fe intermetallic layers formed. The thickness and
composition of the alloys vary depending on whether it is a batch or continuous process, mainly due
to the difference in the immersion time in the molten zinc bath and the bath composition. The coating
produced by a batch process is relatively thicker and has clearly distinguishable alloy layers, while
that of the continuous process is thinner and has only a very thin and sometimes invisible alloy layer
at the coating- steel interface.

In addition to pure zinc coating, there are three major hot-dip zinc alloy coatings: galvanneal,
Galvalume, and Galfan. Galvanneal is a Zn-Fe alloy coating containing typically 6% Fe that is
obtained by annealing the hot-dipped sheet. Galvalume, with 55%A1, 1.5%Si, and 43.5%Zn, has a
microstructure consisting of an outer layer and a thin intermetallic layer that bonds the outer layer to
the steel. Galfan contains 95%Zn, 5% Al and a small amount of mischmetal, and has a multiphase
microstructure that is characteristic of its composition, exhibiting a lamellar structure of alternating
zinc-rich and aluminum-rich phases.

TABLE 1. Typical Applications of Zinc-coated Steel Products"

Coatings

Zn and Zn-SAl

Zn-Fe
Zn-Ni and Zn-Co
Zn-55Al

Typical Applications

Coatings by Continuous Electroplating and Hot-Dip Processes
Roofing, culverts, housing, appliances, autobody panels and components,
nails, guy wire, rope, utility wire, and fencing
Autobody panels and structural components
Autobody panels and structural components, housing, appliances, and fasteners
Roofing, siding, ductwork, culverts, mufflers, tailpipes, heat shields, ovens,
toasters, chimneys, and silo roofs



Electroplating is another common galvanizing method. Owing to its versatility, electroplating has
been extensively used to explore new zinc alloy coatings (e.g., Zn, Zn-Fe, Zn-Co, and Zn-Ni). The
plating process generally comprises three stages: (1) degreasing and cleaning, (2) electroplating, and
(3) posttreatment. Similar to hot-dip galvanizing, electroplating can be a batch or a continuous
process.

C. ELECTROCHEMICAL NATURE OF CORROSION

The corrosion of zinc is an electrochemical process in which zinc is oxidized with simultaneous
reduction of hydrogen ions or dissolved oxygen in the electrolyte. The oxidation follows the
following reaction:

Zn = Zn2+ + 2e~ E° = -0.763 4- 0.0295 log [Zn2+] VSHE (1)

The standard potential of this reaction is — 0.763 VSHE* wn^cn *s 0-315 V more negative than iron and
0.9 V more positive than aluminum in the electromotive series.

Figure 1 shows the Pourbaix diagram of zinc in aqueous solutions. The solid lines, calculated
from Eq. (1), assuming 10 ~4 M Zn2+ in the solution, define the stability regions for the different
solid and dissolved zinc species and, thus, the condition for zinc corrosion and passivation. Also
plotted in the figure are the corrosion potentials, reported in different studies on zinc or zinc coatings
as functions of pH [2]. It can be seen that the corrosion potentials in the pH range of 4 to 8 are close to
the theoretical values. However, the corrosion potentials in acidic and alkaline solutions are
somewhat higher than the reversible potential values, indicating that the zinc electrode at the
corrosion potentials is anodically polarized from its reversible value. Part of the deviation of the
corrosion potentials from the reversible value may result from a concentration of Zn2 + in these
solutions being higher than 10 ~ 4 M, at least near the surface where the zinc ions from the dissolution
may accumulate. The corrosion potentials in slightly alkaline solutions, from pH ~ 8 to 12, in which
ZnO is the stable form, can be much higher than the reversible values due to formation of a surface
oxide which, depending on the specific conditions, results in various degrees of passivation.

PH

FIGURE 1. Corrosion potentials in solutions of various pH values; the solid line indicates the reversible
potential which is calculated from Eq. (1) assuming 10"4M Zn2+ in the solution [2].
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Since the kinetics of the electrochemical reactions and the surface state determine the rate and
form of corrosion in a given circumstance, the corrosion potentials, along with the equilibrium
potential values and their variation with pH, shown in Figure 1, are the fundamental parameters that
can be used to explain the corrosion behavior of zinc under different conditions.

D. CORROSION RESISTANCE

1. Atmospheric Environments

The high corrosion resistance of zinc in atmospheric environments has resulted in extensive outdoor
applications of zinc-coated steels. The corrosion rate is lowest in dry, clean atmospheres and highest
in wet, industrial atmospheres. Seacoast atmospheres, not in direct contact with salt spray, are mildly
corrosive to zinc. Locations near sea level are subject to salt spray and, hence, the corrosion rate can
be much higher.

