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PREFACE

This Atlas was developed to serve engineers and researchers who are looking for stress corrosion
cracking data and/ or corrosion fatigue data on particular metal alloys. In the past, the first step to
locating this data was an expensive and time consuming search through the technical literature.
Now, many of the important and frequently referenced curves are presented together in this volume.
The curves are arranged by standard alloy designations and accompanied by a textual explanation of
test procedures and interpretation of results. In each case the individual curve is referenced to the
original source.

Having these important curves compiled into a single book will also facilitate the computerization of
these data. According to current plans, the data presented in this book will soon be available in
ASCII format for computer use.
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FERROUS ALLOYS

The susceptibility of a steel to stress-corrosion cracking (SCC) is related to its strength level and the
nature of the environment in which it is used. For example, a low strength steel exposed to a caustic
environment may be subject to stress corrosion cracking due to active path dissolution (APD)
processes. Low strength steels are used in boiler construction, and if exposed to a caustic
environment, stress corrosion cracking has been known to develop along grain boundaries and lead
to explosive failure. The problem was exacerbated in the past by the use of riveted construction
which could lead to the development of high misalignment stresses. The presence of crevices between
the plates allowed steam, but not the boiler water, to escape, and if the water had been treated with a
low concentration of alkali to maintain passivity, the loss of steam would cause the concentration to
rise at leakage points and establish the conditions needed for caustic cracking. Fortunately, this
problem is no longer as critical. With stress-relieved welded construction, the conditions for cracking
are less likely to be present. However, the potential for SCC is still present outside the boiler at the
flanged joints,

In high strength steels, hydrogen assisted cracking is more of a concern than in low strength steels,
particularly since hydrogen-containing environments are quite common - be they aqueous, gaseous,
or produced in processing the steel. Some of the characteristics of hydrogen assisted cracking are
shown in the figure in the section on Low Alloy Steels S4533B-1 High-Strength Low-Alloy Steel:
Fatigue Crack Rates in Deoxygenated High- Purity Water, which indicates the effect of baking at
150° C after charging with hydrogen on stress-lifetime relationships. A critical minimum stress exists
below which hydrogen cracking of carbon steel that had been charged with hydrogen will not occur,
and this critical stress increases with the decrease in hydrogen content. The cracks themselves appear
after a delay time which is a function of hydrogen content and applied stress level.

The potential for corrosion fatigue of ferrous alloys exists in a large number of applications,
including offshore structures where salt water is a problem environment, and nuclear reactor
pressure vessels where the sulfur content of steels and the oxygen content of the water environment
can influence both CF and SCC. As this section indicates, other problem environments exist, such as
in oil well drilling operations where the presence of H2S can worsen conditions for CF as well as
SCC.

Maraging steels are subject to SCC in most aqueous environments; their resistance to cracking
increases significantly at lower yield strengths, Maraging steels have better resistance to SCC than
HSLA steels of comparable strength. Vacuum melting, proper processing, and low levels of
impurities improves resistance to SCC.
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Carbon Steels: Measured Stress-Corrosion Crack Velocities
and Current Densities
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Measured stress-corrosion crack velocities and current densities
passed at a relatively bare surface for different metals in a variety
of solutions.

The line in the above figure is calculated from da/dt = izM/zFd,
where iy is the anodic current density, M is the atomic weight of
the metal, z is the valency of the solvated species, F is Faraday’s
constant, and d is the density. Such experimental results are
obtained from tests on precracked specimens loaded above Kygee
or from slow strain rate tests involving relatively high stresses and
strain rates. However, as the crack tip strain rate is decreased, the
crack velocity reduces by more than an order of magnitude. The
results shown above are upper bound results obtained while the tip
is bare or unfilmed. If the tip strain rate is such that filming may
occur, the local crack growth rate will remain zero until the rupture
of the film reactivates dissolution. Thus, the processes of metal
dissolution, film formation, and film rupture collectively determine
the average crack growth rate, which can be anywhere between the
upper bound given by the equation and zero. ‘

Source: R.N. Parkins, Current Topics in Corrosion: Factors Influencing Stress-Corrosion Crack Growth
Kinetics, Corrosion, 43, p 130-139, 1987,
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Carbon Steel: Severe Cracking Susceptibility as a Function of
Potential and pH in Various Environments
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Relationship between pH-potential conditions for severe cracking susceptibility of carbon steels in
various environments and the stability regions for solid and dissolved species on the Pourbaix diagram.

Critical potentials for stress-corrosion cracking can be related to potential-pH stability diagrams (Pourbaix
diagrams), because these diagrams describe the conditions at which film formation and metal oxidation
will occur. The example shown above is for carbon steel in which stress-corrosion cracking is associated
with potentials and gHs at which phosphate, carbonate, or magnetite films are thermodynamically stable,
whereas species Fe2t and HFeOy- are metastable. It is important to note that, as in crevice corrosion,
the pH at a growing stress-corrosion crack tip can be much lower than that of the bulk solution. Note
that severe susceptibility is encountered where a protective film (phosphate, carbonate, magnetite, etc.)
is thermodynamically stable, but if ruptured, a soluble species (Fe2+ or HFeOy-) is metastable.

For materials in which stress-corrosion cracking occurs by a hydrogen-induced subcritical crack growth
mechanism, the thermodynamic requirement for crack growth is governed by hydrogen reduction shown
by the dashed line a in the figure. Hydrogen reduction of iron in water at 25 °C occurs at potentials below
this line, but not above it. Therefore, the range of potentials at which hydrogen is available to cause crack
growth increases and becomes more oxidizing with decreasing pH. Because the pH at a crack tip can be
lower than that of the bulk solution, it is quite possible for hydrogen reduction to occur at the tip, although
on the basis of the bulk pH value, hydrogen reduction would not be expected.

Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1987,



Low-Carbon Steel: Effect of Carbon Content
on Cracking Time
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Effecc of carbon content on cracking time of low-carbon steel
exposed to boiling calcinom ammonium nitrate.

Source: M. Fontana, Corrosion Engineering, McGraw-Hill, New York, 1986.
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Carbon Steel: Industrial Failures
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Results of a 1951 survey of industrial failures of carbon steel
vessels resulting from caustic stress-corrosion cracking as a
function of NaOH concentration and temperature. Studies have
shown that the cracking occurs within a narrow region of elec-
trochemical potentials near the active-passive transition of an
anodic polarization curve of carbon steel.

Source: D.L. Singbeil and A. Garner, Electrochemical and Stress Corrosion Cracking Behavior of Digester
Steels in Kraft White Liquors, Corrosion, 41(11), November 1985, p 634-640.



Annealed Low-Carbon Steel: Effect of Carbon Content
on Threshold Stress
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Effect of carbon content of annealed low-carbon steels on the
threshold stress for cracking in boiling 4V NH4NO3.

The reduced susceptibility of low-carbon steels to cracking may be
due to a change in the distribution of soluble carbon, because an
increase in the amount of deformation reduced the amount of
carbon detected at the ferrite grain boundaries.

Source: L.L. Shreir, Ed., Corrosion 1 —Metal/Environment Reactions, Newnes-Butterworths, London,
1979,



Low-Carbon Steel: Effect of Carbon Content
on Cracking
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Effect of carbon content of very low carbon steels quenched from

920 °C on cracking in a calcium nitrate/ammoniuom nitrate
solution.

Source: L.L. Shreir, Ed., Corrosion 1—Metal/Environment Reactions, Newnes-Butterworths, London,
1979.



Source: L.L. Shreir, Ed., Corrosion 1-—Metal/Environment Reactions, Newnes-Butterworths, London,

1979.

Cracking time (h)

Low-Carbon Steel, 0.06%: Effect of Tempering
Temperature/Time
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Effects of 30 min tempering following quenching from 950 °C on
cracking of 0.06% carbon steel in boiling calcium nitrate/am-
monium nitrate solution.

In contrast, Houdrement et al. found that in a 0.26% carbon steel
the increase n susceptibility above 700 °C did not occur. For a
low-carbon steel alloyed with 1% Mn, tempering above 200 °C
increased susceptibility initially, and increased resistance to crack-
ing began at temperatures above 500 °C. A clear-cut explanation
for these various responses is not available.
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1018 Low-Carbon Steel: Effect of Stress-Intensity on
Crack Propagation Rates
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The effect of stress-intensity on crack propagation rates in cold
worked 1018 low-carbon steel in aqueous 33% NaOH under freely
corroding potentials at 92 °C. ECORR ~ -1.00 VSHE-:

Increasing the potential from ECORR to the active-passive region
(-0.76 VsyE) increased the Region II crack growth rate by
approximately one order of magnitude. Cracking was transgranular
at EcoRR and intergranular at -0.76 VSR, but in neither case
was a change in the crack tip pH from that of the bulk pH of 14
detected. It was concluded that the mechanism of cracking was
consistent with metal dissolution at -0.76 Vg and may have
involved hydrogen embrittlement and/or embrittlement effects at
EcORR. Further studies with a 0.19% carbon steel (SA-516 grade
70) in hot caustic solutions and with the potential in the active-
passive region were consistent with a dissolution mechanism of
crack advance based on a film rupture-dissolution model.

Source: R. Sriram and D. Tromans, Stress Corrosion Cracking of Carbon Steel in Caustic Aluminate
Solutions—Crack Propagation Studies, Met. Trans. A, 16A, May 1985, p 979-986.



ASTM A285 B Low-Carbon Steel: Influence of Sodium Nitrite
and Sodium Hydroxide on Stress-Corrosion Cracking
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Influence of sodium nitrite and sodium hydroxide on stress-
corrosion cracking of ASTM A285 B steel in SM NaNO3 at 368
K.

Nitrite and hydroxide ions inhibit the growth of nitrate stress-
corrosion cracks in low-carbon steel, and because nitrate stress-
corrosion cracking involves the dissolution of oxides formed ahead
of the crack tip, one role of an inhibitor would be to hinder this
attack by making the solution less aggressive toward the oxide film.
Another possibility is that nitrite inhibits the cathodic reaction.

Source: J.A. Donvan, Factors Controlling Nitrate Cracking of Mild Steel, in Environmental Degradation
of Engineering Materials, Virginia Polytechnic Institute, Blacksburg, VA, 1977, p 185-198.
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Low-Carbon Steel: Stress-Corrosion Failure as a Function
of Grain Size
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Stress for the initiation of stress-corrosion failure as a function
of grain size in low-carbon steel in a boiling nitrite solution.

Source: H.H. Uhlig, Stress-Corrosion Cracking, in Fracture: An Advanced Treatise, Vol 3, H. Liebowitz,
Ed., Academic Press, New York, 1971, p 646-679.



Carbon Steel: Temperature and Concentration Limits for
Stress-Corrosion Cracking in NaOH
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Temperature and concentration limits for stress-corrosion
cracking susceptibility of carbon steels in caustic soda.

Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1987.
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Low-Carbon Steel: Polarization Curves and Potential Ranges,
in NaOH and NH4NO3; Solutions
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Polarization curves and potential ranges for stress-corrosion
cracking for low-carbon steel in caustic and nitrate solutions.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974,



Low-Carbon Steel: Polarization Curves, in NaOH and in
Na,CO5 + NaHCO4 Solutions
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Anodic polarization curves for low-carbon steel in boiling 35%
NaOH and the cracking range observed in stress-corrosion
cracking experiments. Two different scan rates are shown.
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Anodic polarization curves at different potential sweep rates for
low-carbonsteelin Na3CO3 + NaHCO3 at90°C and the observed
results from stress-corrosion cracking tests. Two different scan
rates are shown.

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 33, 34.
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Low-Carbon Steel: Stress-Corrosion Cracking Times
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Stress-corrosion cracking times for a low-carbon steel immersed
in boiling LiNO3 solutions.

Source: D.O. Sprowls, Reporting and Evaluating Stress Corrosion Data, in Stress Corrosion Testing,
STP 425, American Society for Testing and Materials, Philadelphia, 1967, p 2902-316.



SAE 1013 Low-Carbon Steel: Time-to-Failure versus Potential
in (NH4)2CO3
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Time-to-failure versus potential for 1013 steel in (NH4)CO3 at
70 °C. The applied stress was 90% of the yield stress.

In contrast to results reported for nitrate solutions, in carbonate
solutions, slow cooling from an austenitizing temperature induces
intergranular stress-corrosion cracking susceptibility, whereas
rapid cooling decreases susceptibility. It was proposed that the
specific chemistry of the grain boundaries allows different passivity
between the bulk alloy and the boundaries and that the role of
mechanical strain is to continuously rupture the passive film at the
crack tip.

Source: J.A. Might and D.J. Duquette, Environmental Considerations in the Stress Corrosion Cracking
of Mild Steel in Carbonate Solutions, in Critical Issues in Reducing the Corrosion of Steels, H. Leidheiser,
Jr. and S. Haruyama, Ed., National Association of Corrosion Engineers, Houston, 1986, p 3-16.



Low-Carbon Steel, 0.017%: Effect of Plastic Strain on
Cracking Susceptibility, in NH;NO3
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The effects of various amounts of prior plastic strain on the
cracking susceptibility of an 0.017% carbon steel in boiling 4N
NH4NO3.

Source: L.L. Shreir, Ed., Corrosion 1-—Metal/Environment Reactions, Newnes-Butterworths, London,
1979.



Low-Carbon Steel: Stress-Corrosion Crack Velocity as
a Function of Stress-Intensity
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Low-Carbon Steel: Stress-Corrosion Crack Velocity as
a Function of Stress-Intensity (Continued)

107
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Stress-corrosion crack velocity (V) as a function of applied
stress-intensity (Ky). (a) Normalized low-carbon steel, (b) nor-
malized low-carbon steel tempered for 1 h at 600 °C, and (c)
normalized steel tempered at 680 °C.

Stress-corrosion cracking velocity measurements were obtained
using zero stress-intensity gradient double-cantilever beam speci-
mens. It was proposed that at low stress intensities the buildup of
corrosion products on the crack surfaces closes off the
electrochemical processes, and crack arrest occurs.

Source: P.C. Conor, Crack Closure and Stress Corrosion Fracture Thresholds in Mild Steel, Corrosion,
43(10), October 1987, p 614-621.



Armco Iron: Environmentally Assisted Fatigue Behavior
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FATIGUE RESISTANCE OF IRON IN 35% NaOH
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Cycles to Failure

Observed environmentally assisted fatigue behavior of Armco
iron cycled in displacement control.

Source: B.N, Leis, Crack Initiation Due to Cyclic Looading in an Aggressive Environment, in Aspects of
Fracture Mechanics in Pressure Vessels and Piping, $.S. Palusamy and S.G. Sampath, Ed., American
Society of Mechanical Engineers, New York, 1082, p 313-322.



54 Low-Carbon Steel: S/N Curves for V-Notched Specimens, in
Air and in Brine
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S/N curves for V-notched low-carbon steel spe¢imens tested in
brine.

The specimens contained a circumferential V-groove, 2.5 mm
deep, and 0.05 mm root radius. In brine tests, cracks form rapidly,
and the lifetimes represent resistance to crack growth.

Source: N.E. Frost, K.J. Marsh, and L.P. Pook, Metal Fatigue, Clarendon Press, Oxford, 1974, p 189-190.



Low-Carbon Steel: Corrosion Fatigue in Seawater
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Corrosion fatigue of low-carbon steel rotated at 1400 rpm in
seawater.

Note that at 100 megacycles the fatigue strength has been virtually
reduced to zero.

Source: H.S. Preiser, Fundamentals of Steel Corrosion, in Handbook of Corrosion Protection for Steel
Pile Structures in Marine Environments, T.D. Dismuke, S.K. Coburn, and C.M. Hirsch, Ed., American
Iron and Steel Institute, Washington, D.C,, 1981, p 3-24.
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Low-Carbon Steel: S/N Curves for Rotating Bending,
in Air and in Oil

+250~ + Specimens tested in air
X O . .
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+175 L L. X !
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S/N curves for low-carbon steel rotating bending plain specimens
tested in air and in SAE 30 grade oil.

Note that there is little effect of the environment at long lives, but
that specimens tested in oil have longer lives in the finite life range,
probably due to the exclusion of moisture.

Source: N.E. Frost, K.J. Marsh, and L.P. Pook, Metal Fatigue, Clarendon Press, Oxford, 1974, p 118.



Low-Carbon Steel: S/N Curves for Sharply 57
Notched Specimens, in Air and in Oil
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S/N curves for sharply notched low-carbon steel specimens tested
either in air or immersed in mineral oil.

In contrast to the smooth specimen behavior (26, for sharply
notched specimens), both the finite life and infinite life regions are
improved when moisture is excluded. For the notched specimens,
cracks are more easily nucleated than in smooth specimens, and
the effect of the environment on the endurance limit reflects a
similar dependency of the threshold level for fatigue crack propa-
gation on the environment.

Source: N.E. Frost, K.J. Marsh, and L.P. Pook, Metal Fatigue, Clarendon Press, Oxford, 1974, p 189-190.
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1020 Low-Carbon Steel: High-Frequency Corrosion Fatigue,
in Water, NaCl, and in Methanol

FREQUENCY : 14.2 KCS
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High-frequency corrosion fatigue of SAE 1020 steel.

Note that the high frequency of testing allowed the number of cycles
to reach 10~ cycles and that the fatigue strength continues to
decrease even at this lifetime.

Source: A. Thiruvengadam, Corrosion Fatigue at High Frequencies and High Hydrostatic Pressures, in
Stress Corrosion Cracking of Metals—A State of the Art, STP 518, ASTM, Philadelphia, 1872, p 139-154.



Low-Carbon Steel: Effect of pH on Fatigue Behavior
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The effect of pH on the fatigue behavior of low-carbon steel in
NaCl + NaOH.

Note that a fatigue limit is observed at pH 12.1. The authors
suggested that corrosion fatigne resulted from development of
corrosion %)its on the specimen surfaces due to the presence of
differential aeration cells. At pH levels above 12.1, the presence of
a fatigue limit was attributed to a more protective film barrier.

Source: D.J. Duquette, General Fatigue Resistance and Crack Nucleation in Metals and Alloys, in
Fatigue and Microstructure, American Society for Metals, Metals Park, 1979, p 335-364.



Low-Carbon Steel: Effect of Mean Stress on Corrosion
Fatigue Lifetime, in NaCl and in Water
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The effect of mean stress on the corrosion fatigue lifetime, (a)
Corrosion fatigue strength of low-carbon steel in NaCl solution
for a specified number of cycles, N. (b) Corrosion fatigue strength
of low-carbon steel in moderately fresh water for a specified
number of cycles, N,

Source: Corrosion Fatigue: Chemistry, Mechanics and Microstructure, Vol 2, National Association of
Corrosion Engineers, Houston, 1972,



1020 Low-Carbon Steel: Weibull Distribution of High-
Frequency Fatigue, in Methanol and Seawater

Material: SAE 1020 Coid Rolled
Number of Specimen Tested: 29
Frequency of Test: 20 KCS
Temperature: 75°F
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Weibull distribution of high-frequency (20 kHz) fatigue lifetimes
for cold rolled SAE 1020 steel.

Thesteeper slopein seawater reflects a lesser degree of scatter than
in methanol. Lack of scatter results from early crack initiation with
the lifetime being controlled by crack propagation. There is less
scatter in crack propagation, because the properties of many grains
are being averaged along the crack front, as compared to crack
initiation which is sensitive to the weakest regions in the surface.

Source: A. Thiruvengadam, Corrosion Fatigue at High Frequencies and High Hydrostatic Pressures, in
Stress Corrosion Cracking of Metals—A State of the Art, STP 518, ASTM, Philadelphia, 1972, p 139-154,
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Low-Carbon Steel: Effect of Applied and Anodic Currents on
Fatigue Life
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The effect of applied and anodic currents on the fatigue lives of
low-carbon steel in deaerated 3% NaCl solution.

