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35.1 INTRODUCTION

Corrosion removal deals with the taking away of mass from the surface of materials
by their environment and other forms of environmental attack that weaken or
otherwise degrade material properties. The complex nature of corrosion suggests
that the designer who is seriously concerned about corrosion review a good readable
text such as Corrosion Engineering by Fontana and Greene [35.1].

Included in this chapter are many corrosion data for selected environments and
materials. It is always hazardous to select one material in preference to another
based only on published data because of inconsistencies in measuring corrosion,
lack of completeness in documenting environments, variations in test methods, and
possible publishing errors. These data do not generally indicate how small variations
in temperature or corrosive concentrations might drastically increase or decrease
corrosion rates. Furthermore, they do not account for the influence of other associ-
ated materials or how combinations of attack mechanisms may drastically alter a
given material’s behavior. Stray electric currents should be considered along with
the various attack mechanisms included in this chapter. Brevity has required simpli-
fication and the exclusion of some phenomena and data which may be important in
some applications.

The data included in this chapter are but a fraction of those available. Corrosion
Guide by Rabald [35.2] can be a valuable resource because of its extensive coverage
of environments and materials.

Again, all corrosion data included in this chapter or published elsewhere
should be used only as a guide for weeding out unsuitable materials or selecting
potentially acceptable candidates. Verification of suitability should be based on
actual experience or laboratory experimentation. The inclusion or exclusion of
data in this chapter should not be interpreted as an endorsement or rejection of
any material.

35.1
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35.2 PERFORMANCE OF ENGINEERING MATERIALS

35.2 CORROSION RATES

The vast majority of metal corrosion data in the United States are expressed in
terms of surface regression rate mpy (mils, or thousands of an inch, per year). Multi-
ply mpy by 0.0254 to obtain millimeters per year (mm/yr). To convert to mass-loss
rate, multiply the surface regression rate by surface area and material density, using
consistent units.

Polymer attack typically involves volume changes, usually increases, caused by
liquid absorption; reductions in mechanical properties such as yield strength, tensile
strength, flexure strength, and tensile modulus; discoloration; and/or changes in sur-
face texture. Certain plastics are degraded by ultraviolet light, which limits their use-
fulness in sunlight unless they are pigmented with an opaque substance such as
lamp-black carbon.

35.3 METAL ATTACK MECHANISMS

The attack on metals involves oxidation of neutral metal atoms to form positively
charged ions which either enter into solution or become part of an oxide layer. This
process generates electrons, which must be consumed by other atoms, reducing
them, or making them more negatively charged. Conservation of electrons requires
that the rate of metal oxidation (corrosion) equal the rate of reduction (absorption
of electrons by other atoms).

35.3.1 General Attack

In general attack, oxidation and reduction occur on the same metal surface, with a
fairly uniform distribution. Most of the corrosion data in this chapter are for selected
materials subject to uniform attack in a given environment.

Once a suitable material is selected, further control of uniform attack can be
achieved by coatings, sacrificial anodes (see Galvanic Corrosion), anodic protection
(see Passivation), and inhibitors. Coatings are many times multilayered, involving
both metallic and polymer layers. Inhibitors are additions to liquid environments
that remove corrosives from solution, coat metal surfaces to decrease surface reac-
tion rates, or otherwise alter the aggressiveness of the environment.

Chemically protective metallic coatings for steels are usually zinc (galvanized) or
aluminum (aluminized). Aluminized steel is best for elevated temperatures up to
675°C and for severe industrial atmospheres. Both may be deposited by hot dipping,
electrochemistry, or arc spraying. Common barrier-type metallic platings are those
of chromium and nickel. The Environmental Protection Agency has severely limited
or prohibited the use of lead-bearing and cadmium platings and cyanide plating
solutions.