Atmospheres are conventionally defined according to four general types: (1) rural, (2) industrial,
(3) urban, and (4) marine. The typical atmospheric corrosion rates of zinc in each of these categories
are [6]:

Rural 0.2 to 3 um/year
Marine (outside the splash zone) 0.5 to 8 jam/year
Urban and industrial 2 to 16 urn/year

Table 2 lists the ranking of the corrosivity of different atmospheres for zinc and steel around the
world [7]. The corrosivity of atmospheres from one location to another varies by as much as a factor
of 100 for zinc and 500 for steel. The data listed in Table 2 show that the corrosion rate of zinc in
most atmospheres is at least 10 times lower than that of steel. It is for this reason that zinc is
commonly used, through the galvanizing process, to effectively protect steel from corrosion. In
addition, Figure 2, which is a plot of the data listed in Table 2, indicates that the corrosion ratio
increases with increasing corrosion rate of steel, suggesting that the more corrosive an atmospheric
environment is to steel, the higher the corrosion ratio and the more benefit to use zinc coating for
corrosion protection of steel in that environment.

Table 3 is a comparison of the corrosion rate of zinc with other common commercial metals in
various atmospheres. Zinc has a higher corrosion resistance than iron and cadmium in all
atmospheres, higher than copper in industrial atmospheres, and higher than tin and magnesium in
marine and rural atmospheres.

The two most important atmospheric factors on the corrosion rate of zinc are time of wetness and
level of air pollutants. Time of wetness is determined by relative humidity, temperature, and the
amount of rain. The corrosion of zinc is negligible when the relative humidity is low, but is
significant when the surface is wet at a high relative humidity.

Except for the initial few years, the corrosion loss of zinc is generally observed to be almost linear
with respect to time, as shown in Figure 3 [8]. The variations in the samples exposed at different times
of the year are related to seasonal effects that cause the variation in time of wetness and the amount
of air pollutants. For a given atmosphere, the yearly averaged corrosion rate may vary because
atmospheric conditions, such as the amount of rain or pollution level, change from year to year.

The most corrosive pollutant in air is sulfur dioxide which, in combination with time of wetness,
causes abnormally high corrosion rates of zinc [8, 9]. The corrosion rate has been observed to
increase roughly linearly with SO2 concentration [9]. Other air pollutants, such as NOx, have a
relatively insignificant effect on the corrosion of zinc largely due to the much lower content of these
species in the air [10-12]. The level of pollution in many developed countries has been considerably
reduced over the years because of environmental awareness and regulations; similar trends have
generally been found for corrosion rates of many metals. The corrosion rate of zinc was found to be
lower in the 1980s than in the 1960s and 1970s [U].



TABLE 2. Ranking of Corrosivity in 45 Locations for Steel and Zinc from Two Years of Exposure0

Ranking

Steel

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32
33
34
35
36

37

38

39
40
41

42
43
44

45

Zinc

1
2
3
4

15
5

11
7

13
31
10
28
6

20
19
12
30
27
21
18
14
33
8

29
24
35
16
32
39
22
9

23
40
42
43
38

26

36

25
44
37

34
17
41

45

Location

Norman Wells, NWT, Canada
Phoenix, AR
Saskatoon, SK, Canada
Esquimalt, Vancouver Island, BC, Canada
Detroit, MI
Fort Amidor Pier, Panama, C.Z.
Morenci, MI
Ottawa, ON, Canada
Potter County, PA
Waterbury, CT
State College, PA
Montreal, PQ, Canada
Melbourne, Australia
Halifax (York Redoubt), NS, Canada
Durham, NH
Middletown, OH
Pittsburgh, PA
Columbus, OH
South Bend, PA
Trail, BC, Canada
Bethlehem, PA
Cleveland, OH
Miraflores, Panama, C.Z.
London (Battersea), England
Monroeville, PA
Newark, NJ
Manila, Philippine Islands
Limon Bay, Panama, C.Z.
Bayonne, NJ
East Chicago, IN
Cape Kennedy, FL
(1/2 mile from ocean)
Brazos River, TX
Pilsey Island, England
London (Stratford), England
Halifax (Federal Building), NS, Canada
Cape Kennedy, FL
(60 yards from ocean, 60-ft. elevation)
Kure Beach, NC
(800-ft. lot)
Cape Kennedy, FL
(60 yards from ocean, 30-ft. elevation)
Daytona Beach, FL
Widness, England
Cape Kennedy, FL
(60 yards from ocean, ground level)
Dungeness, England
Point Reyes, CA
Kure Beach, NC
(80-ft. lot)
Galeta Point Beach, Panama, CZ

Weight Loss (g)

Steel

0.73
2.23
2.77
6.50
7.03
7.10
9.53
9.60

10.00
11.00
11.17
11.44
12.70
12.97
13.30
14.00
14.90
16.00
16.20
16.90
18.3
19.0
20.9
23.0
23.8
24.7
26.2
30.3
37.7
41.1
42.0