The corrosion rate of this steel in this solution is virtually zero in
the absence of applied currents. Note the independence of fatigue
life at currents greater than ~40 pA/cm# and at currents less than
~0.2 pAfem# the absence of an applied stress effect and the
reappearance of the fatigue limit. These observations indicate that
a critical corrosion rate is necessary to initiate corrosion fatigue
failures.

Source: D.J. Duquette, Environmental Effects on Fatigue Crack Initiation and Early Propagation, in
Environmental Degradation of Engineering Materials in Aggressive Environments, Virginia Polytechnic
Institute, Blacksburg, VA, 1981, p 131-142.



Low-Carbon Steel: Corrosion and Corrosion-Fatigue 63
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Corrosion potentials and corrosion-fatigue potentials for low-
carbon steel in NaCl + HCl as a function of pH.

The fatigue limit in air is between 39 and 46 ksi. Note that the
protection potential is independent of pH below the fatigue limit
in air, but not above the fatigne limit. Below the fatigue limit, the
critical potential for complete protection is nearly identical to the
calculated potential of an iron surface in equilibrium with ferrous
ion in solution.

Source: D.J. Duquette, General Fatigue Resistance and Crack Nucleation in Metals and Alloys, in
Fatigue and Microstructure, American Society for Metals, Metals Park, 1979, p 335-364.
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Low-Carbon Steel: Factors Affecting Crack Growth When
Exposed to Wet Air and Dry Nitrogen
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Schematic relationship among crack opening mode, extent of
plastic zone, and environmental effects in crack growth in low-
carbon steel exposed to wet air and dry nitrogen.

Note that the increase in crack propagation rate in wet air was
observed only at low AK levels.

Source: R. Gibala and R.F'. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984.



Low-Carbon Steel: Effect of Environment on Fatigue Crack
Propagation Rates
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Effect of environment on the fatigue crack propagation rates in
alow-carbon steel as a function of the range of the stress-intensity
factor for both constant-amplitude and random-amplitude
loading,

Note that the random-amplitude test results cotrelate with the
constant-amplitude test results when an rms value of the random
loading is used.

Source: P.J. Haagensen, Fatigue Crack Growth in Steel in Air and Sea Water under Constant Amplitude
and Random Loading, in Fracture 1977, Vol 2, University of Waterloo Press, Waterloo, Ontario, 1977,
p 905-910.



66 Medium-Carbon Steel, 0.35%: Effect of Environment
on Fatigue Properties

50,000 I T T T T
0.35% carbon steel
40,000 — -
% i |
°
30,000 -
- 25 ppm NaCl | synthetic _|]
25 ppm NaSOg4) tap water

105 10® 107 108 10° 10 oM
N, cycles

Effect of environment on fatigue properties of a 0.35% carbon
steel. Note the absence of an endurance limit under corrosion
fatigne conditions. In some instances, the corrosion fatigue
resistance at long lives can sharply decrease if corrosion pits
develop late in the fatigue lifetime.

Source: A.S, Tetelman and A.J. McEvily, Jr., Fracture of Structural Materials, John Wiley & Sons,

New York, 1967, p 387.



1035 Medium-Carbon Steel: Effect of Dissolved Oxygen on
Fatigue Behavior, in NaCl Solution

30 T T T T T
| ._ DEAERATED
B
Q
S 20p :
1=
" i AERATED
g 10+ 8
» L 4
Olo(’ t i ) [ ST N O % n

|
Fatigue Life - cycles

The effect of dissolved oxygen on the fatigue behavior of 1035
steel in 5% NaCl solution.

A fatigue limit is present in the completely deaerated sodium
chloride solution, an indication that dissolved oxygen plays an
important role in the corrosion fatigue process of carbon steels in
neutral solutions.

Sou_rce: D.J. D.uquette, General Fatigue Resistance and Crack Nucleation in Metals and Alloys, in
Fatigue and Microstructure, American Society for Metals, Metals Park, 1979, p 335-364.
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Fe-C Carbon Steel: Effect of Carbon Content on
Threshold Stress for Stress-Corrosion Cracking,
in Nitrate Solutions
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Effect of carbon content on threshold stress for stress-corrosion
cracking of iron-carbon alloys in nitrate solutions.

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 168-175,



Fe-0.5C Steel: Effect of Environment on Fatigue Properties 69

2.0 x 1073

1 i T { T 1 - T

o Test in air

o Test in vacuum .

» Test in vacuum after
fatiguing in air N

a Test in air after
fatiguing in vacuum

15 % 1073}

Strain
T

1.0 x 1073 7 | i i |
108 108 107 108 10°
Cycles

Effect of environment on fatigue properties of an Fe-0.5C steel.

Source: A.S. Tetelman and A.J. McEvily, Jr., Fracture of Structural Materials, John Wiley & Sons,
New York, 1967, p 386.
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4135 Molybdenum-Niobium Modified Alloy Steel: Effect of
H,S Environment on Critical Stress
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Effect of a HyS environment on the critical stress, S, and Kygee
of molybdenum-niobium modified 4135 steel.

The data in (a) were obtained by using three-point bend specimens
by determining the critical stress for cracking. The data in (b) were
obtained by using wedge-loaded double cantilever beam speci-
mens. The yield strengths were varied by cooling at different rates
from the austenitizing temperature.

Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1987,



4147 and 4372 Alloy Steels: Crack Growth Kinetics
in Hydrogen

Stress intensity, ksiVin.
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Crack growth kinetics of three steels in high-pressure hydrogen
at 21 MPa (3000 psi). In these tests, a plateau was not observed.

Source: A.W. Loginow and E.H. Phelps, Steels for Seamless Hydrogen Pressure Vessels, Corrosion, 31,
1975, p 402-412.



4335V Alloy Steel: Crack Velocity as a Function of Stress- 75
Intensity, in Salt Water, H,, and in H,S
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Crack velocity as a function of stress-intensity for AISI 4335V
steel (tempered at 205 °C) in salt water, Hy gas, and HjS gas
environments.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



4335V Alloy Steel: Effect of Oxygen on Crack Velocity

T T T T

~3
5x10
r’ MATERIAL - AISI 4335y
STEEL
TEMPERED AT 315 °C
ULTIMATE TENSILE
STRENGTH - 248 KS1
(K = 41.60 KSI -IN?)

Crack Velocity (In/sec) - Log Scale

P,
- H
20107 2 -
0.91
A Pure H, (F‘H2 )
O H, + 040 Torr 0, (Ry"")
O H, + 090 Torr 0, (R,%%%)
2
P 0.83
1x10° - " —
! 1 1 11
100 150 250 350 500 550

Hydrogen Pressure (Torr) - Log Scale

Effect of oxygen additions on the crack velocity in hydrogen gas
for AISI 4335V steel tempered at 315 °C.

The absolute oxygen level is more significant than the Oy/Ho ratio.
The addition of 0.9 torr O to 100 torr Hp gas (0.9 vol%) showed
no significant effect on the crack growth rate as shown. No crack
growth was observed, however, with the addition of 4.7 torr Op to
665 torr Hp (0.7%) for times up to 30 min.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



4340 Alloy Steel: Stress-Corrosion Cracking Tests, in
Sodium Chloride
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Stress-corrosion cracking tests of AISI 4340 steel, using surface
cracked specimens in 3.5% NaCl solution. Similar values for
Kjgce were obtained with cantilever beam specimens and
center-cracked specimens,

Source: C.D, Beachem and B.F. Brown, A Comparison of Three Precracked Specimens for Evaluating
the Susceptibility of High-Strength Steel to Stress Corrosion Cracking, in Stress Corrosion Testing,
STP 425, American Society for Testing and Materials, Philadelphia, 1967, p 31-40.



4340 Alloy Steel: Fracture Time as a
Function of Hydrogen Content

Normal notch strength = 300,000 psi
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Delayed fracture times and minimum stress for cracking of 0.4%
carbon steel as a function of hydrogen content. Specimen initially
charged cathodically, baked at 150 °C for varying times to reduce
hydrogen content.

Source: H.H. Johnson, J.G. Morlet, and A.R. Troiano, Hydrogen, Crack Initiation, and Delayed Failure
in Steel, Trans. Met. Soc. AIME, 212, p 5628-536, 1958,



4340 Alloy Steel: Kiscc as a Function of Yield Strength 79
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Kigee values of AISI 4340 steel as determined by long-time steady
load tests and by rising load tests.

These results demonstrate that the susceptibility of AISI 4340 steel
increases with an increase in strength level. It was noted that cor-
rosion fatigue crack growth rates were enhanced considerably in
the HoS environment at stress-intensity levels well below Kygee SO
that an apparent immunity under sustained loading does not imply
immunity under cyclic loading.

Source: T.T. Shih and W.G. Clark, Jr., An Evaluation of Environment-Enhanced Fatigue Crack Growth
Rate Testing as an Accelerated Static Load Corrosion Test, in Environment-Sensitive Fracture, S.W.
Dean, E.N. Pugh, and G.M. Uglansky, Ed., STP 821, American Society for Testing and Materials,
Philadelphia, 1984, p 825-340.



4340 Alloy Steel: Effects of Carbon Content on Resistance to
Stress-Corrosion Cracking, in Water and in NaCl + Water
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Effects of carbon content on resistance to stress-corrosion
cracking of AISI 4340 steels quenched and tempered to either 172
or 195 ksi yield stress.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



4340 Alloy Steel: Effects of Manganese Content on Stress-
Corrosion Cracking Resistance, in Water and in NaCl +

Water
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Effects of manganese content on stress-corrosion cracking
resistance of AISI 4340 steels quenched and tempered to 169 and
187 ksi yield strength.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974,
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4340 and 300-M Alloy Steel: Variation of Stress-Corrosion

Cracking with Stress-Intensity, in Distilled Water
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Variation of stress-corrosion crack growth rate with stress-
intensity for 4340 and 300-M steel, heat treated by quenching and
tempering and by isothermal transformation to produce identical
yield strength. Tests were performed in distilled water at ambient
temperature.

The isothermally transformed 300-M steel contains 12% retained
austenite, which in this case appears to play a beneficial role in
resisting hydrogen embrittlement. Quenched and tempered 300-M
and 4340 contain less than 2% retained austenite.

Source: R.O. Ritchie, et al., Effects of Silicon Additions and Retained Austenite on Stress Corrosion
Cracking in Ultrahigh Strength Steels, Met. Trans. A, 9A, January 1978, p 35-40.



High-Strength Low-Alloy Steel: Effect of Molybdenum Content
on Sulfide Stress-Corrosion Cracking
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Effect of molybdenum content on sulfide stress-corrosion
cracking threshold stress of smooth steel specimens.

Source: H. Asahi, et al., Effects of Mn, P, and Mo on Sulfide Stress Cracking Resistance of High Strength
Low Alloy Steels, Met. Trans. A, 19A, September 1988, p 2171-2178.



High-Strength Low-Alloy Steel: Effect of Phosphorus on
Sulfide Stress-Corrosion Cracking
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Effect of phosphorus on the sulfide stress-corrosion cracking
threshold stress of smooth specimens of steel with varied man-
ganese content.

Source: H, Asahi, et al., Effects of Mn, P, and Mo on Sulfide Stress Cracking Resistance of High Strength
Low Alloy Steels, Met. Trans. A, 19A, September 1988, p 2171-2178.



Low-Alloy Bolts: Threshold Stress for Stress-Corrosion

Cracking
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Source: V.S. Goel, Ed., Corrosion Cracking, American Society for Metals, Metals Park, 1986.
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Plot of threshold stresses for stress-corrosion cracking in low-
alloy quenched and tempered bolting materials with different
hardness levels. Note: UNC denotes unified coarse thread.
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HY-130 High-Strength Alloy Steel: Effect of Seawater on

Time-to-Failure
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Effect of seawater environment on the time-to-failure of HY-130
steel. HY-130 is a 5Ni-Cr-Mo-V steel. The specimens were fatigue
precracked cantilever beams.

Source: G.A. Wacker, Effects of Marine Environment on High-Strength Steels, in Materials Performance
and the Deep Sea, American Society for Testing and Materials, Philadelphia, 1969, p 68-87.



HY-180 High-Strength Alloy Steel: Cracking Velocity in 3.5%

NaCl
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Rate of stress-corrosion crack growth as a function of Ky for
HY-180 steel in 3.5% NaCl solution under freely corroding con-
ditions (E =~ -0.36 VGHE)-

The cracking velocity at the plateau was two orders of magnitude
higher when the specimen was coupled to zinc (E = -0.82 S{R).
Cracking was consistent with a hydrogen embrittlement mecha-
nism, irrespective of potential.

Source: D. Tromans, Stress Corrosion Cracking of HY-180 Steel in Aqueous 8.5% NaCl, Met. Trans. A,
12A, August 1981, p 14456-1453.



835 M30 Alloy Steel: Effect of Stress-Intensity on Crack
Velocity, in NaCl, Hp, and in HyS
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Effect of stress-intensity on crack velocity for 835 M30 steel in
aqueous NaCl, gaseous Hj, and gaseous H3S environments.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



Ni-Cr-Mo-V Rotor Steels: Caustic Stress-Corrosion
Cracking Behavior, in NaOH
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Caustic stress-corrosion cracking behavior of Ni-Cr-Mo-V rotor
steels.

The specimens were tested in 9M NaOH at 98 °C at a controlled
potential of -442 mVgyE. The results indicate a detrimental effect
due to segregation of phosphorus to grain boundaries. Heat
treatments that produced large, chromium-rich carbides were
beneficial. These carbides are preferentially corroded and cause
pits to form at the crack tip. The pits cause crack-tip blunting and
slow the rate of crack propagation.

Source: N, Bandyopadhyay, C.L. Briant, and E.L. Hall, The Effect of Microstructural Changes on the
Caustic Stress Corrosion Cracking Resistance of a NiCrMoV Rotor Steel, Met. Trans. A, 16A, July 1985,
p 1333-1344.



90 Steam Turbine Rotor Steels: Stress-Corrosion Crack Growth

stress intensity, K, {ksi\/in }
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Effect of temperature and stress-intensity on the growth rates of
stress-corrosion cracks in steam turbine rotor steels.

Stress-corrosion cracking in turbine rotor steels is intergranular.
The plateau stress-corrosion crack growth rate is strongly affected
by the yield strength of the steels and the temperature of the
environment, but not by the dissolved oxygen and carbon dioxide
concentrations within the range studied. Within the composition
range from superclean steels to conventional steam turbine rotor
steels, the elements manganese, molybdenum, nickel, phosphorus,
and sulfur had no influence on the stress-corrosion crack growth
rate in hot water. Fracture toughness, as modified by alloy com-
position and temper embrittlement, had noinfluence on the growth
rate of stress-corrosion cracks in water.

Source: R. Magdowski and M.O. Speidel, Clean Steels for Steam Turbine Rotors—Their Stress Corrosion
Cracking Resistance, Met. Trans. A, 19A, June 1988, p 1583-1596.



Steam Turbine Rotor Steels: Effect of Gases Dissolved in
Hot Water

e
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Effect of gases, dissolved in hot water, on the growth rates of
stress-corrosion cracks in steam turbine rotor steels. The applied
stress-intensities range between 40 and 80 MN-m-%/2 at all three
temperatures.

The concentration of dissolved oxygen and carbon dioxide, within
the limits investigated, does not have any influence on the stress-
corrosion crack velocity.

Sourcg: R. Magdowski and M.O. Speidel, Clean Steels for Steam Turbine Rotors—Their Stress Corrosion
Cracking Resistance, Met. Trans. A, 19A, June 1988, p 15683-1598.
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92 Steam Turbine Rotor Steels: Effect of Temperature
on Stress-Corrosion Crack Growth Rates in Water
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Effect of temperature on stress-corrosion crack growth rates. The
shaded area indicates the service experience of steam turbine
rotors. Rpg,2 is the 0.2% offset yield strength.

Source: R. Magdowski and M.O, Speidel, Clean Steels for Steam Turbine Rotors—Their Stress Corrosion
Cracking Resistance, Met. Trans. A, 19A, June 1988, p 1583-1596,



Steam Turbine Rotor Steels: Effect of Yield Strength
on Stress-Corrosion Crack Growth Rates in Hot Water
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There are two different effects of yield strength on stress-
corrosion crack growth rates: a moderate one at low strength
levels and a strong effect at high strength levels, The applied
stress-intensities are between 40 and 80 MN-m~%/2,

Source: R. Magdowski and M.O. Speidel, Clean Steels for Steam Turbine Rotors—Their Stress Corrosion
Cracking Resistance, Met. Trans. A, 19A, June 1988, p 1683-1596.
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Ferritic Steels: Temperature Dependence of Stress-Corrosion
Crack Growth Rates

temperature, T, [°C]
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Temperature dependence of the stress-corrosion crack growth rates observed in a large number of ferritic steels.

The stress-corrosion crack growth rate usually increases with increasing temperature. There are two branches of
the curve where the temperature dependence characterized by the activation energy is different: one branch for
high temperatures, with an activation energy of 17.6 kcal/mol, and one branch for low temperatures, with an
activation energy of 8.0 kcal/mol. The region between these two parts of the curve depends on the yield strength
of the steel, and in this range, the stress-corrosion crack growth rate decreases with increasing temperature.

The three different regions of temperature dependence imply three different rate-controlling processes in the
stress-corrosion crack growth mechanism. The low-temperature branch, characterized by an activation energy of
about 8.0 kcal/mol (~36 kJ/mol) has been extensively studied by Wei and co-workers and is best understood. In
this temperature region, the reaction of the steel surface with water is the cause for stress-corrosion cracking, The
corresponding activation energy has the same value as the activation energy for the nucleation and growth of iron
oxide in water. This suggests that the hydrogen responsible for the subcritical cracking is produced during this
oxidatli]on reaction. Thus, in this temperature range, an oxidation reaction is the rate-limiting process for crack
growth,

In the temperature range 60 to 288 °C, subcritical crack growth has been discussed by Ford in terms of a film
rupture and anodic dissolution mechanism. Thus, it appears that there are two different thermally activated
processes involved; hydrogen embrittlement at low temperatures and anodic dissolution at high temperatures. ‘The
Inverse temperature dependence at intermediate temperature rangescould then be considereda transition between
the two mechanisms.

Source: R. Magdowski and M.O, Speidel, Clean Steels for Steam Turbine Rotors —Their Stress Corrosion Cracking
Resistance, Met. Trans. A, 19A, June 1988, p 1583-1596.



H-11 Alloy Steel: Effect of Temperature on Crack Velocity in

H2 Gas
= 1 ] T ] ) I I ] T
5x107° K=29,000psi-in3t -
H -1l Steel.

Yield Strength. 230,000 psi

° " i
g

~N

=

S

-

s

(& ]

o

M

>

X -3

x 10 . -
o 27°C

S i i

5x107% —

I ] Loa 1 31
200 400 600 800

Partial Pressure Hydrogen ( torr)

Effect of test temperature on the pressure dependence of crack
velocity for H-11 steel in Hy gas.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.
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H-11 Alloy Steel: Effect

of Environment on Crack Length
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Effect of environment on crack length in a high-strength mar-
tensitic steel as a function of time.

Brittleness in this high-strength steel (H-11) can result from
exposure to hydrogen at atmospheric pressure due to an adsorbed
layer of atomic hydrogen at the crack tip, which provides the
damaging hydrogen. Subcritical crack growth due to hydrogen gas
or water vapor can be arrested if small quantities of oxygen are
introduced (as little as 0.6% by volume) and a protective oxide
barrier is formed. However, dissolved oxygen in water has little or
no influence on the crack growth rate.

Source: G.G. Hancock and H.H.

Johnson, Trans. AIME, 236, 1966, p 5613-516.