Polymer coatings (such as paints) shield metal surfaces from electron-receiving
elements, such as oxygen, reducing corrosion attack rates. Under mild conditions,
even “decorative paints” can be effective. Under more severe conditions, thicker and
tougher films are used which resist the effects of moisture, heat, chlorides, and/or
other undesirable chemicals. Acrylics, alkyds, silicones, and silicone-modified alkyds
are the most commonly used finishes for industrial equipment, including farm
equipment. The silicones have higher heat resistance, making them useful for
heaters, engines, boilers, dryers, furnaces, etc.
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CORROSION 35.3

35.3.2 Galvanic Corrosion and Protection

When two dissimilar metals are electrically connected and both are exposed to the
same environment, the more active metal will be attacked at a faster rate than if
there had been no electrical connection between the two. Similarly, the less active
metal will be protected or suffer less attack because the surface areas of both metals
can be used to dissipate the electrons generated by oxidation of the more active
metal. The net flow of electrons from the more active to the less active metal
increases the attack rate of the more active metal and decreases that of the less
active metal.

An adverse area ratio is characterized by having a larger surface area of less
active metal than that of the more active metal. Cracks in a barrier protective coat-
ing (i.e., polymers) applied to the more active metal in a galvanic-couple situation
can create an extremely adverse area ratio, resulting in rapid localized attack in the
cracks. The standard electromotive force (emf) series of metals (Table 35.1) lists

TABLE 35.1 Standard EMF Series of Metals

Metal-metal ion Electrode potential vs.
equilibrium normal hydrogen
(unit activity) electrode at 25°C, V

Au-Au*t +1.498

Pt-Pt** +1.2

Pd-Pd%** +0.987
Ag-Ag* +0.799
Hg-Hgl* +0.788
Cu-Cu?t +0.337
H,-H* 0.000
Pb-Pb?* —0.126
Sn-Sn?* —0.136
Ni-Ni?+ —0.250
Co-Co?* -0.277
Cd-Cd** —0.403
Fe-Fe?* —0.440
Cr-Cr3+ —0.744
Zn-Zn** —0.763
Al-AP —1.662
Mg-Mg?* —2.363

metals in order of increasing activity, starting with gold (Au), which is the least
active. If two of the metals listed were joined in a galvanic couple, the more active
one would be attacked and plating or deposition of the less active one would occur.
This is based on the fact that solutions contain only unit activity (concentration) of
ions of each of the two metals.

The standard EMF series is valid only for pure metals at 25°C and in equilibrium
with a solution containing unit activity (concentration) of its own ions. If ion con-
centrations are greater than unit activity, the potentials are more positive; if less, the
opposite is true.
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35.4 PERFORMANCE OF ENGINEERING MATERIALS

TABLE 35.2 Galvanic Series of Some Commercial Metals and Alloys

in Seawater
T Platinum
Gold
Noble or Graphite
cathodic Titanium
Silver
Chlorimet 3 (62 Ni, 18 Cr, 18 Mo)
L Hastelloy C (62 Ni, 17 Cr, 15 Mo)
18-8 Mo stainless steel (passive)
18-8 stainless steel (passive)
|_Chromium stainless steel 11-30% Cr (passive)
Inconel (passive) (80 Ni, 13 Cr, 7 Fe)
Nickel (passive)
Silver solder
"Monel (70 Ni, 30 Cu)
Cupronickels (60-90 Cu, 40-10 Ni)
Bronzes (Cu-Sn)
Copper
| Brasses (Cu-Zn)
Chlorimet 2 (66 Ni, 32 Mo, 1 Fe)
Hastelloy B (60 Ni, 30 Mo, 6 Fe, 1 Mn)
Inconel (active)
Nickel (active)
Tin
Lead
Lead-tin solders
18-8 Mo stainless steel (active)
18-8 stainless steel (active)
Ni-Resist (high Ni cast iron)
Chromium stainless steel, 13% Cr (active)
Cast iron
Steel or iron
2024 aluminum (4.5 Cu,. 1.5 Mg, 0.6 Mn)
Active or Cadmium
anodic Commercially pure aluminum (1100)

Zinc
Magnesium and magnesium alloys

SOURCE: M. G. Fontana and N. D. Greene, Corrosion Engineering, 2d ed.,
McGraw-Hill, New York, 1978. Used by permission.

The galvanic series (Table 35.2) shows a similar relationship, except that impure
metals such as alloys are also included and the medium is seawater. Other media,
other concentrations, and other temperatures can further alter the order of the list.
Therefore, care should be exercised in applying these data to a given galvanic corro-
sion situation except as a general, loose guide.