45.4
50.0
54.3
55.3
64.0

71.0

80.2

144.0
174.0
215.0

238.0
244.0
260.0

336.0

Zinc

0.07
0.13
0.13
0.21
0.58
0.28
0.53
0.49
0.55
1.12
0.51
1.05
0.34
0.70
0.70
0.54
1.14
0.95
0.78
0.70
0.57
1.21
0.50
1.07
0.84
1.63
0.66
1.17
2.11
0.79
0.50

0.81
2.50
3.06
3.27
1.94

0.89

1.77

0.88
4.48
1.83

1.60
0.67
2.80

6.80

Loss Ratio

Steel/Zinc

10.3
17.0
21.0
31.0
12.2
25.2
18.0
19.5
18.3
9.8

22.0
10.9
37.4
18.5
19.0
26.0
13.1
16.8
20.8
24.2
32.4
15.7
41.8
21.6
28.4
15.1
39.8
25.9
17.9
52.1
84.0

56.0
20.0
17.8
17.0
33.0

80.0

45.5

164.0
39.0

117.0

148.0
364.0
93.0

49.4

"Specimen size 150 x 100mm (6 x 4 in.) Copyright ASTN. Reprinted with permission.



Corrosion of steel, mg/cm2.year

FIGURE 2. Corrosion ratio of steel to zinc as a function of the corrosion rate of steel in atmospheric
environments.

TABLE 3. A Comparison of the Typical Corrosion Rate Between Zinc and Other Common Commercial
Metals"

Metal Industrial Marine Rural

Zn 1 1 1
Cd 2 2 2.4
Sn 0.23 1.6 1.9
Al 0.13 0.3 0.09
Cu 2.4 0.72 0.38
Pb 0.07 0.3 0.28
Ni 0.6 1.1
Sb 0.06
Mg 0.31 1.8 1.9
Fe 30 50 15

"See [2]. Copyright Plenum Press. Reproduced with permission.

Near the sea coast, the major pollutants are chloride salts. The corrosion rate increases when zinc
is exposed closer to seawater. Figure 4 shows that the amount of corrosion decreases with distance
from the seashore because the salt content in air drops significantly with distance from the shore [13].

The values listed in Table 2 and those obtained in many other field-testing programs, account for
the macroscopic effect of atmospheric environments, namely, the factors determined by the general
climate and pollution conditions of a geographic area. Many other factors, namely, the microscopic
ones, such as distance from the ground, orientation of the samples, wind or rain shielding, distance to
local contaminant sources, and so on, may also significantly affect the corrosion rate. For example,
the corrosion rate of zinc, measured at 26 sites in one rural area in Spain, varied from 0.6 to 3.8 |im/
year [14].
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Exposure time (weeks)

FIGURE 3. Corrosion loss versus time curve for zinc specimens exposed at different times of the year. (After
Guttman [8].) Copyright ASTM, Reprinted with permission.

Distance from the sea (m)

FIGURE 4. Corrosion and air salinity as a function of distance from the seashore [13].

Other climatic factors, such as wind and radiation, may also affect condensation and rate of
drying, as well as the amount of contaminants and corrosion products retained on the surface. The
initial climatic conditions at the time of exposure exert marked effects on the corrosion of zinc.
Long-lasting rainfall or a relative humidity at or near 100% during the first days tends to cause a
higher corrosion rate [2].

The size, shape, and orientation of test samples may affect the corrosion rate of zinc considerably.
The corrosion rate is higher on the skyward surface than on the groundward surface, even though the
wetting time is longer on the groundward surface. This may be attributed to the effect of rain and
larger amount of retention of pollutants on the skyward surface [15].

The highway environment, experienced by automobiles and highway structures, is particularly
aggressive due to the high pollution level from gas exhaustion and, in the winter time, from the
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deicing salts. The corrosion rate of the zinc coatings in an under-vehicle environment is found to be
~ 8.5 |im/year which is comparable to the corrosion rate in a relatively severe marine atmospheric
environment [16].

In an indoor atmosphere, the corrosion rate of zinc is very low, typically < 0.1 jam/year.
Generally, a visible tarnish film forms slowly, starting at spots where dust particles have fallen on the
surface. Over a period of time, such films grow gradually until the surface has lost much of its
original lustre. The appearance and the degree of corrosive attack are related to the relative humidity.
Relative humidity of up to ~ 70% has little influence on corrosion. Above 70%, corrosion activity
may occur because moisture precipitates on the surface, especially on that covered with zinc
corrosion products and contaminants.

Many zinc compounds can form in each type of atmosphere. However, for a specific atmosphere,
only certain compounds dominate. Generally, among the zinc compounds, oxides, hydroxides, and
carbonates are most often found in corrosion products [1O]. Zinc sulfate (ZnSO4 • nH2O) and basic
zinc sulfate [Zn4SO4(OH)6 • «H2O] are also frequently found [10,17]. In coastal areas, zinc hydroxy
chloride [Zn5(OH)8Cl2-H2O] is also a major compound [17].