H-11 Alloy Steel: Effect of Applied Load on Stress-Corrosion
Cracking Susceptibility in Sodium Chloride
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Effect of applied load on the stress-corrosion cracking suscepti-
bility of ¥/4-28 by 2 uncoated H-11 bolts.

H-11 is a 5.1Cr-1.3Mo-0.4C steel. The bolts had an ultimate
strength of 290,500 psi with threads rolled after heat treatment. All
failures occurred in the bolt shank as the result of intermittent
exposure to a 3.5% NaCl solution.

Source: C.S. Lin, J.J. Laurilliard, and A.C. Hood, Stress Corrosion Cracking of High-Strength Bolting,

in Stress Corrosion Testing, STP 425, American Society for Testing and Materials, Philadelphia, 1967,
p 84-97.



Ni-Cr-Mo-V and Ni-Cr-V Phosphorous-Doped Alloy Steel:
Variation of Time-to-Failure with Initial Stress, in NaOH
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Variation of time-to-failure due to caustic stress-corrosion
cracking as a function of the initial applied stress for
phosphorus-doped NiCrMoV steel and a phosphorus-doped
NiCrV steel.

Molybdenum and phosphorus, probably as anions precipitated
from solution, aid in passivating the sides of the crack and thus help
to keep the crack tip sharp. This sharpness will increase the speed
with which the crack will propagate. Removal of the molybdenum
greatly increases the number of cracks that nucleate. This higher
crack density would increase the relative area of the anode to the
cathode and thus act to decrease the crack growth rate.

Source: N. Bandyopadhyay and C.L. Briant, Caustic Stress Corrosion Cracking of NiCrMoV Rotor
Steels—The Effects of Impurity Segregation and Variation in Alloy Composition, Met. Trans. A, 144,
October 1983, p 2005-2020.



High-Strength Alloy Steels: Comparison of Stress-Corrosion
Cracking Behavior of 10Ni-2Cr-1Mo-8Co,
PH 13-8Mo, 4335, and 4340, in Salt Water
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A comparison of stress-corrosion cracking behavior of several
high-strength steels based on the threshold stress-intensity Kygcc
values in salt water.

Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1987.
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100 4340 Alloy Steel and 12% Chromium Steel: Effect of
Tempering Temperature on Stress-Corrosion Cracking, in
Sodium Chloride and in Distilled Water

Applied stress intensity, ksi * in, V2
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(b) Crack velocity for a 12% chromium steel in distilled water.

Effects of tempering temperature and applied stress-intensity
factor on velocity of stress-corrosion cracking.

Source: R.H. Van Stone and A.W. Gunderson, Fracture Properties of Carbon and Alloy Steels, in
Application of Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W.
Gerberich, and J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 41-104.



High-Strength Alloy Steels: Stress-Corrosion Failure Times 101
of 4340, D6ac, HP 9-4-45 and H-11, in Distilled Water
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Comparison of the stress-corrosion failure times of four high-
strength steels. The steels were subjected to sustained loading in
distilled water. Each steel had been hardened and tempered to a
tensile strength of about 1650 MPa (240 ksi).

Source: R.H. Van Stone and A.W. Gunderson, Fracture Properties of Carbon and Alloy Steels, in
Application of Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W. W,
Gerberich, and J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 41-104.
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Gas Tungsten-Arc Welded Alloy Steel: Influence of Sulfur
Content on Electrochemical Potential
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Influence of sulfur content on the effects of electrochemical
potential on Kjq of gas tungsten-arc steel weld metals at a yield
strength of 1042 MPa.

A low sulfur content appears to be a major prerequisite for
improvement in the stress-corrosion cracking properties in gas
tungsten-arc steel weld metals.

Source: C.T. Fujii, Factors Influencing Stress-Corrosion Cracking of High-Strength Steel Weld Metals,
Met. Trans, A, 12A, June 1981, p 1099-1105.



3Cr-Mo Alloy Steel: Stress-Corrosion Cracking in Various 103
Environments
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Average rate of stress-corrosion cracking of 3Cr-Mo steels in
NaOH solutions, power station steam, and water plotted as a
function of stress-intensity.

Extremely long initiation times on the order 0f 20,000 h have been
reported in steam and water. Cracks tend toinitiate in pits and then
propagate along grain boundaries.

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 168-175.
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High-Strength Steel: Comparison of Stress-Corrosion
Cracking Resistance in Water
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Comparison of the stress-corrosion cracking resistance of several
high-strength steels in water at ambient temperature.

All of the high-strength steels are susceptible to stress-corrosion
cracking in water at ambient temperature, with the exception of a
high-nitrogen, low-carbon austenitic steel.

Source: H. Spaehn, Fundamentals and Microstructural Aspects of Stress Corrosion Cracking of Some
Industrially Applied Alloys, in Subcritical Crack Growth Due to Fatigue, Stress Corrosion and Creep,
L.H. Larsson, Ed., Elsevier Applied Science Publishers, London, 1984, p 55-84.
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Fretting Fatigue Life
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Effect of atmosphere on fretting fatigue life.

Fatigue tests were performed at R =~ 0. The normal stress refers to
the pressure of the fretting pad on the surface of the specimen.

Source: D.J. Gaul and D.J. Duquette, The Effect of Fretting and Environment on Fatigue Crack
Initiation and Early Propagation in a Quenched and Tempered 4130 Steel, Met. Trans. A, 11A, July
1980, p 15656-15661.



106 4140 Alloy Steel: Effect of Moisture and Dissolved Oxygen
on Reversed Bending Fatigue Life, in Sodium Chloride
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Reversed bending fatigue life of 4140 steel as influenced by
hardness level and environment.

Source: H.H. Lee and H.H. Uhlig, Corrosion Fatigue of Type 4140 High Strength Steel, in Source Book
in Failure Analysis, American Society for Metals, Metals Park, 1974, p 351-359.
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Effect of applied potential on the reversed bending fatigue life of
4140 steel at a hardness level of 52 HRC stressed at 141 ksi (i.e.,
below the fatigue limit) in dry air.

Inaerated 3% NaClsolution, as the potential was made more active
(greater cathodic current) cathodic protection was provided and a
maximum increase in fatigue life was obtained at -0.5 Vgg. At
still more active potentials, the fatigue life decreased, and at -1.25
V hydrogen was visibly evolved at the specimen surface. Hydrogen
evolution had no effect on the fatigue life at a lower hardness level
of 37 HRC. An applied anodic current resulted in a decrease in life
up to an anodic current density of about 2.5 uA/cm. The results
can be interpreted in terms of a hydrogen embrittlement mecha-
nism. At the corrosion potential, anodic dissolution and the dis-
sociation of water to form H+ and OH- ions occur, with the H+
ions being adsorbed at local cathodic regions at the cracking sites.
This hydrogen promotes the cracking process. As the potential is
made more active, the rate of anodic dissolution decreases and the
life increases. However, as in the case of the 4140 steel heat treated
to 52 HRC, if the potential is made too active, the conditions for
hydrogen evolution will be met, and the adsorption of some of this
hydrogen leads to a reduction in fatigue life in a susceptible
microstructure. If the potential is made less active, initially there
will be a decrease in fatigue life due to an increased anodic disso-
lution rate and an increased rate of H¥ creation.

Source: H.H. Lee and H.H. Uhlig, Corrosion Fatigue of Type 4140 High Strength Steel, in Source Book
in Failure Analysis, American Society for Metals, Metals Park, 1974, p 351-359.



108 4130 Alloy Steel: Surface Crack Depth versus Load Cycles,
in Sodium Chloride
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Surface crack depth versus load cycles for 4130 steel, freely cor-
roded (-560 mVgCR) or cathodically polarized (-860 mVgCE) in
aerated 3% NaCl.

Note that the primary benefit of cathodic polarization occurs when
the crack is less than 40 um in length. At greater lengths, the growth
rates are approximately equal.

Source: R.P. Gangloff, Hydrogen Production, in Critical Issues in Reducing the Corrosion of Steels, H.
Leidheiser, Jr. and S. Haruyama, Ed., National Association of Corrosion Engineers, Houston, 1986, p
28-50.



4130 Steel:

Source: S.K. Putatunda, S.M. Allameh, and A, Spis, in HSL A Steels, A.J. DeArdo, Jr., Ed., TMS, AIME,

1988,

Effect of Load Ratio on Corrosion Fatigue Crack
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Effect of load ratio on corrosion fatigue crack growth rate in
annealed 4130 steel (o0 = 450 MPa).
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110 4130 Steel: Effect of Load Ratio on the Corrosion Fatigue
Crack Growth Rate
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Effect of load ratio on the corrosion fatigue crack growth rate in
4130 steel quenched and tempered at 500 °C (oy = 1330 MPa).

The increase in fatigue crack growth rate with increase in R was
greater in the quenched and tempered as compared to the annealed
condition, a reflection of the lower toughness of the quenched and
tempered condition.

Source: S.K. Putatunda, S.M. Allameh, and A. Spis, in HSLA Steels, A.J. DeArdo, Jr., Ed., TMS, AIME,
1988,



4130 Alloy Steel: Effect of Applied Stress Range on Growth 111
of Small Surface Cracks, in Salt Water
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Effect of applied stress range on the growth of small surface
cracks in salt water. The applied stress range and growth rate
enhancement factors are listed.

The rapid growth of small cracks was attributed to enhanced
cathodlc hydrogen production within the occluded crack Increased
H* and decreased oxygen inhibition to consume H+ within small
cracks are probable contributors to the chemical driving force.
Slower crack growth rates with an increase in stress in the small
crack regime correspond to an increase in the fraction of trans-
granular fracture, which involves a slower mode of growth, with
Increasing stress. ‘Acid conditions are developed more for a short
crack than a long crack due to enhanced elimination of Fe+ + and
the otherwise retarding influence of this species on the dissolution
and hydrolysis reaction rates.

Source: R.P. Gangloff, Crack Size Effects on the Chemical Driving Force for Aqueous Corrosion Fatigue,
Met. Trans. A, 16A, 1985, p 953-969.



112 4130 Alloy Steel: Corrosion Fatigue Crack Growth Rates, in
Sodium Chloride
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Corrosion fatigue crack growth rates predicted on linear super-
position of stress-corrosion cracking kinetics for short and long
cracks exposed to 3% NaCl.

The weak AK dependence of the growth rate in 3% NacCl is
interpreted as a characteristic of the superposition of rate-limited
stress-corrosion and cycle-dependent fatigue crack growth rates.
The predictions shown are based on the Wei-Landes linear
superposition model for sinusoidal loading at 0.1 Hz. For long
cracks, da/dt = 4 x 10 mmy/s. Short crack predictions are based on
static load growth data for 0.1 to 2.0 mm deep cracks. The agree-
ment between measured and predicted rates is excellent, sup-
porting the enhanced acidification explanation for the chemical
crack size effect.

Source: R.P. Gangloff, Crack Size Effects on the Chemical Driving Force for Aqueous Corrosion Fatigue,
Met, Trans. A, 16A, 1985, p 9563-969.



4135 Alloy Steel: Effect of Saturated H,S Environment on 113
Corrosion Behavior
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Effect of a saturated HS environment on the corrosion fatigue
behavior of SAE 4135 steel and a modified SAE 4135 steel.

The modification consisted of increasing the molybdenum content
from 0.2 to 0.75% and adding 0.036% Nb. Crack propagation
behavior in Hyp was not affected by the modification, and it was
concluded that the modification improved resistance to crack ini-
tiation.

Source: K. Tsukada, K. Minakawa, and A.J. McEvily, On the Corrosion Fatigue Behavior of a Modified
SAE 4135 Type Steel in a H3S Environment, Met. Trans. A, 14A, August 1983, p 1737-1750.



114 4340 Alloy Steel: Room-Temperature Fatigue Crack Growth
Rates, in Argon and in Water Vapor
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Room-temperature fatigue crack growth rates in AISI 4340 steel
tested in dehumidified argon and in water vapor (below Kygcc)
atR = 0.1

Wei proposed that the total rate of fatigue crack growth in an
aggressive environment is made up of a component due to pure
fatigue, a component due to an environmental contribution, and
above Krgce, a component due to stress-corrosion cracking. These
contributions are linearly combined as:

(da/dN)totat = (da/dN)fatigue + (da/dN)corr + (da/dN)scc

Source: R.P. Wei, On Understanding Environment-Enhanced Fatigue Crack Growth—A Fundamental
Approach, in Fatigue Mechanisms, STP 675, J.T. Fong, Ed., American Society for Testing and Materials,
Philadelphia, 1979, p 816-830.



4340 Alloy Steel: Effect of Stress-Intensity Range and Load 115
Frequency on Fatigue Crack Growth, in Distilled Water
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Effect of stress-intensity range and loading frequency on fatigue
crack growth in ultrahigh strength 4340 steel exposed to distilled
water at 23 °C.

Source: J.F. Knott, Effects of Environment on Crack Growth under Monotonic and Cyclic Loading, in
Corrosion Fatigue, R.N. Parkins and Ya.M. Kolotyrkin, Ed., The Metals Society, London, 1980, p 9-23.



116 4340 M Alloy Steel: Effect of Frequency on Growth Rate of
Fatigue Cracks, in Water and in Vacuum
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Effect of frequency on the growth rate of fatigue cracks in high-
strength 4340 M steel exposed to water and vacuum.

The dashed line has been computed on the basis of a superposition
of stress-corrosion crack growth rates on the frequency-
independent vacuum fatigue crack growth rate. The calculated
values are in good agreement with experimental results for
frequencies less than 3 Hz.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



4340 M Alloy Steel: Factors Affecting Growth Rate of Fatigue 117
Cracks, in Water and in Vacuum
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Effect of cyclic stress-intensity range and frequency on the growth
rate of fatigue cracks in high-strength 4340 M steel exposed to
water and vacuum.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974,



118 6150 Alloy Steel: Effect of Shot Peening on Reverse Bending
Fatigue Life, in Sodium Chloride
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Effect of shot peening on the reverse bending fatigue life of AISI
6150 steel in 3% NaCl solution.

An Almen intensity of 0.020 to 0.022 A results in an estimated
maximum compressive residual stress of 793 MPa, with the esti-
mated depth of the compressive layer being 0.35 to 0.41 mm. An
Almen intensity of 0.008 to 0.010 Cresults in a similar compressive
stress, but with the depth of the compressive layer increased to 0.51
to 0.61 mm. The beneficial effect of shot peening was attributed to
a significant reduction in the early fatigue crack propagation rates
due to the compressive residual stress layer at the surface.

Source: M.S. Baxa, Y.A. Chang, and L.H. Burck, Effects of Sodium Chloride and Shot Peening on
Corrosion Fatigue of AISI 6150 Steel, Met. Trans. A, 9A, August 1978, p 1141-1148,



300M Alloy Steel: Effect of Corrosion Inhibitors on Crack 119
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Effect of inhibitors on the crack growth rate in 300M steels.

MA = moist air; CTM = dichromate + tellurate + molybdate;
DNBM = dichromate + nitrite + borate + molybdate.

Source: V.S. Agarwala, Modification of Crack-Tip Chemistry to Inhibit Corrosion and Stress Corrosion
Cracking in High Strength Alloys, in Embrittlement by the Localized Crack Environment, R.P. Gangloff,
Ed., The Metallurgical Society of AIME, Warrendale, PA, 1984, p 405-418.



120 2.25Cr-1Mo Alloy Steel: Fatigue Crack Growth
Rate for Argon and Lithium Environments
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Fatigue crack growth rate as a function of frequency for argon
and lithium environments at 773 K.

The variation in crack growth rate in lithium was associated with a
change from intergranular fracture at low frequencies to trans-
granular fracture at high frequencies. Fatigue fracture in argon was
transgranular, independent of frequency.

Source: R.E. Spencer, et al., Fatigue Crack Propagation Characteristics of 2-1/4Cr-1Mo Steel in Liquid
Lithium at 773 K, Met. Trans. A, 11A, October 1980, p 1768-1761.



Ni-Cr-Mo-V Turbine Disc Steel: Effect of Frequency on 121
Corrosion Fatigue Crack Growth Rate, in NaOH
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Effect of frequency on corrosion fatigue crack growth rate of
ASTM A-471 turbine disc steel in room temperature 12} NaOH
at R = 0.5 and a cathodic potential of -1280 mVyj.

Intergranular cracking was observed at cathodic potentials com-
pared to transgranular cracking at open circuit potentials and in air.
It was suggested that hydrogen diffusion into the material ahead
of the crack tip was a necessary condition to accelerate cracking.
Positive and negative sawtooth waveform results show that envi-
ronmental effects are accelerated during the loading portion of the

cycle.

Source: R. Rungta and J.A, Begley, Effect of Cathodic Potential on Corrosion Fatigue Crack Growth
Rates on a Ni~-Cr-Mo-V Turbine Disc Steel in Room Temperature Caustic Environment, Met. Trans.
A, 11A, May 1980, p 821-830.



122 Low-Alloy Steel: Variation of Crack Tip Potential, as a
Function of Dissolved Oxygen Content, in Water
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Variation of crack tip potential and pH for stainless steels and
low-alloy steels in 288 °C water, as a function of the dissolved
oxygen content in the bulk solution.

Source: F.P. Ford and P.L. Andresen, Advances in Fracture Research, Ed., K. Salama, et al,, Ed., p
1571.



A533B and A508 Low-Alloy Steel: Theoretical and Observed
da/dN Versus aK Relationships, in Deaerated Water

da/dN, mR cyde-'

Comparison between theoretical and observed da/dN versus AK
relationships for A533B and A508 steels with 0.01 to 0.025% S in
deaerated water at 0.0167 Hz and R = 0.7,

The equation used in making predictions was:
(da/dN)otal = (Yafreq)[f(n)(ec)"] + (da/dN)inert

Source: F.P. Ford and P.L. Andresen, Advances in Fracture Research, K. Salama et al., Ed., p 1571.
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124 A533B and A508 Low-Alloy Steel: Theoretical and Observed
da/dN versus aK Relationships
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Comparison between theoretical and observed da/dN versus AK
relationships for AS33B and AS08 steels with 0.01 to 0.025% S in
200 to 300 ppb O water at 0.0167 Hz and R = 0.7.

Source: F.P., Ford and P.L. Andresen, Advances in Fracture Research, K. Salama et al., Ed., p 1571,



ASME Boiler and Pressure Vessel Code, 1986, Section X,
Appendix A: Reference Fatigue Crack Growth Rate Laws for

Ferritic Pressure Vessel Steels
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Reference fatigue crack growth rate laws for ferritic pressure

vessel steels.

Source: ASME Boiler and Pressure Vessel Code, 1986, Section XI, Appendix A: Reference Fatigue Crack

Growth Rate Laws for Ferritic Pressure Vessel Steels.
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126 A508 Class 2 Forgings: Effect of Sulfur Content on Fatigue
Crack Growth, in a PWR Environment
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Effect of sulfur content of AS08 Class 2 forgings on fatigue crack
growth in a PWR environment at R = 0.2.

Source: W.H. Bamford, NUREG /CR-5020, ORNL/Sub/82-21598/1, 1988.
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A533B Steel: Effect of Frequency on Fatigue Crack Growth,

in a Simulated PWR Environment
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Effect of frequency on fatigue crack growth for a high-sulfur heat

of AS33B steel at R = 0.7 at 204 °C in a simulated PWR envi-

ronment.

Source: W.H. Bamford, NUREG /CR-5020, ORNL/Sub/82-21598/1, 1988.



SA533B-1 High-Strength Low-Alloy Steel: Fatigue Crack 129
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Fatigue crack growth rates for SA533B-1 steel in 288 °C deoxy-
genated high-purity water.

Note that the fatigue crack growth rates in high-purity water are
significantly higher than in a PWR water environment.

Source: W.A. Van Der Sluys and Daniel S. DeMiglio, Environment Sensitive Fracture, STP 821, S.W.
Dean, et al., Ed., ASTM, Philadelphia, 1984, p 443-469.