35.3.3 Passivation

Certain common engineering materials, such as iron, nickel, chromium, titanium,
and silicon as well as their alloys (i.e., stainless steels), exhibit a characteristic of
being able to behave both as a more active and as a less active (passive) material.
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CORROSION 35.5

Note in the galvanic series (Table 35.2) that several stainless steels are listed twice,
once as passive and once as active. Some common metals other than those men-
tioned also exhibit passivity, but to a lesser extent.

A graphical representation of passivity is shown in Fig. 35.1. The three regions—
active, passive, and transpassive—help to explain seemingly inconsistent behavior of
active-passive materials under various degrees of attack severity.
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FIGURE 35.1 Corrosion characteristics of an active-passive
metal.

There are both advantages and disadvantages to be gained or suffered because of
active-passive behavior. In very aggressive environments, a method called anodic
protection can be used whereby a potentiostat is utilized to electrochemically main-
tain a passive condition and hence a low rate of corrosion. However, accelerated cor-
rosion test results may be useless because increasing the corrosion power of the
medium may cause a shift from a high active corrosion rate to a low passive condi-
tion, producing the invalid conclusion that corrosion is not a problem. Another
example involves inhibitors which function by maintaining a passive condition. If
the concentration of these inhibitors were allowed to decrease, high corrosion could
result by passing from a passive to an active condition.

Active-passive materials have a unique advantage in the area of corrosion testing
and corrosion rate prediction. Potentiodynamic polarization curves can be generated
in a matter of hours, which can provide good quantitative insights into corrosion
behavior and prediction of corrosion rates in a particular environment. Most other
corrosion testing involves months or years of testing to obtain useful results.

35.3.4 Crevice Corrosion and Pitting

Crevice corrosion is related to active-passive materials which are configured such
that crevices exist. Mated screw threads, gaskets, packings, and bolted or lapped joints
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35.6 PERFORMANCE OF ENGINEERING MATERIALS

are common examples of crevices. Inside the crevice, oxygen or other corrosives
required for passivation have restricted entrance, resulting in reduced concentration
as they are consumed by corrosion in the crevice. When the concentration of these
corrosives is low enough to fail to maintain passivity, the metal in the crevice becomes
active. The large electrically connected, passivated surface outside the crevice com-
pletes a galvanic couple with a large adverse-area ratio, providing high attack rates
within the crevice. Welding or forming can be used to avoid crevices. However, inter-
granular corrosion may occur in welded stainless steels (see Sec. 35.3.9).

Pitting is a very localized attack that results in holes, or voids, on a metal surface.
Although not restricted to active-passive metals, pitting is commonly related to
these. With active-passive metals, pieces of dirt, scale, or other solid particles may
rest on the bottom of a pipe or tank where velocities are not sufficient to move
them. These particles form crevices, resulting in a localized attack similar to crevice
corrosion.

35.3.56 Sacrificial Anodes

Magnesium rods are placed in steel glass-lined hot-water tanks, and zinc is used to
coat sheet steel (galvanized steel) to provide protection to the steel against cor-
rosion. As the more active magnesium rod is attacked, the electrons generated
are conveyed to the electrically connected steel tank, which needs protection only
for regions where cracks or flaws exist in the glass lining. Similarly, for galvanized
steel, protection is required only for regions of scratches or where steel edges are
exposed.

35.3.6 Stress Corrosion Cracking

In stress corrosion cracking (SCC), most of a metal’s surface may show little attack,
while fine intergranular or transgranular cracks may penetrate deeply into the sur-
face. There may be a single continuous crack or a multibranched crack, or the entire
surface may be covered with a lacy network of cracks. Usually dye penetrants and
sectioning are needed to reveal the extent and depth of cracking.

Certain classes of alloys and environments are susceptible to this phenomenon,
and usually tensile stresses are involved, with crack penetration rates increasing
with increasing tensile stress. The higher the strength condition of a given alloy, the
greater seems to be the tendency to suffer SCC. Table 35.3 lists some materials and
environments that have been known to produce SCC.

Frequently, a difference in color or texture is noticeable between a stress corro-
sion crack and an adjacent region of overstress when the fracture is completed by
mechanical means. Scanning electron micrographs are frequently useful in identify-
ing SCC.