The formation sequences of the major zinc compounds found in the corrosion products in four
typical types of atmospheres are summarized in Figure 5. Initially, the zinc surface is covered
quickly with zinc hydroxide, which is gradually converted into zinc carbonate. Within 1 month of
exposure, almost all major zinc compounds can be detected in the corrosion products. In the more
severe atmospheres, such as marine and industrial atmospheres, the formation of chloride and sulfate
compounds can be very rapid, occurring within 1 day. As corrosion continues, the various zinc
compounds generally increase in quantity, but may also disappear due to transformation into
different compounds, depending on the specific environmental factors [2].

The corrosion products formed initially are loosely attached to the surface, but gradually become
more adherent and more dense, resulting from the wetting and drying cycles of the weathering
process. After the formation of this corrosion product layer, further corrosion can proceed only
within the pores where the zinc surface is not sealed by the corrosion product, while the rest of the

FIGURE 5. Formation sequence of the major zinc compounds found in the corrosion products formed in four

different types of atmospheres under a sheltered condition. The circles below the compounds indicate the

earliest detection of the compounds in the corrosion products [2]. Copyright Plenum Press. Reproduced with

permission.

Zn

Zn(OH)2

Zn(OH)2

Zn5(C03)2(OH)6

1 day 1 week 1 month 1 year

Major compounds

Zn5(OH)8Cl2-H2O
NaZn4Cl(OH)6SO4^H2O

Zn4SO4(OH)6-WH2O

Zn4SO4(OH)6-AiH2O

Zn4Cl2(OH)4SO4-SH2O

ZnSO4.nH20
Zn4SO4(OH)6-MH2O
Zn4Cl2(OH)4SO4-SH2O

ZnO
Zn5(C03)2(OH)6

Zn5(OH)8Cl2-H2O
Zn4SO4(OH)6-WH2O
NaZn4Cl(OH)6SO4^H2O

Zn(OH)2

Zn5(CO3MOH)6

Zn4SO4(OH)6-WH2O

Zn(OH)2

ZnSO4.wH2O
Zn5(COj)2(OH)6

Zn4SO4(OH)6-WH2O
Zn4Cl2(OH)4SO4-SH2O

Zn5(CO3MOH)6

ZnSO4-WH2O
Zn4SO4(OH)6-WH2O
Zn4Cl2(OH)4SO4-SH2O



FIGURE 6. Schematic illustration of the corrosion process in atmospheric environment.

surface area, which is sealed by the corrosion products, is protected from corrosion. This process is
dynamic. With time, some pores become sealed by newly formed corrosion product while new active
pores are opened due to dissolution of the corrosion product. This corrosion mechanism is
simplistically illustrated in Figure 6. According to this mechanism, the low corrosion rate observed
in atmospheric environments can be described by the following equation:

R = ra/A

in which R is the observed corrosion rate, averaged over the entire surface, r is the actual corrosion
rate on active zinc surface unsealed by corrosion products, a is the area of active zinc surface, and A
is the area of the entire surface. Because a is very small compared to A, the observed rate R is very
low even though the actual corrosion rate r within the pores may be much higher. Thus, the more
compact the corrosion product layer, as determined by the corrosion environment, the smaller the
active surface area within the pores and the smaller the observed corrosion rate.

2. Waters and Aqueous Solutions

The typical corrosion rate of zinc in distilled water varies over a wide range between 15 and 150
jim/year [2]. It depends strongly on the amount of dissolved oxygen and carbon dioxide, as shown in
Table 4 [18]. Figure 7 shows that the corrosion rate of zinc in distilled water increases only slightly
with temperature up to ~ 50 0C, then increases quickly with temperature, reaching a maximum at
~ 65 0C, before decreasing [19]. According to Cox [18], the sharp increase in corrosion rate from 50
to 60 0C may be attributed mainly to an abrupt change in the nature of the corrosion products from a
protective to a nonprotective state, leading to a sharp decrease in the corrosion rate.

TABLE 4. Effect of Oxygen on the Corrosion of Zinc in Distilled Water0

corrosion dissolution of
corr. products

"See [18].
^High-grade zinc specimens, in duplicate, immersed for 7 days.
The corrosion rate was calculated after removal of corrosion products.

Test Condition*

Boiled distilled water; specimens
immersed in sealed flasks

Boiled distilled water; specimens
immersed in sealed flasks

Boiled distilled water; specimens
immersed in sealed flasks

Oxygen bubbled slowly through the water
Oxygen bubbled slowly through the water
Oxygen bubbled slowly through the water

Temperature
(0C)

Room

40

65
Room
40
65

Corrosion Ratec

(urn/year)

25.4

48.3

83.8
218.4
348.0
315.0



Temperature, 0C

FIGURE 7. Corrosion of zinc in air-saturated water as a function of temperature; the test samples were rotated
at a speed of 56 rpm. (After Cox [18].)