130 2.25Cr, Modified 9Cr, and 9Cr-2Mo Alloy Steels: Fatigue
Crack Growth Rates, in Vacuum
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Rate of fatigue crack growth for three steels tested in vacuum at
538 °C at two R ratios.

Note that the rate of fatigue crack growth at 30 Hz in vacuum is
independent of microstructure and of the R value. The absence of
anR dependency indicates that crack closure is absent in these tests
at elevated temperature. Additional tests at frequencies down to
0.3 Hz in vacuum show no effect of frequency, an indication that
creep plays no role over the range of frequencies examined. In air,
on the other hand, the rate of crack growth increases with
decreasing frequency due to the deleterious effects of oxidation.

Source: H. Nakamura, K. Murali, K. Minakawa, and A. McEvily, in Proc. Int, Conf. on Microstructure
and the Mechanical Behavior of Materials, Gu and He, Ed., Xian, China, 1985, EMAS, Warfield, England,
p 43-57.
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Observed and Theoretical Crack Propagation Rate and Crack
Tip Strain Rate

THEQRETICAL AND QBSERVED CRACK
—4 PROPAGATION RATE/STRAIN RATE
10 RELATIONSHPS

LOW ALLOY AS333/A302 0.01-0,02%8

HEORY
10° 8pom0,
STAGHANT
Low nLow
RATE

CRACK PROPAGATION RATE, cm s
=
~4

% 16®% 167 16° 16° 16* 16 167 16

CRACK TIP STRAIN RATE, s!

16" 10

Comparison between observed and theoretical crack propagation
rate and crack tip strain rate relationships for low-alloy A533 and
AS08 steels in 288 °C water under various conditions of solution
flow rate and dissolved oxygen content.

Source: F.P, Ford and P.L. Andresen, Advances in Fracture Research, K. Salama et al., Ed., p 1571,
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Stress-time curves for VAR 2.25Cr-1Mo steel strained at 4.4 x
10~7/s as a function of temperature and caustic concentration.

Source; H.C. Cowen and A.W, Thorley, "Proc. Topical Conf. on Ferritic Alloys for use in Nuclear Energy
Technologies," J.W. Davis and D.J. Michel, Ed., 1983.
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Fatigue crack growth rate of 2.25Cr-1Mo steel as a function of
AK in air at 538 °C,

Note that the threshold in air is higher than in vacuum because of
oxide-filling of the crack.

Source: C.H. Nakamura, K. Murali, K Minakawa, and A.J. McEvily, in Microstructure and Mechanical
Behavior of Materials, G. Haiching and H. Jiawan, Ed., EMAS, Warley, UK, 43-57.



134 2.25Cr-Mo Alloy Steel: Fatigue Crack Propagation, in Air and
in Hydrogen
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Fatigue crack propagation in martensitic 2.25Cr-Mo steel tested
in moist air and dry hydrogen gas.

At low load ratios, near threshold, the fatigue crack growth rate in
moist air is less than that in dry hydrogen due to the formation of
excess corrosion deposits on the crack faces, which enhances crack
closure and thereby reduces the effective range of the stress-
intensity factor.

Source: S. Suresh, G.F. Zamiski, and R.O. Ritchie, Oxide-Induced Crack Closure: An Explanation for
Near-Threshold Corrosion Fatigue Crack Growth Behavior, Met. Trans. A, 12A, August 1981, p
1435-1444.
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Flexural fatigue curves for HP 9Ni-4Co-0.20C steel.

The yield strength of this material was in the 180 to 200 ksi range.

Source: R.C. Schwab and E.J. Czyryca, Effects of Notches and Saltwater Corrosion on the Flexural
Fatigue Behavior of High-Strength Structural Alloys, in Effects of Environment and Complex Load
History on Fatigue Life, STP 462, American Society for Testing and Materials, Philadelphia, 1970, p
203-216.



136 HP 9Ni-4Co0-0.25C Alloy Steel: Effect of Environment on
Fatigue Life
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Effect of environment on fatigue life of HP 9Ni-4Co-0.25C alloy
steel using 2-in. thick wedge opening load specimens.

Source: W.G. Clark, Jr, and E,T. Wessel, Influence of a Synthetic Seawater Environment on the Fracture
Behavior of HP 9-4-25 and HP 9-4-20 Alloy Steels, in Materials Performance and the Deep Ses,
American Society for Testing and Materials, Philadelphia, 1969, p 93-114,
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Fatigue crack propagation rate of HP 9-4-20 steel in hydrogen
and vacuum.

Source: J.D. Frandsen and H.L. Marcus, Environmentally Assisted Fatigue Crack Propagation in Steel,
Met. Trans, A, 8A, February 1977, p 2656-272,



138 SA508-2 High-Strength Low-Alloy Steel: Fatigue Crack
Growth Rates, in PWR Water
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Fatigue crack growth rates for SA508-2 steel at 288 °C in PWR
water.

The numbers on the figure refer to individual tests. The results are
compared with the ASTM Boiler and Pressure Vessel Code, Sec-
tion XI, upper bound fatigue crack growth data lines for reactor
pressure vessel steels. Note that there is little effect of frequency
on the rate of fatigue crack growth over the range of frequencies
investigated.

Source: W.A, Van der Sluys and Daniel 8. DeMiglio, Environment Sensitive Fracture, STP 821, S.W,
Dean et al,, Ed., ASTM, Philadelphia, 1984, p 443-469.



9Cr Alloy Steels: Room-Temperature versus Elevated
Temperature Fatigue Crack Propagation, in Air and in

Source: H. Nakamura, H. Murali, K. Minakawa, and A, McEvily, in Proc. Int, Conf. on Microstructure
and the Mechanical Behavior of Materials, Gu and He, Ed., Xian, China, 1985, EMAS, Warfield, England,

p 43-57.
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Comparison of room-temperature and elevated temperature
fatigue crack propagation results in air and in vacuum at 30 Hz.

When the rate of fatigue crack growth is expressed as a function of
AKerf/E, all results for vacuum fall on a single line. In air, however,
because of the temperature dependence of the oxidation rate, such
a correlation is not obtained. Note also that even after correcting
for closure the threshold level in air at elevated temperature is
higher than thatin vacuum. Thisisinterpreted toindicate that there
is a strong oxide at the crack tip, which results in an increase in the
threshold level. However, once the threshold level is exceeded at
the elevated temperature, crack propagation in air occurs more
rapidly than in vacuum.
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140 12Ni-5Cr-3Mo Alloy Steel: Corrosion Fatigue Crack Growth,
in Air and in Sodium Chioride
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Corrosion fatigue crack growth data for 12Ni-5Cr-3Mo steel as
a function of frequency in air and in 3% NaCl solution.

Source: E.J. Imhof and J.M. Barsom, Fatigue and Corrosion-Fatigue Crack Growth of 4340 Steel at
Various Yield Strengths, in Progress in Flaw Growth and Fracture Toughness Testing, STP 536,
American Society for Testing and Materials, Philadelphia, 1973, p 182-205,
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Corrosion fatigue crack growth rates in 12Ni-5Cr-3Mo steel in
3% NaCl solution under various cyclic stress fluctuations with
different stress-time profiles.

Note that the highest growth rates were found for those loading
waveforms for which the strain rate during the rising portion of the
cycle was low.

Source: E.J, Imhof and J.M. Barsom, Fatigue and Corrosion-Fatigue Crack Growth of 4340 Steel at
Various Yield Strengths, in Progress in Flaw Growth and Fracture Toughness Testing, STP 536,
American Society for Testing and Materials, Philadelphia, 1973, p 182-205.



142 A286 Iron-Base Superalloy: Low-Cycle High-Temperature
Fatigue Behavior, in Air and in Vacuum

1
iron-base superakoy A 286, 593°C

o
4 o
& 10
I
_— o test n vacuum
e qot 05 to 59 cpm
@
.‘Q_
2 .3
a 0
L
FS
° ‘ test in air

D—«

) o' o o' 0° o 0

cycles to failure , Nf

Low-cycle high-temperature fatigue behavior of A286, an iron-
base superalloy, tested in air and in vacuum at 593 °C.

Composition: 26% Ni, 15% Cr, 1% Nb, 2% Ti, bal Fe. For this
material, oxidation rather than creep is responsible for the decrease
in fatigue resistance in air at 593 °C over the range of frequencies
used.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE b, National
Association of Corrosion Engineers, Houston, 1974.
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Overall view of the effect of frequency and environment on the
rate of fatigue crack growth in an iron-base superalloy tested at
607 °C.

Composition: 26% Ni, 15% Cr, 1% Nb, 2% Ti, bal Fe. In this
instance, at the lowest frequencies used, creep failures occurred.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974,



144 Fe-42Ni-15Cr-3Mo Nickel Alloy: S/N Curves, in Air and in a
Hot Corrosive Environment
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S/N curves of Fe-42Ni-15Cr-3Mo specimens with different grain sizes at 800 °C in air and in a hot
corrosive environment.

The fatigue tests were conducted at 800 °C using rotating bending fatigue machines operating at 1500
rpm. To simulate an actual hot corrosive environment, the specimens were coated with a synthetic salt
mixture composed of 90% NapSO4 plus 10% NaCl (melting point 785 °C). The amount of salty mixture
applied was 0.4 kg/mmz. In prolonged fatigue tests, the coating was reapplied at intervals of 3 x 105
cycles. Corrosion fatigue crack propagation was found to depend strongly on grain size. A smaller grain
size results in an enhanced intergranular crack propagation rate because of the effect of mechanical
fatigue and chemical corrosive damage concentrated at the grain boundaries. To improve the corrosion
fatigue properties of superalloys, the grain size has to be large enough to avoid intergranular fracture.

Source: M. Yoshiba and O. Miyagawa, High Temperature Corrosion Fatigue and Grain Size Control in
Nickel-Base and Nickel-Iron-Base Superalloys, in Superalloys 1988, D.N, Duhl, et al., Ed., The Met-~
allurgical Society of AIME, Warrendale, PA, 1988, p 825-834.
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Effect of hydrogen aging on stress-rupture behavior of candidate
heater tube alloys.

19-9DL and Nitronic 40 are iron-base alloys.

Source: J.R. Stephens, in Environmental Degradation of Engineering Materials in Hydrogen,
TA462/En10, 1981, p 128,
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Fatigue life of AC 66 at 900 °C in air and in process gas.

AC 66;: X5NiCrCeNb 3227. AC 66 is an iron-base superalloy. The
reactor in a coal gasification plant operates at 900 °C and has to be
suppliedwith the required processheat by atubular heatexchanger.
The material for the heat exchanger requires a certain resistance
to corrosion fatigue~among other considerations, process heat by
a tubular heat exchanger.

Source: K.-T. Rie, High Temperature Low Cycle Fatigue in Coal Gasification Environment, in Low
Cycle Fatigue and Elasto-Plastic Behaviour of Materials, K.-T. Rie, Ed., Elsevier Applied Science
Publishers, New York, 1987, p 389-394.



AC 66 and Incoloy 800 H Iron-Base Superalloys: Comparison 147
of the Fatigue Life, in Process Gas

10"
% comparison of the materials
6 incoloy 800 H und AC 66 :
4 temperature : 900°C
g environment : process gas
<3
-7
g 2
et I\ k\d
S 100 \\;\\\
*3 8 NS NI
— 6 s ‘\'\
[=}
2 4 \\u\.
Incoloy 800 H AC 66
g L ag=e102 s at=40107 1Us
etz 4 10" 1/s o0& =410 s
10" we= 6100 1s  oe= 610 Vs
10t 2 L 6 81° 2 L 68100 2 L 6 810"

critical number of cycles N¢

Source: K.-T. Rie, High Temperature Low Cycle Fatigue in Coal Gasification Environment, in Low
Cyclg Fatigue and Elasto-Plastic Behaviour of Materials, K.-T. Rie, Ed., Elsevier Applied Science
Publishers, New York, 1987, p 389-394.
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Maraging Steel: Time-to-Failure in Slow Strain Rate Tests
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Source: R.N. Parkins, Significance of Pits, Crevices, and Cracks in Environment-Sensitive Crack Growth,

POTENTIAL , V (SCE)

Time-to-failure in slow strain rate tests, normalized with respect
to time-to-failure in air, as a function of applied potential, for
maraging steel specimens tested in 3.5% sodium chloride at
various initial pH values.

In plain specimens, ductile failures occurred at intermediate
potentials in solutions with pH values of 6 or 11. At pH 2,
environment-related failure occurred independent of potential
over the range studied. However, when precracked specimens were
tested in the pH 11solution at those potentials (-0.5 and -0.7), which
did not promote cracking in plain specimens, stress-corrosion
crackingoccurred, asit didat open circuit potential with precracked
specimens at lower pH values. The precracks are probably
important in relation to environmental effects, such as changes in
pH, oxygen concentration, or potential variations within the crack
enclave.

in Fracture at Stress Concentrators, The Institute of Metals, London, 1986, p 7-13.
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152 18Ni Maraging Steel: Comparison of Kis.. as a Function of
Yield Strength
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Comparison of Kygc as a function of the yield strength of 18Ni
maraging and other high-strength steels.

Maraging steels generally display superior resistance in terms of
Kisce level in comparison to other high-strength steels. The
resistance of maraging steels to stress-corrosion cracking generally
follows fracture toughness. Processing techniques such as vacuum
melting, proper hot working, and keeping residual impurity levels
low also improve resistance to stress-corrosion cracking. Surface
treatments such as painting or shot peening have been used to
increase resistance. Cathodic protection can also be used, but must
be employed carefully toavoid hydrogen charging that could initiate
cracking.

Source: L.L. Shreir, Ed., Corrosion 1—Metal/Environment Reactions, Newnes-Butterworths, London,
1979.



Fe-20Co-15Cr-5Mo Maraging Steel: Influence of Chloride 153
Concentration and Stress-Intensity on Crack Growth
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Influence of chloride concentration and stress-intensity on the
rate of stress-corrosion crack growth in a Fe-20Co-15Cr-5Mo
maraging steel.

These results are for precracked wedge opening loaded specimens.
The material had been age hardened by heat treatment at 500 °C
for 38 h, which provided a favorable combination of fracture
toughness and tensile strength.

Source: R.T, Towers, J M. West, and R, Brook, The Effect of Environment on Crack Growth in a
Stainless Maraging Alloy, in Fracture 1977, Vol 2, University of Waterloo Press, Waterloo, Ontario,
1977, p 313-322.



154 Maraging Steel: Relationship Between Yield Strength and
Stress-Corrosion Cracking Velocity
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Relationship between yield strength and plateau stress-corrosion
cracking velocity.

The maraging steel investigated had a nominal composition of
16.3Ni-12.87C0-4.98Mo0-0.78Ti. The specimens were precracked
Charpy bars, and they were loaded as cantilever beams. For
stress-corrosion testing, a supply of 3.5% aqueous sodium chloride
was dripped into the notch.

Source: C.S. Carter, Fracture Toughness and Stress Corrosion Characteristics of a High Strength
Maraging Steel, in Source Book on Maraging Steels, R.F. Decker, Ed., American Society for Metals,
Metals Park, 1979, p 180-1856.



18Ni Maraging Steel: Effect of Alloying Elements 155

140
0o\l0 4120
120 18Ni maraging steels
—1100
100 -
-1 80
8 9
E 80| I
p -
s 3
§ -60 §
¥ o} x
— 40
40
20k — 20
0 1 f | 0
0 8 12 16

{Co)'2 - Mo - (Ti + Al)

Effect of alloying element parameter on Kygcc for 18Ni maraging
steels in an aqueous solution of sodium chloride.

Sourg:e: R.H. Van Stone and A.W. Gunderson, Fracture Properties of Carbon and Alloy Steels, in
Application of Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W.
Gerberich, and J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 41-104.
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Effect of aging treatment on stress-corrosion cracking suscepti-
bility in 3% sodium chloride at pH 1.7 of 18% Ni maraging steel
austenitized 2 h at 1500 °F.
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Effect of aging treatment on stress-corrosion cracking suscepti-
bility in 3% sodium chloride at pH 6.3 of 18% Ni maraging steel
austenitized 2 h at 1500 °F.

The stress-corrosion test results were obtained with cantilever
beam specimens that contained a V-notch 0.22 in. deep and with
a root radius of less than 0.01 in. The specimens were also side
grooved on each side to a depth of 5% of the width. Specimens
were heat treated to a hardness of 52 to 53 HRC. After heat
treatment, the specimens were fatigue precracked. For pH leve]
in the range 1.7 to 6.3, the Kjgcc value was about 10 to 15 ksi-in.”2
and independent of aging treatment. The time-to-failure was rel-
atively insensitive to stress-intensity, but very dependent on aging
treatment. The crack path was along prior austenitic grain
boundaries, and the results were consistent with a hydrogen
embrittlement mechanism.

Source: A.J. Stavros and H.W. Paxton, Stress Corrosion Cracking Behavior of an 18% Ni Maraging
Steel, in Source Book on Maraging Steels, R.F. Decker, Ed., American Society for Metals, Metals Park,
1979, p 173-179. ’
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Austenitizing Temperature
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Effects of stress and austenitizing temperature on the total time-to-failure for one heat of an 18% Ni
maraging steel.

The specimens were unnotched and were tested in 0.6N sodium chloride at pH 2.2 The advantage of
keeping the austenitizing temperature as low as possible is illustrated. Numerous cracks were initiated,
and in the most susceptible conditions, the cracks followed the original austenite grain boundaries. When
heat treated to improve resistance to stress-corrosion cracking, the cracks became appreciably less
branched and tended to become transgranular. Small particles, possibly titanium carbide, were detected
along the prior austenitic grain boundaries, and these particles were most readily detectable in the
microstructures most susceptible to stress-corrosion cracking.

Source: R.N. Parkins and E,G. Haney, Stress Corrosion Cracking of 18% Ni Maraging Steel in Acidified
Sodium Chloride Solution, in Source Book on Maraging Steels, R.F. Decker, Ed., American Society for
Metals, Metals Park, 1979, p 162-172.



158 12Ni-5Cr-3Mo Maraging Steel: Effect of Cyclic Frequency on
Corrosion Fatigue Crack Growth
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Effect of cyclic frequency on the corrosion fatigue crack growth
rates for 12Ni-5Cr-3Mo maraging steel. The steel was tested in
air and in a 3% aqueous solution of sodium chloride with sinu-
soidal loading.

Source: R.H. Van Stone and AW, Gunderson, Fracture Properties of Carbon and Alloy Steels, in
Application of Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W,
Gerberich, and J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 41-104.



12Ni-5Cr-3Mo Maraging Steel: Effect of Shape of Loading
Wave Form on Corrosion Fatigue Crack Growth
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crack growth rates for 12Ni-5Cr-3Mo maraging steel.

The steel was tested in air and in a 3% aqueous solution of sodium
chloride. Wave forms that had a relatively slow rise in load during
tensile loading were associated with the highest rates of crack

growth,

Source: Corrosion Fatigue: Chemistry, Mechanics and Microstructure, Vol 2, National Association of
Corrosion Engineers, Houston, 1972,
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STAINLESS STEELS

All austenitic grades of stainless steels, especially AISI types 304 and 316, are susceptible to
stress-corrosion cracking (SCC) in chloride environments, and this susceptibility is increased by the
presence of oxygen and by elevated temperatures. The cracking path is usually transgranular, but
grain boundary sensitization due to the precipitation of carbide, nitride, and intermetallic phases
leads to cracking in the chromium depleted matrix adjacent to sensitized grain boundaries. On the
other hand, most ferritic and duplex stainless steels are either immune or highly resistant to SCC,
although the ferritic AISI types 430, 434, and 446 can also be sensitized. The highly alloyed austenitic
grades are more resistant to sodium chloride (NaCl) solutions, but crack readily in MgCl, solutions.
Sour environments can result in sulfide stress cracking (SSC) in susceptible alloys. The resistance to
SSCincreases with decreased hardness. Duplex and ferritic grades have been used for their improved
resistance to SSC. High-strength martensitic grades are susceptible to hydrogen assisted cracking.