35.3.7 Selective Leaching

Selective leaching refers to the chemical removal of one metal from an alloy, result-
ing in a weak, porous structure. Brass sink traps suffer this type of attack by zinc
being leached out of the yellow brass, leaving behind a porous structure of reddish
copper. Aluminum and silicon bronzes and other alloys are also subjected to selec-
tive leaching.
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35.7

TABLE 35.3 Environments That May Cause Stress Corrosion of Metals and Alloys

Material Environment Material Environment
Aluminum NaCl-H,0, solutions Ordinary NaOH solutions
alloys NaCl solutions steels NaOH-Na,Si0, solutions
Seawater Calcium, ammonium, and
Air, water vapor sodium nitrate solutions
Ammonia vapors and Mixed acids (H,SO,-HNO;)
Copper alloys solutions HCN solutions
Amines Acidic H,S solutions
Water, water vapor Seawater
Gold alloys FeCl, solutions Molten Na-Pb alloys
Acetic acid-salt Stainless Acid chloride solutions
solutions steels such as MgCl, and BaCl,
Inconel Caustic soda solutions NaCl-H,0, solutions
Lead Lead acetate solutions Seawater
Magnesium NaCl-K,CrQ, solutions H,S
alloys Rural and coastal HaOH-H,S solutions
atmospheres Condensing steam from
Distilled water chloride waters
Monel Fused caustic soda Titanium Red fuming nitric acid,
Hydrofluoric acid alloys seawater, N,O,,
Hydrofluosilicic acid methanol-HCl
Nickel Fused caustic soda

SOURCE: M. G. Fontana and N. D. Greene, Corrosion Engineering, 2d ed., McGraw-Hill, New York,
1978. Used by permission.

35.3.8 Hydrogen Embrittlement

In any electrochemical process where hydrogen ions are reduced, monatomic hydro-
gen atoms are created prior to their joining in pairs to form diatomic hydrogen gas
(H,). Monatomic hydrogen, being small, can diffuse into metals, causing embrittle-
ment. Corrosion of metals by acids, including cleaning by pickling, can produce
hydrogen embrittlement. Heating can drive out monatomic hydrogen, reversing the
process. If monatomic hydrogen diffuses into voids in a metal, high-pressure pockets
of H, gas are formed which are not eliminated by heating, but rather may form
hydrogen blisters.

35.3.9 Intergranular Corrosion

In some alloys, frequently related to prior heating, grain boundaries can experience
localized variations in composition that can result in corrosion attack along or imme-
diately adjacent to grain boundaries. The 18-8 stainless steels (such as type 304), when
heated in the approximate range of 500 to 790°C, experience the precipitation of
chromium carbides in grain boundaries, removing chromium from the regions adja-
cent to grain boundaries. This process is called sensitization. It is theorized that inter-
granular attack proceeds in the chromium-depleted regions of the grain boundaries,
since these lack the protection provided by chromium alloying. When this class of
stainless steels is welded, regions a bit removed from the weld axis are heated suffi-
ciently to become sensitized and hence become subject to subsequent intergranular

(continued on page 35.28)
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35.28 PERFORMANCE OF ENGINEERING MATERIALS

corrosion (weld decay). Heating to higher temperatures, 1060 to 1120°C, followed by
water quenching will redissolve the precipitated carbides and keep them in solution.
Appropriate alloying changes can reduce carbide precipitation.

35.3.10 Mechanical Contributions

Fluid flow or mechanical rubbing can cause removal of or damage to a protective
oxide, increasing the proximity of the bare metal and the attacking medium. This can
result in increased attack rates because a stable oxide layer is frequently a corrosion
rate limiter. An example is erosion corrosion caused by high flow rates of domestic
hot water in copper pipes, especially around fittings, which can generate turbulence.
Another example involves the press fit of gears, wheels, pulleys, etc., onto shafts that
experience elastic torsion, or bending. Small relative motions occur at the contacting
surfaces which mechanically break up protective oxide layers. This type of corrosion
is known as fretting corrosion.

35.4 CORROSION DATA FOR
MATERIALS SELECTION'

Subject to the limitations mentioned at the beginning of this chapter, the corrosion
data in Table 35.4 can be used as a guide in selecting materials for the environments
listed. The organization is first by environments and then by materials, metals fol-
lowed by nonmetals. The abbreviation NR means not recommended.
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