In distilled water at room temperature and open to air, zinc corrodes with the formation of pits.
The formation of these pits depends on the oxygen content of the water. When the water is depleted
of oxygen, there is little corrosion, and when oxygen pressure is high, the corrosion is of a uniform
type [2].

As shown in Table 5, the corrosion rate in different hard waters can vary significantly. In general,
the corrosion rate of zinc is lower in hard water than in soft water or distilled water. Flowing water
causes more corrosion than still water.
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TABLE 5. Corrosion Rate of Zinc and Zinc Coatings
Immersed in Various Types of Waters"

"See [2].
^Galvanized steel.
cOne year.
^FOUT years.
Copyright Plenum Press. Reproduced with permission.

Solution R (urn/year)

Mine water, pH 8.3, 1 10 ppm hardness, aerated
Mine water, 160 ppm hardness, aerated
Mine water, 110 ppm hardness, aerated
Demineralized water
River water, moderate soft
River water, moderate soft
River water, treated by chlorination and copper sulfate
River water, treated by chlorination and copper sulfate
Tap water, pH 5.6, 170 ppm hardness, aerated
Spray cooling water, chromate-treated, aerated
Hard water
Soft water
Sea water in Pacific Ocean
Sea water in Bristol Channel
Sea water at Eastport, ME
Sea water at Kure Beach, NC
Sea water at Panama

31
30
46

137
97

61*
81

64»
142

15
16
15

70C

64d

28C

28C

21*



TABLE 6. Corrosion Rate in Different Solutions in Neutral pH
Range0

"See [2]. Copyright Plenum Press. Reproduced with permission.

The presence of trace amounts of copper in water can substantially increase the corrosion of zinc. As
little as 0.1 ppm of copper causes a definite increase in corrosion rate [2O]. With concentrations of
copper of up to ~ 0.3 ppm, the corrosion rate is proportional to the concentration of copper. The
copper appears to deposit small metallic particles on the surface of the zinc. Enhanced corrosion
occurs because of the larger cathodic activity generated by the copper particles.

The corrosion rate of zinc in seawater is typically between 20 and 70 jam/year, varying with
location, length of exposure, type of zinc, and so on as shown in Table 5. It is generally much higher
at the beginning of exposure and decreases with time.

The corrosion processes of zinc in solutions are greatly influenced by the nature of the anions
present. Table 6 lists the corrosion rates of zinc in solutions of different compositions. The
particularly low values in phosphate and chromate solutions are due to the formation of passive films
on the zinc surface. In neutral solutions, with chemical agents that are not electrochemically reactive
and that do not form insoluble salts or complex ions with zinc, the corrosion rate of zinc is not very
different from that in distilled water.

In the absence of reducing or passivating agents, the corrosion of zinc in aqueous solutions is
determined primarily by the pH of the solutions. The results in Figure 8 show that the corrosion rate
of zinc in water of pH 6 to 12 is relatively low [21]. At pH values < 6 or > 12, the corrosion rate
increases substantially. The low corrosion rate at pH values between 6 and 12 is primarily due to the
formation of protective corrosion products on the surface of the zinc. According to Roetheli et al.
[21], the decrease in corrosion rate at pH near 14, shown in the figure, is due to a decrease in the
solubility of oxygen in strongly alkaline solutions.

3. Soils

The corrosion rate of zinc varies drastically from soil to soil, as shown in Table 7, because the
chemical and physical properties of soil may vary over extremely wide ranges. For example, the pH
of soil may vary from as low as 2.6 to as high as 10.2, and the resistivity from several tens of ohms to
near lOOkfi [22]. Also, since soil is a highly inhomogeneous environment, both microscopically
(e.g., at the dimension of a clay particle) and macroscopically (e.g., at the dimension of a rock), the
corrosion in soil is seldom uniform across the metal surface.

The factors that may affect the corrosion of zinc and galvanized steel in soils are numerous, but
the correlation between the corrosion behavior and the various factors is, in general, rather poor. The
corrosion rates tend to be lower in soils with very high resistivity. There is little correlation between
corrosion rate and soil pH, which is an indication of the very complex nature of soil corrosion [2].

Solution

Distilled water
Distilled water
O.I N benzoate
O. IN NaCl
0.1WNa3PO4

0.1ATNa2ClO4

5g/LNaCl
5g/LKCl
SgTLNaNO3

SgTLK2SO4

8% Na2SO4-IOH2O
5% NaCl
3% Na2SO4

Duration

4 weeks
1 month
4 weeks
4 weeks
4 weeks
4 weeks
2 months
2 months
6 months
2 months
1 month
3 weeks
1 day

R (um/year)

46
55
59
62

1.8
0.4

90
92
18
52
83
89

144



PH

FIGURE 8. Corrosion rate in distilled water as a function of pH (addition of NaOH or HCl for pH adjustment).
(After Roetheli [21].)