Although some localized pitting or crevice corrosion probably precedes SCC, the amount of pitting
or crevice attack may be so small as to be un detectable. Stress corrosion is difficult to detect while in
progress, and even when pervasive, can lead o rapid catastrophic failures of pressurized equipment.
Tt is difficult to alleviate the environmental conditions that lead to SCC as the level of chlorides
required to produce stress corrosion is very low. In operation, there can be evaporative
concentration of chlorides or a concentration in the surface film on a heat-rejecting surface.
Temperature is often a process parameter, as in the case of a heat exchanger. Although tensile stress
is one parameter that might be controlled, the residual stresses associated with fabrication, welding,
or thermal cycling, rather than design stresses, are often responsible for SCC, and even stress-
relieving heat treatments do not completely eliminate these residual stresses.



Austenitic Stainless Steel: Stress-Corrosion Cracking 165
Behavior in Boiling Magnesium Chloride

Compositions of Standard Grades of Wrought Stainless and
Heat-Resisting Steels (AXSI, 1959)

AISI — Nomina} composition, %

type C Mn, max Si, max Cr Ni Other(a)
Austenitic Steels

201 ........ 0.15 max 7.50(b) 1.00 16.00 to 18.00 .50 to 5.50

202 ........ 0.15 max 10.00(c) 1.00 17.00 to 19.00

3
4
301 ........ 0.15 max 2.00 1.00 16.00 to 18,00 6. A
. 0.15 max 2,00 1.00 17.00 to 19.00  8.00 to 10.00
8
8
8

0.15 max 2.00 3.00(d) 17.00 to 19.00

30 0.15 max 2.00 1.00 17.00 to 19.00 to 10.00

303(Se) .... 0.15 max 2.00 1.00 17.00 to 19.00 00 to 10.00

304 ........ 0.08 max 2.00 1.00 18.00 to 20.00 8.00 to 12.00 oo
304L .,.... 0.03 max 2.00 1.00 18.00 to 20.00  8.00 to 12.00 e
305 ........ 0.12 max 2.00 1.00 17.00 to 19,00 10.00 to 13.00 feee
308 ........ 0.8 max 2.00 1.00 19.00 to 21.00 10.00 to 12.00 fees
309 ........ 0.20 max 2.00 1.00 22.00 to 24.00 12.00 to 15.00 e
3098 ....... 0.08 max 2,00 1.00 22.00 to 24,00 12.00 to 15.00 vees

0.25 max 2.00 1.50 24.00 to 26.00 19.00 to 22.00 veee
0.08 max 2.00 1.50 24.00 to 26.00 19.00 to 22.00 .
0.25 max 2.00 3.00(e) 23.00 to 26.00 19.00 to 22.00

0.08 max 2.00 1.00 16.00 to 18.00 10.00 to 14.00 2.00 t6'3.00 Mo
316L ...... 0.03 max 2.00 1.00 16.00 to 18.00 10.00 to 14.00 2.00 to 3.00 Mo
317 ....vve 008 max 2,00 1.00 18.00 to 20.00 11.00 to 15.00 3.00 to 4.00 Mo
321 ,....... 0.08 max 2.00 1.00 17.00 to 19.00 9.00 to 12.00 5 X Cmin Ti
347 ........ 0.08 max 2.00 1.00 17.00 to 19.00  9.00 to 13.00 10 X C min Cb-Ta
348 ........ 0.8 max 2.00 1.00 17.00 to 19.00 9.00 to 13.00 10 X C min Ch-Ta

0.10 max Ta
Martensitic Steels
403 ........ 015 max 1.00 0.50 11.50 to 13.00
410 ........ 0.15 max 1,00 1.00 11.50 to 13.50
414 vivassee 015 max 1.00 1.00 11.50 to 13.50 1.25 to 2.50 e
416 ........ 0.15 max 1.25 1.00 12,00 to 14.00 0.15 min S
416(Se) .... 0.15 max 1.25 1.00 12,00 to 14.00 0.15 min Se
420 ........ 0.5 min 1.00 1.00 12.00 to 14.00
431 ........ 020 max 1.00 1.00 15.00 to 17.00 1.25 to 2.50
440A .,,... 0.60 to 0.75 1.00 1.00 16.00 to 18.00 0. '75 max Mo
440B ......0.75 to 095 1.00 1.00 16.00 to 18.00 even 0.75 max Mo
440C ,..... 095 to 1.20 1.00 1.00 16.00 to 18.00 0.75 max Mo
501 ........ 0.10 min 1.00 1.00 4.00 to 6.00 0.40 to 0.65 Mo
502 ...,.,.. 0.10 max 1.00 1.00 4.00 to 6.00 0.40 to 0.65 Mo
Ferritic Steels
405 ........ 0.08 max 1.00 1.00 11.50 to 14.50 0.10 to 0.30 Al
430 ........ 012 max 1.00 1.00 14.00 to 18.00
430F ...... 012 max 1.25 1.00 14.00 to 18.00 0.15 min 8
430F(Se) .. 0.12 max 1.25 1.00 14.00 to 18.00 0.15 min Se
446 ,....... 020 max 1.50 1.00 23.00 to 27.00 0.25 max N

(a) Other elements in addition to those shown below are as follows: Phosphorus is 0.06%
max in types 201, 202, 416, 416(Se), 430F, 430F(Se); 0.045% max in types 301, 302, 302B,
304, 304L, 305, 308, 309, 3098, 310, 3108, 314, 316, 316L, 317, 321, 347, 348; 0.20% max In types 303
and 03(Se) Sultur Is 00307 max in types 201, 202 301 302 3028 304, 304L, 305, 308, 309,
3098, 310, 3108, 314, 316, 316, 317, 321, 347, 348, '403, '405," 410, 414, 420, 430, 431 440A 440B
4400, 446 501 and 502 015% min in types 303 416 and 430F. (b) Mn range, 5.50 to 7.50.
(c) Mn range, 7.50 to 10.00 (d) Si range, 2,00 to 3.00. (e} Si range, 1.50 to 3.00.




166 Austenitic Stainless Steel: Principal Factors Involved in
Initiation and Propagation of Stress-Corrosion Cracks
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Schematic representation of the principal factors involved in the
initiation and propagation of stress-corrosion cracks in auste-
nitic stainless steels.

Source: R.F. Hehemann, Stress Corrosion Cracking of Stainless Steels, Met. Trans. A, 16A, November
1985, p 1909-1923.
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Behavior in Boiling Magnesium Chloride (Continued)
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Relative stress-corrosion cracking behavior of major types of austenitic stainless steels in boiling magnesium
chloride,

Muchaccelerated chloride cracking treating has been carried out in boiling magnesium chloride solution. Although
testing in boiling magnesium chloride solution can be performed with various concentrations of magnesium
chloride, ASTM G 36 specifies a test solution maintainedp at a constant boiling temperature of 155.0+1.0 °C, that
is approximately 45% magnesium chloride. However, most of the stress-corrosion cracking data on austenitic
stainless steels have been obtained by using a boiling solution of 42% magnesium chloride (154 °C), and much
current testing is done at the lower concentration.

The accompanying table lists the compositions of standard grades of wrought stainless and heat-resisting steels.
Note that types310 and 314 contain 19 to 22% nickel, which makes them more resistant to chloride stress-corrosion
cracking. Anincrease in nickel content, and the addition of molybdenum, titanium, and niobium to take up carbon
and prevent chromium carbide formation, can also prove to be beneficial.

Fully ferritic stainless steels are highly resistant to stress-corrosion cracking in chloride and caustic environments
that cause austenitic steels to crack. However, small additions of nickel or copper to ferritic steels may render
them susceptible to stress-corrosion cracking in severe environments.

Source: B.F. Brown, Stress Corrosion Cracking Control Measures, National Bureau of Standards Monograph 1586,
U.S. Department of Commerce, June 1977, p 59.



168 Stainless Steel: Stress-Corrosion Cracking in Boiling
Magnesium Chloride
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Stress-corrosion cracking resistance of stainless steels in boiling
42% magnesium chloride.

Source: K. Harada, T. Suzuki, and K, Ishii, Applications of 18Cr-2Mo Ferritic and High Chromium
Fe;x’}itic/%ustenitic Stainless Steels in Japan, in Stainless Steel '77, R.Q. Barr, Ed., Climax Molybdenum,
1977, p 177-184.
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Stress-corrosion crack velocity in a type 304 stainless steel in
magnesium chloride solution at 157.5 °C.

Source: J.C. Scully, Stress Corrosion Crack Propagation, in Fracture 1977, Vol 1, D.M.R. Taplin, Ed,,
University of Waterloo Press, Waterloo, Ontario, 1977, p 407-428.



170 Type 304 Stainless Steel: Relationship Between Applied
Potential, Applied Stress, and Time-to-Failure
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Relationship between applied potential, applied stress, and
time-to-failure of solution annealed type 304 stainless steel in a
42% magnesium chloride solution at 144 °C,

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 163.
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Slow strain rate test results on type 304 stainless steel in boiling
magnesium chloride solution.

Source: D.A. Jones, A Unified Mechanism of Stress Corrosion and Corrosion Fatigue Cracking, Met.
Trans. A, 16A, June 1985, p 1133-1141,



172 Type 304 Stainless Steel: Stress Elongation Curves
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Stress elongation curves for type 304 weld metal specimens tested
in boiling magnesium chloride at 154 °C,

Source: W.A. Baeslack III, W.F, Savage, and D.J. Duquette, Effect of Strain Rate on Stress Corrosion
Cracking in Duplex Type 304 Stainless Steel Weld Metal, Met. Trans. A, 10A, October 1979, p 1429-1435,
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Time-to-Fracture
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Effect of cold work on the time-to-fracture for type 316 stainless
steel.
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Effect of cold work on the time-to-fracture for type 304 stainless
steel.

Source: P. Muraleedharan, et al., Effect of Cold Work on Stress Corrosion Cracking Behavior of Types
304 and 316 Stainless Steels, Met. Trans. A, 16A, February 1985, p 285-289.



174 Type 304 Stainless Steel: Effect of Dissolved Oxygen
and Chloride on Stress-Corrosion Cracking
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Concentration ranges of dissolved oxygen and chloride that may
lead to stress-corrosion cracking of type 304 stainless steel in
water at 260 to 300 °C. Applied stresses in excess of yield strength
and5 test times in excess of 100 h, or strain rates greater than
10-9/s,

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 158.



Type 304 Stainless Steel: Time-to-Breaking at 100% of

Yield Stress
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Time-to-breaking of first specimen at 100% of yield stress for type
304 stainless steel versus temperature,

Source: J.W. Frey and R.W. Stachle, Effect of Temperature, Stress and Alloy Composition on the Role
of Stress Corrosion Cracking in Fe-Ni-Cr Alloys, in High Purity Water Corrosion of Metals, National

Association of Corrosion Engineers, Houston, 1968.
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176 Austenitic Steel Ternary Alloys: Stress-Corrosion
Cracking Data

70%Cr

A309 A210A155 A\NF(P)

A84 At A9 ANF\(P)
Al A20 AS0 ANFP
A2 A4 A0 ANF(C)

1 1 1 1 1 1
100% Fe 70% Ni

Stress-corrosion cracking data for austenitic steel ternary alloys.

Specimens were loaded at 140 MN/m2 in 3% sodium chloride
solution, under a pressure of 14 MPa oxygen. Numbers are
times-to-failure (hours); NF(P) = not failed, but pitted, NF(c) =
not failed, but cracked.

Source: A,W. Thompson and I.M. Bernstein, The Role of Metallurgical Variables in Hydrogen-Assisted
Environmental Fracture, in Corrosion Science and Technology, 7, M.G. Fontana and R.W. Staehle,
Ed., Plenum Press, New York, 1980, p 78.
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Corrosion Fatigue, in NaCl
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Effect of tempering temperature on the corrosion fatigue
behavior of type 420 stainless steel.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 201.



178 Type 304 Stainless Steel: Susceptibility to
Stress-Corrosion in Chloride Water
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Comparison of susceptibility of austenitic type 304 stainless steel
to that of ferritic S44660 stainless (Sea-Cure) to stress-corrosion
in 450 °F 100 ppm chloride water.

The alloys were tested as U-bend specimens in oxygen-saturated

pH 9 water, ASTM Sea Salt. Under the test conditions, one of 32

Sea-Cure test specimens developed a stress-corrosion crack after

g weeg of testing, whereas all 32 type 304 specimens failed within
weeks.

Source: C.W. Kovach, J.C. Tverberg, and J.J. Eckenrod, Advanced Ferritic Stainless Feedwater Heating
Tubing, in Advances in Material Technology for Fossil Power Plants, ASM International, Metals Park,

1987, p 551-557.
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Type 304 Stainless Steel: Time-to-Rupture in

Boiling Chloride Solutions

X Softened 42°0 MgCl,

® wWWw 420/ MgCI‘
¥ Softened 30°oNaCl
& ww 3090 NaCl

i x A\ v
N r\
A\
i I\
i x Va
N ; o roo 7600 hour s

Source: P.G. Smith, The Stress Corrosion Resistance on Non-Magnetic Stainless Steels Used in Oil
Exploration, in New Developments in Stainless Steel Technology, R.A. Lula, Ed., American Society for

Time-to-rupture of type 304 stainless in boiling solutions of
magnesium chloride or sodium chloride. The type 304 was tested
in a warm worked condition and a softened condition.

Metals, Metals Park, 1985, p 1561-164.
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180 Type 304 Stainless Steel: Test Results in Boiling Saturated
Sodium Chloride Solutions at Various Levels

o4 Mn Cr N Mo Cu N
Jo4 @ .05 1.14 1874 10.06 .40 - .03
Staballoy O .04 10.44 17.76 6.5 .37 - 4
Stress A o3 1835 12.82 2,66 123 - .25
MPBOO A oA oo X 125 17.46 17.79 .46 .97 .94 .46
§ (H 2-12)
A
500
o
400 o0
Axe
300 . o
fpH 12 A
os
200
° os
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o»
0 1
1 10 102 103

Time to Rupfure - Hours

Stress-corrosion cracking test results for type 304 and Staballoy
stainless steels obtained in boiling saturated sodium chloride
solutions at various pH levels.

Source: J.E. Truman and K.B, Lomax, Stress Corrosion Cracking of Steel Components Used in Directional
Drilling of Oil and Gas Wells, in Stainless Steels '87, The Institute of Metals, London, 1988, p 273-283.



Type 304 Stainless Steel: Stress Dependence of 181
Intergranular Stress-Corrosion Cracking
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Stress dependence of intergranular stress-corrosion cracking of
sensitized type 304 stainless steel in 288 °C (550 °F) water with

0.2 mg/L: (ppm) oxygen.

Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1087.



182 Type 304 Stainless Steel: Effect of Sulfide lon
and Sulfur Concentration on Time-to-Failure

Sulfur Concentration , x1073M
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Effect of sulfide ion and sulfur concentration on the time-to-
failure and elongation-to-fracture of specimens tested in aerated
water at various temperatures.

Source: J.K. Lee and Z. Szklarska-Smialowska, Stress Corrosion Cracking of Sensitized AISI 304 Stainless
Steel in Aqueous Chloride Solutions Containing Sulfur Species at 50 through 200C, Corrosion, 44(8),
August 1988, p 5660-565.



Type 304 Stainless Steel: Variation in Average Crack 183
Propagation Rate
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Variation in the average crack propagation rate in sensitized type
304 stainless steel in water at 288 °C (550 °F) with oxygen content.
Data are from constant extension rate tests, constant load, and
field observations on boiling water reactor piping.

Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1987.



184 Sensitized Stainless Steel: Effect of Dissolved Oxygen on
Time-to-Cracking
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—  No failure
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Effect of dissolved oxygen level on time-to-cracking of sensitized
stainless steel specimens stressed to 3 Sm in water at 288 °C (Sm
= 90% of yield stress at 288 °C).

Source: W.E. Berry, Stress-Corrosion Cracking in Light- Water Reactors, in Thermal and Environmental
Effects in Fatigue: Research-Design Interface, C.E. Jaske, S.J. Hudak, Jr., and M.E. Mayfield, Ed.,
American Society of Mechanical Engineers, New York, 1983, p 217-230.



Sensitized Stainless Steel: Effect of Stress Level on
Time-to-Cracking

70
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@ Failure 60
o— No failure
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Effect of stress level on the time-to-cracking of sensitized stain-
less steel exposed to 288 °C water containing 100 ppm dissolved

oxygen.

Source: W.E, Berry, Stress-Corrosion Cracking in Light- Water Reactors, in Thermal and Environmental
Effects in Fatigue: Research-Design Interface, C.E. Jaske, $.J, Hudak, Jr., and M.E. Mayfield, Ed.,

American Society of Mechanical Engineers, New York, 1983, p 217-230.
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186 Type 304 Stainless Steel: Intergranular
Stress-Corrosion Cracking

~
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x = NO CRACKING
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Figure 2, CERT test results on IGSCC in Type
304 SS from Test A. Approximate base-line
environment composition 4 ppb 0p, 140 ppb Hp

AV. CRACK PROPAGATION RATE (#1°5-1x 106)

CERT test results on intergranular stress-corrosion cracking in
type 304 stainless steel in BWR environment containing impu-
rities. The baseline BWR environment contained approximately
4 ppb Oy and 140 ppb H).

Source: L.G. Ljungberg, C. Jansson, and D. Cubicciotti, Effects of Water Impurities on Cracking of
Sensitized Stainless Steel in a BWR. Test Loop, in Environmental Degradation of Materials in Nuclear
Power Systems— Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME,
Warrendale, PA, 1988, p 315-322,



Type 304 Stainless Steel: Stress-Corrosion Cracking in 187
Sodium Hydroxide
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Stress-corrosion cracking behavior of type 304 stainless steel in
sodium hydroxide.

Source: K.E. Pinnow, Progress in the Development of High Chromium Ferritic Stainless Steels Produced
by AOD Refining, in Stainless Steel '77, R.Q. Barr, Ed., Climax Molybdenum, 1977, p 231-245.



188 Type 304 Stainless Steel: Stress-Corrosion Cracking in
Caustic Soda Solutions
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Stress-corrosion cracking of annealed and sensitized type 304
stainless steel in caustic soda solutions.

Source: Corrosion Resistance of Nickel and Nickel-Containing Alloys in Caustic Soda and Other Alkalies,
Corrosion Engineering Bulletin CEB-2, The International Nickel Co., New York, 1973, p 15.



Type 304 Stainless Steel: Potentiodynamic 189
Polarization Curves
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Potentiodynamic polarization curves of type 304 stainless steel
tested in the indicated solutions.

Stress-corrosioncracking of U-bend specimens of type 304 stainless
was not observed in 1N HpSOy4, but was observed in SN HpSOy4
+ LN NaBr solutions. Type 304 is in the active state in SN HpSO4,
and in the passive state in 1N HpSO4. Addition of alkali halide
salts increased the corrosion rates. It was suggested that the main
crack formed as the result of anodic dissolution, which caused the
propagation of corrosion tunnels.

Source: D. Eliezer, P. Pinkus, and D. Itzhak, Stress Corrosion of Type 304 Steel in H9SO4 Alkali Halide
Environments, in Environmental Degradation of Engineering Materials in Aggressive Environments,
Virginia Polytechnic Institute, Blacksburg, VA, 1981, p 193-200.



190 Type 304L Stainless Steel: Effect of Stress-Intensity on
Growth Rate of Stress-Corrosion Cracks
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Effect of stress-intensity on the growth rate of stress-corrosion
cracks in austenitic type 304L stainless steel. Higher tempera-
tures and higher chloride concentrations result in higher crack
velocities and a lower threshold stress-intensity.

Source; R.B. Scarlin, J. Albrecht, and M.O. Speidel, Environment Induced Cracking of Generator Rotor
Retaining Rings, in Corrosion in Power Generating Equipment, M.O. Speidel and A. Atrens, Ed., Plenum
Press, New York, 1984, p 427-452,



Type 304L Austenitic Stainless Steel: Crack Propagation 191
as a Function of Stress-Intensity in Precracked Samples
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Crack propagation as a function of stress-intensity in precracked
samples.

Plane-strain conditions depend upon the thickness, B, and hold for
stress-intensity levels below the indicated value. Above this value,
plane-stress conditions increase with an increase in stress-intensity.

Source: D.G. Jones, Stress Corrosion and Corrosion Futigue in Light Water Reactor Environments, in
Engineering Applications of Fracture Analysis, G.G. Garrett and D.L. Marriott, Ed., Pergamon Press,

New York, 1980, p 353-370.



192 Type 308 and 309 Stainless Steels: Impact of Postweld
Heat Treatment on Stress-Corrosion Susceptibility
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Variation of stress-corrosion susceptibility with duration of
postweld heat treatment.

Source: R. Viswanathan, Stress Corrosion of Austenitic Surfacing Welds in a Chloride Environment, in
Material-Environment Interactions in Structural and Pressure Containment Service, G.V. Smith, Ed.,
American Society of Mechanical Engineers, New York, 1980, p 69-80.



Type 310 Stainless Steel: Effect of Prestrain on 193
Time-to-Failure

1200
ook T
1000}
" -
w
5
z 900
H
Wl
[+ 4
2, 800[‘ N
g
(o]
=
" 700} -
= i
600 \‘
A
500 ]
soob—L_ 11 1 1114y

|
0 2 4 6 8 10 12 14 16 18 20 22 24
PRESTRAIN, %

Effect of prestrain on time-to-failure of type 310 stainless steel
exposed to a magnesium chloride solution boiling at 154 °C and
stressed at 90% of the yield stress.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 164.



194 Type 310 Stainless Steel: Effect of Surface Preparation on
Time-to-Breaking
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Effect of surface preparation on time-to-breaking of type 310
stainless steel.

Source: R.W. Staehle, Circulating Autoclave System for Stress Corrosion Cracking Studies, in Stress
Corrosion Testing, STP 425, American Society for Testing and Materials, Philadelphia, 1967, p 248-273.



Source: S. Tsujikawa, T. Shinohara, and Y. Hisamatsu, The Role of Crevices in Comparison to Pits in
Initiating Stress Corrosion Cracks of Type 310S Steel in Different Concentrations of MgClg Solutions
at 80 ° C, in Corrosion Cracking, V.S. Goel, Ed., American Society for Metals, Metals Park, 1986, p
35-42.

Type 310S Steel: Stress-Corrosion Cracking Regions
for Smooth and Spark-Machined Notched Specimens
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Comparison of the stress-corrosion cracking region for smooth
specimens and spark-machined notched specimens in terms of
the dissolution rate, Iy, and magnesium chloride concentration
at 80 °C.

The crack growth rate, i, which was regarded as a plateau velocity,
did not depend on magnesium chloride concentration, electrode
potential, or crack initiation site. Cracks from pits in smooth
specimens occurred in the region Ihaprt <Ip<i. Cracks in crevices
in notched specxmens occurred in the region Ip,crey” <In<i. The
intersection of Ip,;* (i = pit, crev) with the crack growth rate, i, gives
the critical concentration of magnesiumchloride (Cl ), belowwhich
there exists no stress-corrosion crackrng region. In higher concen-
trations of magnesium chloride, I,;" became smaller and the
transition to stress-corrosion cracking occurred more readily.
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196 Austenitic Stainless Steel: Initial Stress Versus Time-to-
Rupture in Boiling Magnesium Chloride Solution
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Initial stress versus time-to-rupture for samples tested in boiling
42% magnesium chloride solution.

Source: J.E. Truman and K.B. Lomax, Effect of Section Size on the Properties of a Nitrogen-Bearing
Austenitic Steel of High Corrosion Resistance, in High Nitrogen Steels, The Institute of Metals, London,
1989, p 414-422.



Types 316 and 347 Stainless Steel: Effect of Temperature on
Initiation of Stress-Corrosion Cracking

Temperature, °F
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Effect of temperature on the time for the initiation of stress-
corrosion cracking in types 316 and 347 stainless steels in water
containing 875 ppm sodium chloride.

Source: M. Fontana, Corrosion Engineering, McGraw-Hill, New York, 1986.
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Type 321 Stainless Steel: Effect of Cold Work on
Susceptibility to Cracking
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Effect of cold work (%) on the susceptibility to cracking of type
321 stainless steel in boiling magnesium chloride and in calcium
chloride solutions.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 165.



Type 347 Stainless Steel: Effect of Applied Stress on 199
Time-to-Failure
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Effectofapplied stress on the time-to-failure of solution annealed
and electropolished type 347 stainless steel tested in boiling
magnesium chloride at 145 °C.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 154.



200 12Cr Steel: Impact of Tempering Temperature and
Stress-Intensity on Stress-Corrosion Cracks
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Effect of tempering temperature and stress-intensity on the
velocity of stress-corrosion cracks in a 12Cr steel.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



13Cr Stainless Steel: Effect of Sodium Chloride 201
Concentration in Solution on Threshold Stress
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Effect of sodium chloride concentration in NACE selution on the
threshold stress for 620 MPa (90 ksi) yield strength in 13Cr
stainless steel.

Source: R.D. Kane, Corrosion of Stainless Alloys in Oilfield Production Environments, in Stainless Steels
'84, The Institute of Metals, London, 1985, p 429-437.



202 18-8 Stainless Steel: Susceptibility to Stress-Corrosion
Cracking Failure as a Function of Chloride
and Oxygen Environments
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Susceptibility of 18-8 type austenitic stainless steel to stress-
corrosion cracking failure as a function of the oxygen and chloride
content of the environment (steam and intermittent wetting, 515

to 535K, pH 10.6, 1 to 30 days exposure). Numbers inside figure
refer to the number of specimens.

Source: M. Fontana and R. Staehle, Ed., Advances in Corrosion Science and Technology, Vol 7, Plenum
Press, New York, 1980.



18-8 and 18-10-3Mo-Ti Stainless Steels: Relation of Applied 203
Stress to Time-to-Fracture, in Magnesium Chloride
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Relation of applied stress to time-to-fracture of austenitic
stainless steels exposed to magnesium chloride at 152 to 153 °C,
Open symbols: 18-8; closed symbols: 18-10-3MoTi.

Source: H.H. Uhlig, Stress-Corrosion Cracking, in Fracture; An Advanced Treatise, Vol 3, H. Liebowitz,
Ed., Academic Press, New York, 1971, p 646-679.



204 Fe-18Cr-8Ni Steel: Effect of Anodic or Cathodic Polarization
on Time-to-Fracture
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Effect of anodic or cathodic polarization on time-to-fracture of
Fe-18Cr-8Ni steel.

Source: L.L, Shreir, Ed., Corrosion 1-—Metal/Environment Reactions, Newnes-Butterworths, London,
1979.



Fe-18Cr-Ni: Stress-Corrosion Cracking Characteristics in

Source: The Corrosion Resistance of Nickel-Containing Alloys in Flue Gas Desulfurization and Other
Scrubbing Processes, Corrosion Engineering Bulletin CEB-7, The International Nickel Co., New York,

1980, p 11.

Boiling Magnesium Chloride
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Stress-corrosion cracking characteristics of Fe-18Cr-Ni wires in
boiling 42% magnesium chloride.

The wires were stressed at 90% of yield strength. Alloys containing
nickel in excess of 40% appear completely resistant to chloride
stress-corrosion cracking.
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206 Fe-18Cr Alloys: Effect of Nickel Content on Time-to-Failure
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Effect of nickel content on time-to-failure of I'e-18Cr alloys in
boiling aqueous magnesium chloride.

The mode of cracking was transgranular. Because nickelincreases
the resistance to stress-corrosion cracking and also raises the
stacking fault energy, it has been groposed that this change in
stacking fault energy is related to the increase in resistance. An
increase instacking fault energywould promote cross-slipand make
the slip process less planar, thereby reducing stress concentrations
at the tips of blocked slip bands which otherwise would promote
the rupture of the protective surface oxide film. A low stacking
fault is not an essential for cracking, because cracking has been
observed in stainless steels in which the dislocations were not
arranged in planar arrays.

Source: B.E. Wilde, Making AISI Type 304 Stainless Steel Immune to Stress Corrosion Cracking, in
Critical Issues in Reducing the Corrosion of Steels, H, Leidheiser, Jr. and S. Haruyama, Ed., National
Association of Corrosion Engineers, Houston, 1986, p 145-158,



18Cr-14Ni-0-4.2Mo Steel: Time-to-Failure in Boiling 207
Magnesium Chloride
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Time-to-failure results obtained on 18Cr-14Ni-0-4.2Mo steels
stressed at 75% of room-temperature yield strength in boiling
magnesium chloride (140 °C).

Source: J.A. Beavers, G.H. Koch, and W .E, Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



208 19Cr-20Ni Austenitic Stainless Steel: Stress-Corrosion
Cracking in Boiling Magnesium Chloride
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Stress-corrosion cracking of cold rolled 19Cr-20Ni austenitic
stainless steels in boilingmagnesium chloride (154°C) as affected
by carbon or nitrogen content.

Source: H.H. Uhlig, Stress-Corrosion Cracking, in Fracture: An Advanced Treatise, Vol 3, H. Liebowitz,
Ed., Academic Press, New York, 1971, p 646-679.
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Cracking as Affected by Carbon or Nitrogen Content
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Stress-corrosion cracking of cold rolled 19Cr-20Ni austenitic
stainlesssteels in boiling magnesium chloride (154 °C) as affected
by carbon or nitrogen content.

Source: H.H. Uhlig, Corrosion and Corrosion Control, John Wiley & Sons, New York, 1963, p 280.



210 Types 410 and 17-4 pH Steels: Stress-Corrosion
Test Results

o Type 410 1000°F temper

90 O Type 410 1100°F temper 1
® 17-4PH Cond. H 1150
80 - @ 17-4PH Cond. H 1150M
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Time to Fracture, Hr

Stress-corrosion test results in sodium chloride/acetic acid
aqueous solution saturated with hydrogen sulfide for types 410
and 17-4 pH steels.

Stress corrosion resistance of Type 410 and 17-4 PH steels.

A Yield Applicd Time-to-
Alloy Heat Treatment S(:rzc?gthl,cpsi Slrggs: pst Faillrl:‘s:,kl)\r"
Type 410. ... 1800 F, 14 hr, oil quench 4- 125000 75000 1.3,1.4
1000 F, 4 hr, air cool 50000 5.7,6.5
25000 11,20
Type 410. ... 1800 F, 4 hr, oil quench + 100 000 75000 6.2,18
1100 F, 4 hr, air cool 50 000 27,39
25 000 195, 845
174 PH. .... 1925 F, 14 hr, air cool + 125000 75000 6.1,6.1
1150 F, 4 hr, air cool 50 000 12,18
25 000 83, 102
174 PH. .... 1925 F, 14 hr, air cool + 100 000 75000 16,22
1500 F, 2 hr, air cool + 50 000 50,95
1150 F, 4 hr, air cool 25 000 345, 1105

« Tested at room temperature in 6%, NaCl-0.5%, acetic acid solution, saturated
with H,S.

Source: Stress Corrosion Testing, American Society for Testing and Materials, Philadelphia, 1967.
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in Water
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Stress-corrosion crack velocities of two different retaining ring
steels in water. Note that the nitrogen-containing steel is
resistant to stress-corrosion cracking in water.

Source: R.B. Scarlin, J. Albrecht, and M.O. Speidel, Environment Induced Cracking of Generator Rotor
Retaining Rings, in Corrosion in Power Generating Equipment, M.O. Speidel and A. Atrens, Ed., Plenum
Press, New York, 1984, p 427-452.



212 USS 12MoV Stainless Steel: Distribution of
Stress-Corrosion Results
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Distribution of stress-corrosion results for USS 12MoV stainless
steel.

Source: V.S. Goel, Ed., Corrosion Cracking, American Society for Metals, Metals Park, 1986.



21Cr-8Ni-2Mo-5Cu Duplex Stainless Steel: Comparison of
Stress-Corrosion Cracking Behavior of Austenitic and Ferritic
Phases, in Magnesium Chloride

Time to fracture, h
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100 \

Ferritic - Austenitic

05 10 15
Stresslyield strength at 150°C

Performance of the duplex alloy 21Cr-8Ni-2Mo-5Cu compared
to the performance of alloys whose compositions correspond to
its austenite and ferrite phases. Stress-corrosion cracking tests

were carried out at constant load in 44% magnesium chloride at
153 °C.

Source: I.A. Ward and L.H. Keys, Application of Stress Corrosion Cracking Theory to Duplex Stainless
Steels, in Stainless Steels '84, The Institute of Metals, London, 1985, p 222-228.



214 25Cr Ferritic Stainless Steel: Cracking Threshold as a
Function of Heat Treating Temperature
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Cracking threshold of hydrogen-charged U-bend specimens of
high-purity 25Cr ferritic stainless steel as a function of heat
treating temperature and molybdenum content.

The specimens were exposed at a cathodic current density of 20
mA/cm? in a 5% sulfuric acid solution containing 4 mg of arsenic
trioxide per liter of solution.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974,
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Stress-corrosion cracking test results for 25Cr duplex stainless
steel (30% cold work).

The results are for constant-load tests in 20% sodium chloride
solution with 1 atm H»S. The applied stress was 80% of the yield
stress. 25Cr duplex stainless steel has a high resistance to hydrogen
embrittlement. However, it is susceptible to hydrogen embrittle-
ment in environments containing HpS when tested at a stress level
in a high-strength condition.

Source: T. Kudo, H. Tsuge, and A.. Seki, Stress Corrosion Cracking and Hydrogen Embrittlement Behavior

of 26%Cr Duplex Stainless Steel in H9S-Bearing Environment, in Stainless Steels '87, The Institute of
Metals, London, 1988, p 168-175.



216 25Cr-3Mo Alloys: Effect of Nickel Content and Solution
Temperature on Cracking Behavior
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Effect of nickel content and solution temperature on cracking
behavior of 25Cr-3Mo alloys in 20% sodium chloride solution
with 0.5% acetic acid and 1.0 MPa (150 psi) H2S and CO» partial
pressures.

Source: R.D. Kane, Corrosion of Stainless Alloys in Oilfield Production Environments, in Stainless Steels
'84, The Institute of Metals, London, 1985, p 429-437.



3RE60 Duplex Stainless Steel: Offshore Experience Plus
Laboratory Stress-Corrosion Cracking Test Data

Temperature,°C
1373b)|
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Compilation of practical experience and laboratory stress-
corrosion cracking test data for 3RE60 (0.030% C max, 1.7% Si,
1.5% Mn, 0.03% P max, 0.030% S max, 18.4% Cr, 4.9% Ni, 2.7%
Moj;microstructure: duplex ferritic-austenitic; 0.2% proof'stress,
450 MPa). The practical experience is with topside applications
on off-shore platforms.

Source: B, Larsson, H. Gripenberg, and R. Mellstrom, Special Stainless Steels for Topside Equipment
on Offshore Platforms, in Stainless Steels '84, The Institute of Metals, London, 1985, p 452-462.
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SAF 2205-130 and Sanicro 28-110 Stainless Steels: Effect of

Temperature and Partial Pressure
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Effect of temperature and hydrogen sulfide partial pressure on behavior of SAF 2205-130 and Sanicro 28-110
stainless steels.

ga) SAF 2205-130 (0.030% C max, 22% Cr, 5.5% Ni, 3.0% Mo, 0.14% N; 0.2% proof stress, 896 MPa). (b)
anicro 28-110 (0.02% C max, 27% Cr, 3.1% Ni, 3.5% Mo, 1.0% Cu; 0.2% proof stress, 758 MPa). The stress-
corrosion cracking tests were carried out in NACE solution for 500 h, at sodium chioride levels of S and 15%. The
partial pressure of CO) was maintained at 70 bar. In discussing oil field corrosion, the term "sweet" corrosion
denotes corrosion due to COy, and "sour" refers to corrosion due to HS. The capability of stainless steels to resist
sweet corrosion is known to be good, whereas stainless steels are less resistant to sour corrosion.

Source: 8. Karlsson, Technical and Economic Aspects of Stainless Steels in Corrosive Downhole Environments,
in Stainless Steels '84, The Institute of Metals, London, 1985, p 438-445.
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Well conditions for some deliveries of SAF 2205 and Sanicro 28.
The applicable limits based upon the stress-corrosion cracking
tests are also shown.

Source: S. Karlsson, Technical and Economic Aspects of Stainless Steels in Corrosive Downhole
Environments, in Stainless Steels '84, The Institute of Metals, London, 1985, p 438-445,



220 Austenitic Manganese Steel: Effect of Nitrogen Content on
Stress-Corrosion Cracking
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Comparison of the stress-corrosion crack curves of two high-
strength, cold worked austenitic manganese steels, one contain-
ing nitrogen.

A high-nitrogen, high-chromium austenitic stainless steel
(X5CrMnN1818K, <0.1% C, 17t020% Mn, 17t020% Cr, >0.4%
N) is shown to be resistant to stress-corrosion cracking in envi-
ronments where a high-carbon, low-chromium austenitic stainless
steel (X55MnCr18K, 0.3 t0 0.6% C, 17 to 20% Mn, 3 t0 6% Cr)
is highly susceptible to stress-corrosion cracking. In 90 °C water,
the stress-corrosion resistance of the high-nitrogen austenitic steel
is not affected by high nitrate contents, by high degrees of cold work,
or by corresponding high yield strengths. The immunity to stress-
corrosion cracking in 90 °C water is maintained even if the nitrogen
content of the steel is as high as 1 wt%.

Source: R.M. Magdowski and M.O, Speidel, Stress Corrosion Cracking of High Nitrogen Steels, in High
Nitrogen Steels, The Institute of Metals, London, 1989, p 251-255.



Stainless Steels: Effect of Partial Pressure and Temperature 221
on Cracking
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Effect of partial pressure and temperature on susceptibility to
cracking of 9Cr-1Mo, 13Cr, and 25Cr steels. Open symbols, no
failure; closed symbols, failure.

Source: R.D. Kane, Corrosion of Stainless Alloys in Oilfield Production Environments, in Stainless Steels
'84, The Institute of Metals, London, 1986, p 429-437.



222 Stainless Steel: Effect of Copper and Nickel Contents
on Cracking Resistance
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Effect of copper and nickel contents on the cracking resistance
of U-bend specimens of ferritic Fe-18Cr-2Mo-0.35Ti-0.015C-
0.015N stainless steels exposed to a boiling magnesium chloride
solution at 140 °C.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 167.



Austenitic and Duplex Stainless Steel: Comparison of Stress-
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Corrosion Cracking Resistance
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Comparison of stress-corrosion cracking resistance in 3%

sodium chloride of austenitic and duplex stainless steels tested
with crust formation.

Source: H. Kohl, G, Rabensteiner, and G. Hochortler, Stainless Steels with High Strength and High
Corrosion Resistance, in Alloys for the Eighties, R.Q. Barr, Ed., Climax Molybdenum, p 343-351.



224 Stainless Steel: Topside Applications and
Stress-Corrosion Cracking
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Practical experience with topside applications and laboratory
results for stress-corrosion cracking in several stainless steels.