Romanoff [22] noted that poorly and very poorly aerated soils are more corrosive to zinc. Soils of fair
to good aeration, but containing high concentrations of chlorides and sulfates, tend to induce deep
pitting. Muddy clay and peat (as compared to sand) are, in general, more corrosive to zinc.

4. Painted Products

The corrosion of painted metals, particularly automotive bodies, is generally characterized as
perforation corrosion or cosmetic corrosion. The term "cosmetic corrosion" is applied to an attack
that is initiated at the exterior surface, usually at regions where the paint is damaged. Cosmetic
corrosion is usually related to: (1) red rust, (2) paint creep, and (3) chipping. Corrosion of a painted
steel sheet that initiates at an interior surface of a car body panel, penetrates the sheet, and eventually
shows through as rust at the exterior exposed surface, is known as perforation corrosion [23]. It often
occurs at locations which are difficult to clean, phosphate, and coat, such as lapped parts and hem
flanges, or at crevices which collect dirt, salt and moisture.

Cosmetic corrosion is most commonly evaluated by measuring the length of underpaint creeping.
It is sometimes evaluated also by the extent of rust formation or paint loss. Many factors, such as
coating composition, coating thickness, surface treatment, test condition, type of paint damage, and
type of paint, can affect the cosmetic corrosion of painted steels. Data from a field survey has shown
that, in general, steel panels coated with zinc or zinc-alloy coatings have much slower underpaint
creeping than cold-rolled steel [24]. The creeping resistance of zinc and zinc-alloy coated steels
increases with coating weight.

The mechanisms of underpaint corrosion for zinc and zinc-alloy coated steels are complex and
are still not fully understood [2]. In general, underpaint corrosion starts at places where the paint is
damaged. The corrosion process begins with corrosion of the coating or with paint delamination,
followed by corrosion of the substrate and, with time, leads to perforation of the steel. For cold-rolled
steel, the corrosion products built up at the corrosion front may mechanically delaminate the paint.
Delamination can occur at different interfaces in a paint-coating-steel system, depending on the
material and environmental conditions, as schematically shown in Figure 9. The causes of the
delamination at the corrosion front, as reported by different investigators, can be physical, anodic,
cathodic, mechanical, or combinations thereof. The predominant cause in a specific corrosion
situation can be due to variations in paints, coatings, phosphates and test conditions [23-25].
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TABLE 7. Corrosion Rates of Zinc Coating on Steel in Soils of Different Geographic Locations in the
United States0*

Average coating thickness, 121 jam.
a See [2, 22].
b Original soil identification.
c Sheet specimens.
d Coating corroded completely and the data included the corrosion of steel.

paint

phosphate
coating

steel

FIGURE 9. Possible delamination modes of a painted coated steel: (1) at paint/phosphate interface due to loss
of adhesion; (2) within phosphate layer due to mechanical fracture; (3) at phosphate/coating interface due to
dissolution of phosphate; (4) dissolution of coating; (5) at coating/steel interface due to mechanical failure [2].
Copyright Plenum Press. Reproduced with permission.

5. Concrete

The use of galvanized steel rebar as concrete reinforcement has been one of the remedies to alleviate
the corrosion problems of steel rebar in concrete caused by water and chloride permeation into the
concrete [2]. When galvanized steel is covered with a good quality concrete free of chloride, the
corrosion rate is very low [26,27]. The corrosion rate is higher when concrete contains a high level of
chloride salts. According to a field investigation on galvanized-steel-reinforced concrete structures in
different marine locations, the corrosion rates of galvanized rebar are, in most cases, < 0.5 urn/year,
as can be seen in Table 8.

No.a'b

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
19
20

Soil Type

Allis silt loam— Cleveland, OH
Bell clay— Dallas, TX
Cecil clay loam — Atlanta, GA
Chester loam — Jenkintown, PA
Dublin clay adobe— Oakland, CA
Everett gravelly sandy loam — Seattle, WA
Maddox silt loam — Cincinnati, OH
Fargo clay loam — Fargo, ND
Genesee silt loam — Sidney, OH
Gloucester sandy loam — Middleboro, MA
Hagerstown loam — Loch Raven, MD
Hanford fine sandy loam — Los Angeles, CA
Hanford very fine sandy loam — Bakersfield, CA
Hempstead silt loam — St. Paul, MN
Houston black clay — San Antonio, TX
Kalmia fine sandy loam — Mobile, AL
Keyport loam — Alexandria, VA
Lindley silt loam — Des Moines, IA
Mahoning silt loam — Cleveland, OH

p(ft-cm)

1,215
684

30,000
6,670
1,345

45,100
2,120

350
2,820
7,460

11,000
3,190

290
3,520

489
8,290
5,980
1,970
2,870

pH

7.0
7.3
5.2
5.6
7.0
5.9
4.4
7.6
6.8
6.6
5.3
7.1
9.5
6.2
7.5
4.4
4.5
4.6
7.5

R ( jim/year)

11.8
1.5
1.7
7.9
7.7
0.5

10.8
3.2
5.0
5.2
3.7
2.2C

3.7
1.1
1.5
4.2

14.8J

2.9
4.9



TABLE 8. Average Corrosion Rate of Zinc Coating Inside Concrete in Marine Environments a

"See [26].
6HT = high tide, MT = mean tide.