Source: B. Larsson, H. Gripenberg, and R. Mellstrom, Special Stainless Steels for Topside Equipment
on Offshore Platforms, in Stainless Steels '84, The Institute of Metals, London, 1985, p 452-462.



Austenitic Stainless Steel: Acoustic Emission Amplitude 225
Distributions during Stress-Corrosion Cracking
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Cumulative event rate amplitude distributions for 140-kHz
acoustic emission during stress-corrosion crack propagation. A
= austenitic specimen; M = martensite-containing specimen.

The specimens were tested in 42% magnesium chloride solution
at 130 °C and 143 °C. Acoustic emission measurements indicated
an active path corrosion mechanism in both austenitic and
martensite-containing materials.

Source: K. Takashima, et al., The Effect of Martensite on the Stress Corrosion Cracking of Austenitic
Stainless Steel, in Advances in Fracture Research (Fracture 81), Vol 2, D. Francois, Ed., Pergamon
Press, New York, 1982, p 981-988.



226 Stainless Steel: Effect of Sensitization on Corrosion
Fatigue Behavior

Test Conditions: Surface Treatment;
Material: Grindingand
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Effect of sensitization on the corrosion fatigue strength of a
stainless steel in Strauss solution at 40 °C.

Source: H. Spahn, Performance Requirements for Stainless Steels in the Chemical Process Industry, in
Stainless Steel 77, R.Q. Barr, Ed., Climax Molybdenum, 1977, p 161-172.



Stainless Steels: Corrosion Fatigue Strength in SO, Solution 227

Medium: Aqueous Saturated
S0, Solution in a Spray Chamber

Material: (a) X22 CrNi 17/W. Nr. 1.4057
(AISI 431, BS En57)
(b) X8 CrNiMo 26 5/W. Nr. 1,4460

(c) X12 CrNi 18 8/W. Nr. 1.4300
(AIS1302, BSEn58 A)
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Corrosion fatigue strength of different types of stainless steels in
saturated aqueous SO solution at ambient temperature.

Source: H. Spahn, Performance Requirements for Stainless Steels in the Chemical Process Industry, in
Stainless Steel '77, R.Q. Barr, Ed., Climax Molybdenum, 1977, p 161-172.



228 Type 304 Stainless Steel: Effect of Hold Time on Fatigue Life
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Effect of hold time at maximum tensile strain on the fatigue life
of type 304 stainless steel in liquid sodium at 550 °C.

Source: H.V, Borgstedt and G. Frees, Low-Cycle Fatigue of Stainless Steel in Liquid Sodium Envi-
ronment, in Low Cycle Fatigue and Elasto-Plastic Behaviour of Materials, K.-T. Rie, Ed., Elsevier
Applied Science Publishers, New York, 1987, p 378-382.



Type 304 Stainless Steel: Low-Cycle Fatigue Life in 229
Liquid Sodium and Air
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Low-cycle fatigue life of type 304 stainless steel in liquid sodium
and in air at 550 °C.

Specimens precorroded in decarburizing sodium suffered a slight
reduction in fatigue life in sodium compared to specimens that
received the same thermal treatment in air.

Source: H.V, Borgstedt and G. Frees, Low-Cycle Fatigue of Stainless Steel in Liquid Sodium Envi-
ronment, in Low Cycle Fatigue and Elasto-Plastic Behaviour of Materials, K.-T. Rie, Ed., Elsevier
Applied Science Publishers, New York, 1987, p 378-382,



230 Type 304 Stainless Steel: Factors Affecting Growth Rate of
Fatigue Cracks
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Effect of environment and cyclic stress-intensity factor range on
the growth rate of fatigue cracks in type 304 stainless steel.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 196.
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in Sodium Hydroxide Solution
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Fatigue crack growth rate curves for type 304 stainless steel in
boiling 17.5M sodium hydroxide solution showing effect of cyclic
frequency.

Source: A. Boateng, J.A. Begley, and R.W. Staehle, Corrosion Fatigue of Type 304 Stainless Steel and
Inconel 600 in a Boiling (140 °C) Concentrated Caustic Solution, Met. Trans. A, 14A, January 1983,
p 67-74.
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Austenitic Stainless Steels: Corrosion Fatigue Crack

Growth Data
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Corrosion fatigue crack growth data for two austenitic stainless
steels in normal BWR water.

The solid and dashed lines are from Section 11 of the ASME Boiler
and Pressure Vessel Code and are intended to represent the upper
bounds for fatigue crack growth data for the conditions indicated.
These upper bounds are modified periodically as more information
becomes available.

Source: P.M. Scott and B. Tomkins, The Importance of Corrosion Fatigue in the Assessment of the
Safety of Light Water Reactor Pressure Containments, in Corrosion Fatigue, R.N. Parkins and Ya.M.
Kolotyrkin, Ed., The Metals Society, London, 1980, p 166-164.



Type 304 Stainless Steel: Comparison between Observed 233
and Theoretical Crack Propagation Rate and Crack
Tip Strain Relationships
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Comparison between observed and theoretical crack propagation
rate and crack tip strain relationships for sensitized Type 304
stainless steel in 288 °C water, which is either aerated (8 ppm
03) or deaerated.

Source: F.P. Ford and P.L. Andresen, Advances in Fracture Research, K. Salama et al., Ed., p 1577.



234 Type 304 Stainless Steel: Fatigue Crack Growth Rates in
Various Environments
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Rateof fatigue crack growth in various environments for type 304
stainless steel as a function of the range of the stress-intensity
factor.

Source: M.,O, Speidel, Streass Corrosion Cracking and Corrosion Fatigue Fracture Mechanics, in Corrosion
in Power Generating Equipment, M.O. Speidel and A. Atrens, Ed., Plenum Press, New York, 1984, p
85-132.



Austenitic Stainless Steels: S-N Curves
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S-N curves for two austenitic stainless steels tested in air and in
physiological sodium chloride solution.

Source: H. Spaehn, Electrochemical Fundamentals of Corrosion Fatigue, in Subcritical Crack Growth
Due to Fatigue, Stress Corrosion and Creep, L.H. Larsson, Ed., Elsevier Applied Science Publishers,

London, 1984, p 275-304.
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Type 316 Stainless Steel: Effect of Environment on
Creep/Fatigue Behavior

on BASIC FATICUE CUAYES
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Effect of environment on creep/fatigue behavior of type 316
stainless steel at 625 °C.

The helium contained 200 x 10-6 atm Hp and 10-6 atm HO.
Well-defined striations were present on the fracture surface of
specimens tested in air, but were not present on the fracture sur-
faces of specimens tested in helium or in air with a 2-h hold time.

Source: D.S. Wood, et al., Preliminary Results of Effect of Environment on the Low Cycle Fatigue
Behaviour of Type 316 Stainless Steel and 9% Or Ferritic Steel, in The Influence of Environment on
Fatigue, Institution of Mechanical Engineers, London, 1977, p 11-20.



Type 316 Stainless Steel: Effect of Environment on 237
High-Strain Fatigue Behavior
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Effect of environment on high-strain fatigue behavior of type 316
stainless steel at 625 °C,

Source: D.S. Wood, et al,, Preliminary Results of Effect of Environment on the Low Cycle Fatigue
Behaviour of Type 316 Stainless Steel and 9% Cr Ferritic Steel, in The Influence of Environment on
Fatigue, Institution of Mechanical Engineers, London, 1977, p 11-20.



238 Type 316L Stainless Steel: Fatigue Crack
Propagation Behavior
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Potentiostatically controlled fatigue crack propagation behavior
of type 316L stainless steel in 1M sodium chloride. Arrows indi-
cate crack arrest.

The fatigue crack growth tests were carried out at a frequency of
123 Hz, a frequency high enough to maintain the composition of
the crack solution close to that of the bulk solution. Roughness-
induced crack closure was minimized at high anodic potentials by
electrochemical erosion. Thermodynamic considerations showed
that hydrogen played no role in fatigue crack propagation. Anodic
dissolution processes were also considered to have a minor effect
on the rate of fatigue crack propagation. A model was proposed
for stage I fatigue crack growth based on the effect of oxide
nucleation rate on restricted slip reversal.

Source: C. Fong and D. Tromans, High Frequency Stage 1 Corrosion of Austenitic Stainless Steel (316L),
Met. Trans. A, 19A, November 1988, p 2753-2764.



Type 316 Stainless Steel: S-N Curves for Notched and
Unnotched Specimens
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S-N curves for notched and unnotched specimens of type 316
stainless steel tested in air and in 12% acetic acid.

Source: H. Spaehn, Electrochemical Fundamentals of Corrosion Fatigue, in Subecritical Crack Growth
Due to Fatigue, Stress Corrosion and Creep, L.H. Larsson, Ed., Elsevier Applied Science Publishers,
London, 1984, p 275-304.
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Chromium Steel: Effect of Environment on Crack

!

1078

o
(=3
0
[v-3

w0

0
—
vy

'
o

CRACK GROWTH RATE aa/aN [m]

-
o
'
Py
w

10-14

Growth Rates

(X20Cr13)
[~ 21 kHz R=-1 7]
293 K

T T T TTTTIT W VAl T T
CHROMIUM STEEL

! NN | L L1ty

4 [ 8 10 20 40 60 80 100

2
CYCLIC STRESS INTENSITY Kpe [MNM*2

Effect of the environment on the crack growth rates in a chro-
mium steel as a function of the cyclic stress-intensity.

In the 3.5% sodium chloride solution, no well-defined threshold
level was found despite the extremely low rates of fatigue crack
propagation studied. This finding is consistent with the lack of a
well-defined endurance limit for steels in corrosive environments.

Source: S.E. Stanzl and E.K. Tschegg, Effect of Environment on Near-Threshold Fatigue Crack Growth
at Ultrasonic Frequencies, in Ultrasonic Fatigue, J. M. Wells, et al,, Ed., American Institute of Mining,
Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 56563-562.
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S-N curves for a 13Cr stainless steel tested at 16 kHz in distilled
water and in sodinm chloride solutions of differing concentra-
tions.

Source: R. Ebara, Y. Yamada, and A. Goto, Corrosion Fatigue Behaviour of 13Cr Stainless Steel and
Ti-6Al1-4V at Ultrasonic Frequency, in Ultrasonic Fatigue, JM. Wells, et al., Ed., American Institute
of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 349-364.
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13Cr Steel: Corrosion Fatigue Data
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Corrosion fatigue data for specimens of 13Cr steel. Rotating
bending tested (mean load zero) at a frequency of S0 Hz and
temperature of 23 °C (73 °F). (a) Smooth specimens. (b) Notched
specimens. Note that because the notch drastically lowers the
fatigue curve for air the range of corrosion fatigue results for
notched specimens is thereby compressed.
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Source: Metals Handbook, Corrosion, Vol 13, 9th edition, ASM International, Metals Park, 1987,
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Corrosion fatigue behavior of a tempered 13% Cr steel.

Under certain conditions, steel can be effectively protected against
corrosion fatigue by cathodic polarization. In acid solutions,
cathodic protection cannot be applied if the protective cathodic
current density becomes too high and hydrogen is evolved. In
weakly acid, neutral, and alkaline electrolytes, cathodic protection
against corrosion is excellent. At a pH of 4.6, full cathodic pro-
tection is achieved even at amplitudes as high as 90% of the air
fatigue limit, provided the potential is lower than -850 mVsCE.

Source: H. Spaehn, Corrosion Fatigue in the Chemical Process Industry, in Subcritical Crack Growth
Due to Fatigue, Stress Corrosion and Creep, L.H. Larsson, Ed., Elsevier Applied Science Publishers,
London, 1984, p 326.



244 Geothermal Turbines: Corrosion Fatigue of Turbine Buckets
and Stress-Corrosion Cracking of Monoblock Rotors in
Geothermal Steam

MECHANICAL PROPERTIES OF TEST MATERIALS

Heat

Austeni-

tizing Tempering Tempering

R

Fatigue Strength,
MPa, 107 Cycles

Alloy Treatmeht Temp.,°C Temp.,°C Time, Mins. Hardness Air

Geysers  Clean
Steam Steam

403 2 990 650 60 23 317 241 Not Tested
403 3 990 650 80 24 317 262 Not Tested
422 7 1040 760 120 22 317 227 282
403 8 1040 680 60 21 310 269
3500
I i B
LEGEND
m " OIN AIR ——t
AN GEYSER STEAM
X DID NOT FAIL
¢ 2500| ]
Q
»
? 2000 —
N AR
1500 |— ]
¥ GEXSERS STEAM
1000 ] | |
o? 10° 108 o’
CYCLES TO FAILURE

Strain versus cycles-to-failure for type 403 stainless steel heat

treated to 23 HRC,

Rectangular specimens with a central hole were tested in a reverse
bending machine. Steam temperature and pressure in the test
chambers were adjusted to simulate that found in turbine stages.
The tests in air were performed at room temperature. The
accompanying table provides information on the effect of heat
treatment on fatigue strength.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 201.
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Crack Propagation Data
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Near-threshold corrosion fatigue crack propagation data for type
403 stainless steel obtained in NaCl/Na3S04 solution.

Source: P.K. Liaw, J. Anello, and J.K. Donald, Influence of Corrosive Environments on Near-Threshold
Fatigue Crack Growth in 403 Stainless Steel, Met. Trans. A, 13A, December 1982, p 2177-2189.
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Type 403 Stainless Steel: Conventional and Ultrasonic
Fatigue Strength
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Comparison of conventional and ultrasonic fatigue strength of
AISI 403 stainless steel in 22% sodium chloride salt solution.

Source: L.E. Willertz, T.M. Rust, and V.P. Swaminathan, High and Low Frequency Corrosion Fatigue
of Some Steam Turbine Blade Alloys, in Ultrasonic Fatigue, JM. Wells, et al., Ed., American Institute
of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 333-348.
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in Pure Water
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Comparison of fatigue results for AISI 403 stainless steel tested
in pure water by conventional and ultrasonic means (AM, as
machined; SR, stress relieved).

Source: L.E. Willertz, T.M. Rust, and V.P. Swaminathan, High and Low Frequency Corrosion Fatigue
of Some Steam Turbine Blade Alloys, in Ultrasonic Fatigue, J.M, Wells, et al,, Ed., American Institute
of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 333-348.



248 Type 403 Stainless Steel: Comparison of Fatigue Data
in Sodium Chloride
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Comparison of fatigue data for AISI 403 stainless steel for tests
at 40 Hz and 20 kHz in aerated and deaerated 22% sodium

chloride solutions.

For a given set of test conditions, the S-N data and the crack ini-
tiation morphologies were similar at the two frequencies. Cracks
initiated at the base of pits formed at both frequencies, even though
some of the tests at 20 kHz lasted only a few hundred seconds. It
was proposed that the similarity was due to a rate-limiting step
involving the transport of metal ions out of the pits. This transport
occurs at a high rate in ultrasonic fatigue.

Source: R.A. Yeske and L.D. Roth, Environmental Effects on Fatigue of Stainless Steel at Very High
Frequencies, in Ultrasonic Fatigue, .M. Wells, et al., Ed., American Institute of Mining, Metallurgical,
and Petroleum Engineers, Warrendale, PA, 1982, p 365-386.
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of Fatigue Data as a Function of Frequency
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Comparison of fatigue data for tests at 40 Hz and 20 kHz with
cathodic polarization in aerated 22% sodium chloride solution.

Note that at 20-kHz fatigue lives of up to 1010 cycles were deter-
mined and that cathodic polarization has resulted in an improve-
ment in resistance to corrosion fatigue.

Source: R.A. Yeske and L.D. Roth, Environmental Effects on Fatigue of Stainless Steel at Very High
Frequencies, in Ultrasonic Fatigue, J.M. Wells, et al., Ed., American Institute of Mining, Metallurgical,
and Petroleum Engineers, Warrendale, PA, 1982, p 365-386.



250 Type 420 Stainless Steel: Effect of Tempering Temperature
on Corrosion Fatigue, in NaCl
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Fatigue behavior of notched and unnotched rotating bend spec-
imens of a titanium-stabilized type 316 stainless steel in air and
in acetic acid.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 201.



Type 422 Stainless Steel: Near-Threshold Fatigue Crack 251
Growth Rates
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Effect of Kjyax values on near-threshold fatigue crack growth
ratios of type 422 stainless steel in a boiling sodium chloride
solution.

The transition illustrated above involved a transition from corro-
sion fatigue to stress-corrosion cracking. It occurred at very high
load ratios (R > 0.9), and at very low AK levels (< 2.1 MPa-m’ 2.

Source; P.K. Liaw, et al.,, Near-Threshold Corrosion Fatigue Crack Growth Behavior of Type 422
Stainless Steel at Controlled Maximum Stress Intensities, Met. Trans. A, 16A, April 1984, p 693-700,



252 USS 12MoV Stainless Steel: Effect of Tempering
Temperature on Cracking Resistance and Yield Strength
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Effect of tempering temperature on the cracking resistance and
yield strength of USS 12MoV stainless steel.

The minimum resistance to stress-corrosion cracking is exhibited
in the tempering range wherein alloy carbides are precipitated.
Above this temperature range, the resistance increases rapidly as
the strength decreases.

Source: A.J. Sedriks, Corrosion of Stainless Steels, John Wiley & Sons, New York, 1979, p 186.



Retaining Ring Steel: Effect of Cyclic Stress-Intensity on 253
Fatigue Crack Growth in Various Environments
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Effect of cyclic stress-intensity range and various environments
on the growth rate of fatigue cracks in retaining ring steel 18/8.
Note that water accelerates crack growth rates markedly, espe-
cially at low cyclic stress-intensity ranges.

Source: R.B, Scarlin, J. Albrecht, and M.O. Speidel, Environment Induced Cracking of Generator Rotor
Retaining Rings, in Corrosion in Power Generating Equipment, M.O. Speidel and A. Atrens, Ed., Plenum
Press, New York, 1984, p 427-452,



254 Austenitic Stainless Steels: Comparison of
Corrosion Behavior
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Comparison of corrosion behavior of austenitic stainless steels
subjected to low-cycle fatigue at 650 °C, as measured by percent
weight loss and mils per year loss (MPY) as a function of time of
exposure to Strauss test conditions.

Low-cycle fatigue at 650 °C promoted the precipitation of chrome
carbides, particularly in type 304 stainless steel and Incoloy 800H.
The rate of weight loss after low-cycle fatigue was twice as high as
for material that had been sensitized at 650 °C for a time equal to
the average time of exposure to 650 °C during the low-cycle fatigue
tests.

Source: C, Hoffman and A.J. McEvily, Met. Trans. A, 13A, 1982, p 923-927.
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ALUMINUM ALLOYS

Only aluminum alloys that contain appreciable amounts of soluble alloying elements—primarily
copper, magnesium, silicon, and zinc—are susceptible to stress-corrosion cracking (SCC). For most
commercial alloys, tempers have been developed to improve resistance to SCC. For this class of
alloys, electrochemical considerations have provided a basis for developing aluminum alloys and
tempers resistant to SCC.

SCC in aluminum alloys is characteristically intergranular, and according to the electrochemical
theory this requires a conditions along grain boundaries that makes anodic to the rest of the
microstructure. The most anodic regions may be either he precipitates formed in grain boundaries,
or the regions adjoining the boundaries that have been depleted of solute, In addition, there is recent
evidence that hydrogen generated at crack tips in aqueous solutions or moist air also may be playing
in the fracture mechanism.

Fatigue strengths of aluminum alloys are lower in such corrosive environments as seawater and other
salt solutions than in air-—especially when evaluated by low-stress, long duration tests. Such
corrosive environments produce smaller reductions in fatigue strength in the more corrosion
resistant alloys such as the 5xxx and 6xxXx series, than in the less resistant alloys such as the 2xxx and
TxXX series.