There are large amounts of published data on the corrosion performance of galvanized rebar in
concrete [2]. Most of these data are obtained from laboratory-simulated testing environments. The
data from natural exposure tests, the only reliable information for predicting the life of galvanized
reinforced concrete structures, are rather limited. Particularly, there is a lack of data from heavy
deicing salt environments. The available field data generally suggest that galvanized steel
reinforcement provides longer life compared to black steel; however, this is sometimes in
disagreement with the data from the studies using simulated test conditions [28].

6. Other Environments

Corrosion is also an important issue in some specific applications (e.g., batteries). The corrosion of
the zinc electrode in zinc cells and batteries is the main cause for self-discharge, short shelf life, and
hydrogen buildup. The corrosion of zinc in a battery environment is extremely complicated because
it involves a large number of factors. These factors can be classified into three main groups: (1)
electrolyte (composition and physical setting), (2) zinc electrode (form and composition), and (3)
operating conditions (temperature, time, current collector, composition of cathode material, rate and
depth of discharge, sealing method, and cell geometry) [2].

The corrosion rate of zinc (in some organic solvents), can be much higher than in water while it
can be much lower in others. In general, viscosity is an important factor in controlling the corrosion
rate of zinc in many organic solvents. Corrosion rate varies only slightly with molecular weight of
the solvent and dielectric constant. For a given solvent, the corrosivity significantly varies with the
presence of other chemical agents.

Corrosion in gaseous environments is governed by principles similar to those for atmospheric
corrosion, although it also has its own special characteristics. As in normal atmospheres, the amount
of moisture plays an important role in gaseous corrosion. Depending on the kind of gases and their
concentrations, the critical relative humidity required for corrosion may vary. Also, depending on
whether an electrolyte is formed, the corrosion can be electrochemical or chemical in nature.

E. CORROSION FORMS

The corrosion forms which commonly occur on zinc are general corrosion, galvanic corrosion, and
wet storage stain [2]. Pitting corrosion and intergranular corrosion are less common. The occurrence
of each form of corrosion depends on the specific materials/environmental conditions. The most
common form of corrosion encountered by zinc products in various environments, such as
atmospheres, soils and waters, is general corrosion (i.e., uniform corrosion).

Structure

Longbird bridge
St. George dock

Hamilton dock

Bermuda yacht club

Age
(year)

23
12
10
7

10
10
8

Cover
(cm)

10
8
6

13
5
6
7

Sample
Location

Above HT&

Above HT
Above HT
Above HT
Near MT
Above HT
Below HT

Cl ~
wt% (kg/m3)

0.19 (4.4)
0.27 (6.4)
0.22 (4.6)
0.14 (3.0)
0.08 (1.9)
0.14 (3.6)
0.16 (3.7)

R
(urn/year)

0.2
1.1
0.5
0.29
0.5
0.8
0.0



TABLE 9. Galvanic Corrosion Rate of Zinc Coupled to Other
Common Commercial Metals in Different Atmospheres
(jiM/Year)"

1. Galvanic Corrosion

Galvanic corrosion is a particularly important corrosion form for zinc applications, whether used as a
coating, an anode, or a zinc-dust paint [2]. In most situations, unlike many other metals, galvanic
corrosion is desirable for zinc because it is required for galvanically protecting the coupled metal,
usually steel.

Data in Table 9 show the galvanic corrosion rate of zinc coupled to various metals in different
atmospheres. Depending on the connected metal and the type of atmosphere, the galvanic corrosion
can be as much as five times the normal corrosion of zinc in a rural atmosphere and three times that in
a marine atmosphere [29]. Among the metals, mild steel acts as the most efficient cathodic material,
largely owing to the voluminous rust that can absorb pollutants and retain moisture and, thus, give
rise to an aggressive electrolyte of good conductivity.

Detailed information regarding the principles and factors of galvanic action can be found in
Chapter 8 [12]. Also, specific information on galvanic corrosion and protection of zinc/steel couples
in various environments are documented elsewhere [2].

2. Pitting Corrosion

Pitting is not a common corrosion form in zinc applications [2]. In atmospheric environments, pitting
corrosion has been seldom reported as the main cause of failure of zinc products. In soil, pitting
may result from the nonuniform nature of this environment, and the extent varies significantly
depending on the soil chemical composition and texture [22].

Pitting may occur in distilled water under an immersed condition. When zinc panels are placed
vertically in distilled water, corrosion pits form, often arranged in straight rows of unconnected pits.
The local depletion of oxygen was found to be necessary for pitting corrosion. Moving zinc samples
in distilled water saturated with oxygen shows no pitting. Also, when distilled water contains very
small amounts of dissolved salts, general corrosion, rather than pitting corrosion, occurs.

Pitting is a rather common form of corrosion of zinc in hot water and can be a serious problem for
galvanized steel hot water tanks. In hot soft water, pitting corrosion is likely to lead to rapid
penetration of galvanized coatings because of the reversal of polarity for zinc/steel galvanic couples
in hot water. In hard water, the corrosion is likely to be stifled by the deposition of a protective scale,
depending on the heating method. The presence of copper in the water was found to enhance the
pitting corrosion of galvanized coatings in hot water [2O].

"See [3O].

Coupled Alloy

Zinc freely exposed
Mild steel
Stainless steel
Copper
Lead
Nickel
Aluminum
Anode aluminum
Tin
Chromium
Magnesium

Rural

0.5
3.0
1.1
2.2
1.6
1.5
0.4
0.9
1.0
0.7
0.02

Urban

2.4
3.3
1.8
2.0
2.4
1.9
1.1
1.9
2.6
1.4
0.04

Marine

1.3
3.9
2.0
3.2
3.4
2.8
1.1
1.0
2.4
1.9
1.1



TABLE 10. Intergranular Penetration Rates of Some Zinc Alloys in Different Environments0

aSee [2, 31].

3. Intergranular Corrosion

Intergranular corrosion, first reported in the first quarter of the twentieth century, has been observed
to occur on zinc alloys in different environments: atmosphere, water, solution, and concrete.

Zinc of high purity is not susceptible to intergranular corrosion [31]. The presence of other
elements, particularly aluminum, as alloying elements or impurities, is necessary to cause inter-
granular corrosion. Table 10 shows the intergranular corrosion rates of Zn-Al alloys of different
compositions in steam or hot water. Intergranular corrosion has also been found to occur in zinc
alloys containing only lead or magnesium.

For Zn-Al alloys, intergranular corrosion is observed to occur in a concentration range between
0.03% and 50%Al [31]. Below 0.03%A1, intergranular corrosion does not occur. The presence of
impurities is not required for the occurrence of intergranular corrosion on Zn-Al alloys.

Among the environmental factors, temperature is the most significant. Also, alkaline
environments are the most aggressive in intergranular corrosion of Zn-Al alloys [31]. Between
pH 5 and 10, the corrosion penetration rate is almost constant. Below pH 5, it decreases with
decreasing pH. On the other hand, for pH values > 10, it increases drastically with increasing pH.

The intergranular corrosion of Zn-Al alloys is attributed to the preferential attack on the
aluminum-rich phase at the grain boundaries. The solubility of aluminum in zinc at room
temperature is ~0.03%A1. For zinc alloys containing an aluminum concentration > 0.03%, the
aluminum precipitates at the grain boundaries and is responsible for the increased corrosion rate at
the grain boundaries [31].

4. Wet Storage Stain

"Wet storage stain" is a term used to describe the zinc corrosion products formed on galvanized steel
surface during the period of storage and transportation. It is voluminous, white, powdery and bulky
and is formed when closely packed galvanized articles are stored under damp and poorly ventilated
conditions. The crevices formed between the articles can attract and absorb moisture and retain the
wetness more readily than the surface area exposed to the open air.

The moisture necessary for the formation of wet storage stain may originate in various ways. It
may be present on the galvanized parts at the time of stacking or packing, as a result of incomplete
drying after quenching. It may result from direct exposure to rain or seawater or from condensation
caused by atmospheric temperature changes. Close packing can result in moisture being retained by
capillary action between the surfaces in contact because drying is delayed by the lack of circulating
air. Under sustained wetting, a fluffy "white rust" is formed. Due to this loose nature, it has little
barrier effect on the access of solution to the zinc metal and also prolongs the time of wetness.

White storage stain discolors the galvanized steel surface, and, in some situations, can seriously
affect the appearance of the galvanized steel articles. However, it is generally not harmful to the
long-term corrosion performance afterward [2]. Wet storage stain can be prevented by properly
stacking and storing galvanized products under dry and ventilated conditions [32]. In addition,
surface treatments can be applied to freshly galvanized articles to enhance corrosion resistance.

%A1

0.075
0.1
4
20
21.1
0.1

Zn Purity

99.999%
99.999%
99.999%
99.999%

99.99%

Environment

95 0C water vapor
95 0C water vapor
95 0C water vapor
95 0C water vapor
100% RH at 50 0C
95 0C tap water

Duration (days)

10
10
10
10
42

Rate (mm/day)

0.02
0.018
0.033
0.028
0.002
0.1



Among surface treatment processes, chromating, in different solution compositions and application
methods, has been most widely used in the galvanizing industry as an effective surface treatment to
prevent wet storage stain from forming during storage or transportation.
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