As with stress-corrosion cracking of aluminum alloys, corrosion fatigue is promoted by the presence
of water. In contrast to SCC however, corrosion fatigue is not as appreciably affected by test
direction because the fracture resulting from this type of attack is predominantly transgranular,

Basic Temper Designations

T3 solution heat-treated, cold worked, and naturally aged to a substantially stable condition.

Applies to products which are cold worked to improve strength after solution heat-
treatment, or in which the effect of cold work in flattening or straightening is recognized in
mechanical property limits.

T4 solution heat-treated and naturally aged to a substantially stable condition,

Applies to products which are not cold worked after solution heat-treatment, or in which the
effect of cold work in flattening or straightening may not be recognized in mechanical
property limits,

Té6 solution heat-treated and then artificially aged.

Applies to products which are not cold worked after solution heat-treatment, or in which the
effect of straightening may not be recognized in mechanical property limits,

T651 applies to plate stretched to give a 1-1/2 to 3% permanent set after solution heat-treatment,.
T7 solution treated and then overaged/stabilized.

Applies to wrought products that are artificially aged after solution heat-treatment, to carry
them beyond a point of maximum strength to provide control of some significant
characteristic. Also applies to cast products that are artificially aged after heat-treatment to
provide dimensional and strength stability.

T7351 Applies to plate stretched to give 1-1/2 to 3% permanent set after solution heat-treatment
and then overaged for resistance to SCC,
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0 annealed.
H strain-hardened (wrought products only).

Applies to products which have their strength increased by strain hardening, with or without
supplementary thermal treatments, to produce some reduction in strength, The H is always
followed by two or more digits.

w solution heat-treated.

An unstable temper applicable to products which spontaneously age at room temperature
after solution heat-treatment,



2014-T4 and 2014-T6 Aluminum Alloys: Changes in Solution 259
Potential Across a Weld Zone, Sodium Chloride
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Changesinsolution potential across a weld zone between 2014.T4
and 2014-T6.

The changes were due to the heat of welding. The potentials were
measured against a 0.1N calomel reference electrode in an elec-
trolyte containing 53 g/L NaCl and 3 g/I. HyOp. The welded
specimen was tested in bending at 80% of the joint strength and
exposed to 3.5% NaCl solution by alternate immersion. Failure
occurred in the heat-affected zone where the heat of welding
produced a metallurgical condition that was susceptible to stress-
corrosion cracking,

Source: W.W. Binger, E.H. Hollingsworth, and D.O. Sprowls, Resistance to Corrosion and Stress
Corrosion, in Aluminum, Vol 1, Properties, Physical Metallurgy and Phase Diagrams, K.R. Van Horn,
Ed., American Society for Metals, Metals Park, 1967, p 209-276.



260 2024-T4 Aluminum Alloy: Time-to-Failure as a Function
of Statically Applied Stress
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Time-to-failure of 2024-T4 aluminum alloy wetted with mercury
amalgam at 100 °C as a function of the statically applied stress.

Source: A.S. Tetelman and A.J. McEvily, Jr., Fracture of Structural Materials, John Wiley & Sons,
New York, 1967, p 444.
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in NaCl + H202
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Stress-corrosion cracking curves in 3.5% NaCl + 0.5% 03
solution for the short-transverse (ST) direction specimens of
5083 aluminum heat treated at various solution temperatures.

Source: J.A. Beavers, G H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



262 5083 H131 Aluminum Alloy: Normalized
Stress-Intensity Versus Time-to-Failure
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Normalized stress-intensity versus time-to-failure in Modes I
and III for sensitized 5083 H131.

The susceptibility was evaluated in Mode I (tension) and Mode III
(torsion), using precracked fracture toughness specimens. The
ordinate is normalized by dividing the applied stress-intensity by the
corresponding fracture toughness. The environment was 0.6M (3.5
wt%) NaCl + 0.02M NapCrpO7 + 0.07M NaCoH30p +
HCyH309 at a pH of 4. This solution inhibits general corrosion
and simulates the conditions for stress-corrosion cracking in sea-
water. Arsenic, a hydrogen recombinant inhibitor, was added to the
solution for additional tests in Mode I. The greater susceptibility
found in Mode I was taken to indicate that hydrogen embrittlement
was more dominant than dissolution for this loading mode.

Source:J.R. Pickens, J.R. Gordon, and J.A.S. Green, The Effect of Loading Mode on the Stress- Corrosion
Cracking of Aluminum Alloy 5083, Met. Trans. A, 14A, May 1983, p 925-930.



6061-T6 Aluminum Alloy: S/N Curves for Unnotched 263
Specimens in High and Low Humidity Environments

oDry environment
e Moist environment
40—

36—

32—

Stress amplitude, ksi

28 —

241

20 ! | 1 L
104 108 108 107
Cycles to failure

S/N curves for unnotched specimens of aluminum alloy 6061-T6
in high and low humidity environments (R = -12).

Numbers adjacent to symbols indicate the number of replicate
tests. Horizontal bars indicate the range of x1 standard deviation.

Source: A.S. Tetelman and A.J. McEvily, Jr., Fracture of Structural Materials, John Wiley & Sons,
New York, 1967, p 386.



264 7039-T61 Aluminum Alloy: Effect of Temperature and
Stress-Intensity on the Subcritical Crack Growth Rate,
in Distilled Water

stress intensity(kg- mm'”’)
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Effect of temperature and stress-intensity on the subcritical
crack growth rate in an aluminum alloy exposed to distilled water.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984,



7039-T64 Aluminum Alloy Rolled Plate: Results of
Accelerated Corrosion Tests, in Sodium Chloride

Short transverse stress, ksi

Percent surviving
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1480 days 366 days
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0 at New Kensmgton PA
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Short transverse stress, MPa

Correlation of results of accelerated tests with service environ-
ment (industrial atmosphere). The results are for five lots of
rolled plate of the aluminum alloy 7039-T64
(4.0Zn-2.8Mg-0.3Mn-0.2Cr). The tests in 3.5% sodium chloride
weresimilar to ASTM G 44, except that the salt solution was made
with commercial grade sodium chloride and New Kensington tap
water.

A 4-day exposure by continuous immersion in boiling 6% sodium
chloride solution is widely used by US aluminum producers for
testing smooth specimens of 7000 series alloys containing no more
than 0.25% copper. The advantages of this test are indicated in the
figure above.

This test is not effective for the 2000 series (Al-Cu) alloys, the 5000
series (Al-Mg) alloys, or the 7000 series (Al-Zn-Mg-Cu) alloys
containing more than 1% copper. Also, it is not recommended for
testing precracked specimens because ofthe interference ofwedges
of corrosion products developed on the crack surfaces.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987,
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266 Various Aluminum Alloys: Stress-Corrosion Cracking, in
Sodium Chloride
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Stress-corrosion cracking in 3.5% sodium chloride solution for
several aluminum alloys and heat treatments.

Source: R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, 2nd ed., John
Wiley & Sons, New York, 1983, p 442.



7039-T64 Aluminum Alloy: Temperature Dependence on 267
Stress-Corrosion Cracking
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Temperature dependence on stress-corrosion cracking of
7039-T64 at applied stresses of 5 to 55 ksi.

Source: Stress Corrosion Testing, American Society for Testing and Materials, Philadelphia, 1967.
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7075 Aluminum Alloy: Stress-Corrosion
Cracking Propagation Rates, in Sodium Chloride

Stress intensity (K;), ksi\V/in,
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Stress-corrosion cracking propagation rates for various 7075
aluminum alloy products.

The specimens were double cantilever beamstested in the S-L plate
orientation. They were bolt-loaded to pop-in and wetted three
times daily with 3.5% sodium chloride. The right end of the band
for each product indicates the pop-in starting stress-intensity.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.

Stress-corrosion crack velocity, in./h



7075 Aluminum Alloy: Environment-Assisted Cracking 269
with Liquid Mercury and Aqueous lodide Solution
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Environment-assisted cracking with liquid mercury and aqueous
iodide solution in 7075 aluminum alloy.

Source: R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, 2nd ed., John
Wiley & Sons, New York, 1983, p 448.



270 7075-T6 Aluminum Alloy: Slow Strain Rate Stress-Corrosion
Cracking Results
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Slow strain rate stress-corrosion cracking test results for
7075-T6.

Source: J.A, Beavers, G.H. Koch, and W.E, Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



7075-T6 Aluminum Alloy: Effect of Dichromate + Nitrite + 271
Borate + Molybdate on Corrosion Fatigue Crack Growth
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Effectofdichromate + nitrite + borate + molybdate on corrosion
fatigue crack growth rate for aluminum alloy 7075-T6.

Source: V.8, Agarwala, Modification of Crack-Tip Chemistry to Inhibit Corrosion and Stress Corrosion
Cracking in High Strength Alloys, in Embrittlement by the Localized Crack Environment, R.P. Gangloff,
Ed., The Metallurgical Society of AIME, Warrendale, PA, 1984, p 405-418.



272 7075-T6 Aluminum Alloy Plate: Comparison of Residual
Stresses Before and After Stress Relief, in Sodium
Chloride Solution
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Comparison of residual stresses in a thick, constant cross section
7075-T6 aluminum alloy plate before and after stress relief. (a)
High residual stresses in the solution treated and quenched
condition. (b) Reduction in stresses after stretching 2%.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



7075-UT, T6, AND T73 Aluminum Alloys: Summary of Stress- 273
Corrosion Cracking Results in Aluminum Chloride

Ut [e—eflo——

?
a
7
1
300

TI3| &—dh | b —

o
©
T

o
»

NORMALIZED STRESS INTENSITIES,K, o/Ky o
o © o
o ~ P <
T T T
// a
!
" L ; N

5
3
8
8
8

TIME TO FAILURE, (h}

Summary of 1N aluminum chloride stress-corrosion cracking
results for Modes I and III of 7075-UT, T6, and T73.

Source: M.P. Mueller, A.W. Thompson, and I.M. Bernstein, Stress Corrosion Behavior of 7075 Aluminum
in 1IN Aluminum Chloride Solutions, Corrosion, 41(3), March 1985, p 127-136.



274 7075-T651 and RRA Aluminum Alloys: Stress-Corrosion
Crack Growth Rate, in Sodium Chloride Solution
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Stress-corrosion crack growthrate for 7075-T651 and RRA tested
in 3.5% sodium chloride solution. (a) pH 6.5. (b) pH 2.

Source: J.J. Thompson, E.S. Tankins, and V.8. Agarwala, A Heat Treatment for Reducing Corrosion
and Stress Corrosion Cracking Susceptibilities in 7XXX Aluminum Alloys, Materials Performance, 26(6),
June 1987, p 45-52.
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Crack Growth, in Sodium Chloride
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Rate of stress-corrosion crack growth as a function of Ky/Ky for
7075-T651 alloy in 3.5% sodium chloride + sodium alkyl sulfo-
nate (DDS, HDS, and ODS, with the dodecane-, hexadecane-, and
octadecane- groups, respectively). The solid line represents
behavior in 3.5% sodium chloride alone.

Source: D, Tromans, Effect of Organic Adsorbants on the Aqueous Stress Corrosion Cracking of AA
7075-T651 Aluminum Alloy, Corrosion, 42(10), October 1986, p 601-608.
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7075-T651 Aluminum Alloy: Effect of Temper on Stress-
Corrosion
Cracking Resistance, in Sodium Chloride Solution
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Effect of temper on stress-corrosion cracking resistance per-
formance of aluminum alloy 7075 subjected to alternate
immersion in 3.5% sodium chloride solution at a stress of 207
MPa (30 ksi).

By using an elastic-plastic fracture mechanics model, the mean flaw
depth is calculated from the mean breaking stress, the strength, and
the fracture toughness of the test material. The test results indicate
that the thermal treatments used to reduce the stress-corrosion
cracking susceptibility of 7075-T651 decreased stress-corrosion
cracking penetration.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987,
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on
Subcritical Crack Growth
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Effect of various organic liquids on subcritical crack growth in a
high-strength aluminum alloy.

Note that the crack growth rates in all organic liquids containing
tracesof water fallinto the scatterband for stress-corrosion cracking
tests in pure water.,

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984,



278 7075-T7351 Aluminum Alloy: Slow Strain Rate
Stress-Corrosion Cracking Results
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Slow strain rate stress-corrosion cracking test results for
7075-T7351.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.
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Mean breaking stress after exposure as a function of exposure
time for short-transverse 3.2-mm diameter aluminum alloy 7075
tension specimens tested according to ASTM G 44 at various
exposure stress levels. Each point represents an average of five
specimens.

In studying trends in stress-corrosion cracking susceptibility, rep-
licate sets of specimens stressed at several stress levels including
zeroare often used. This procedure is illustrated above for samples
of 7075 that have been heat treated to decrease susceptibility to
stress-corrosion cracking. Analysis of these breaking stress data by
extreme value statistics enables calculation of survival probabilities
and the estimation of a threshold stress, without depending on
failures during exposure.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



280 7075-T7X51 Aluminum Alloy: Influence of Specimen
Configuration on Stress-Corrosion Cracking, in
Sodium Chloride Solution
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Influence of specimen configuration on stress-corrosion cracking
test performance (alternate immersion in 3.5% sodium chloride
per ASTM G 44). Aluminum alloy 7075-T7X51 specimens were
stressed at 310 MPa (45 ksi). Each point represents 60 to 90
specimens.

This figure shows the influence of the type of specimen used on
stress-corrosion cracking ratings obtained in traditional pass-fail
methods. An advantage of using the mean flaw depth to evaluate
stress-corrosion cracking performance is that the effects of speci-
men size and alloy strength and toughness can be normalized.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1087,



7075-T651 and P/M X7091-T7E70 Aluminum Alloys: Corrosion 281
Fatigue
Behavior, in Sodium Chloride Solution
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Corrosion fatigue behavior of 7075 and X7091 (CT91) alloys in
3.5% sodium chloride solution.

The 7075 alloy was in the T651 temper, and the X7091 alloy, a
powder metallurgy product, was in the T7E70 temper. The test
frequency was 0.2 Hz. The presence of a measurable crack closure
level for P/M X7091 correlated with a lower corrosion fatigue crack
propagationrate. The formation of corrosion products on the crack
surfaces increased the closure levels.

Source: J.5. Santner and M, Kumar, Corrosion-Fatigue Crack Propagation Rates in Commercial 7075
and P/M X7091 Aluminum Alloys, in Corrosion Fatigue: Mechanics, Metallurgy, Electrochemistry &
Engineering, T.W. Crooker and B.N. Leis, Ed., STP 801, American Society for Testing and Materials,
Philadelphia, 1983, p 229-255.



282

7075-T7651 Aluminum Alloy Plate: Effect of Variations in

Atmospheric Environment
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Effect of variations in atmospheric environment on the proba-
bility and time-to-failure by stress-corrosion cracking of a
material with an intermediate susceptibility. Tests were made on
short-transverse 3.2-mm (0.125-in.) diameter tension specimens
from 7075-T7651 plate stressed at 310 MPa (45 ksi). Paren-
thetical values indicate the number of tests involved.

The relatively conservative estimate of the stress-corrosion crack-
ing resistance of an intermediate resistance alloy is shown, as is the
wide range in behaviors in various atmospheric environments.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.
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I/M 7075-T651 Aluminum Alloy: Influence of Water

Vapor Pressure on Fatigue Crack Growth
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Source: G, Ming, P.S. Pao, and R.P. Wei, Chemical and Metallurgical Aspects of Environmentally
Assisted Fatigue Crack Growth in 7075~T651 Aluminum Alloy, Met. Trans. A, 19A, July 1988, p

1739-1750.

WATER VAPOR PRESSURE, Pa

Influence of water vapor pressure on the fatigue crack growth
rate in I/M 7075-T651 aluminum alloy at room temperature and
R =0.1.

Inthe low-pressure region, fatigue crack growth rate increased with
water vapor pressure up to about 4.7 Pa and then became essen-
tially independent of pressure up to about 67 Pa. Above 67 Pa,
additional increases in growth rate occurred with further increases
in pressure. In the low-pressure region, response is controlled by
the rate of transport of water vapor to the crack tip by molecular
flow. In the high-pressure region, it appeared that response is
surface reaction controlled, involving reactions of water vapor with
segregated aluminum.

Fractographic analysis indicated that corrosion fatigue was crys-
tallographic in nature, with propagation occurring along {100}
planes, whereas the pure fatigue process was noncrystallographic.
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I/M 7075-T651 Aluminum Alloy: Effect of Water
Vapor Pressure on Fatigue Crack Growth
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Effect of water vapor pressure on fatigue crack growth kinetics
for /M 7075-T651.

Source: G. Ming, P.S. Pao, and R.P. Wei, Chemical and Metallurgical Aspects of Environmentally
Assisted Fatigue Crack Growth in 7075-T651 Aluminum Alloy, Met. Trans. A, 10A, July 1088, p
1739-1750.



I/M 7075-T651 Aluminum Alloy: Comparison of Fatigue Crack

Growth in Vacuum, Pure Argon, and in Pure Oxygen
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Comparison of the kinetics of fatigue crack growth in I/'M
7075-T651 in vacuum, pure argon, and in pure oxygen.

The reasons for the faster growth rates in vacuum and argon rel-
ative to pure oxygen are not understood.

Source: G. Ming, P.S. Pao, and R.P, Wei, Chemical and Metallurgical Aspects of Environmentally
Assisted Fatigue Crack Growth in 7075-T651 Aluminum Alloy, Met. Trans. A, 19A, July 1988, p

1739-17560.
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286 7075-T651 Aluminum Alloy: Effect of Humidity on Stress-
Independent
Subcritical Crack Growth

ALLOY 7075-T651

2.5 cm THICK PLATE

CRACK OR IENTATION SL 0
STRESS INTENSITY 19 MN/m
TEMPERATURE 23 °C
-9 }—  HUMID AIR

STRESS CORROSION CRACK VELOCITY, (misec)

oM 1 I
0.1 1.0 10 s

RELATIVE HUMIDITY, (%

Effect of humidity on the stress-independent subcritical crack
growth rate in a high-strength aluminum alloy exposed to humid
air.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984,



7075-T651 Aluminum Alloy: Results of Stress-Corrosion 287
Tests on Precracked Specimens
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Results of room-temperature stress-corrosion tests on pre-
cracked specimens of aluminum alloy 7075-T651.

Source: W.W, Gerberich and A.W. Gunderson, Design, Materials Selection and Failure Analysis, in
Application of Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W,
Gerberich, and J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 311-366.



288 7075-T651 Aluminum Alloy: Effect of Relative Humidity and
Stress-Intensity Factor on Stress-Corrosion Crack Velocity

Stress intensity, ksi + in."/2
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Effect of relative humidity and stress-intensity factor on the
stress-corrosion crack velocity in a high-strength aluminum
alloy.

Source: J.C, Scully, The Fundamentals of Corrosion, 2nd ed., Pergamon Press, New York, 1975, p 198,



7075-T73 and 7079-T611 Aluminum Alloys: Relative
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Source: H.L. Logan, The Stress Corrosion of Metals, John Wiley & Sons, New York, 1966, p 204,
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290 7075-T651 and 7178-T651 Aluminum Alloys: Effect of Aging
Time on Short-Transverse Toughness and Siress-Corrosion
Crack Velocity
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Effect of aging time at 160 °C (320 °F) on the short-transverse
toughness and stress-corrosion crack velocity of 7075-T651
(closed symbols) and 7178-T651 (open symbols). The duration of
the overaging treatment for various tempers is indicated at the
top of the figure.

Overaging up to 10 h can reduce the stress-corrosion cracking
velocity by an order of magnitude without affecting the fracture
toughness (or strength levels).

Source: M., Fontana and R. Staehle, Ed., Advances in Corrosion Science and Technology, Vol 7, Plenum
Press, New York, 1980.



7079-T651 Aluminum Alloy: Effect of Stress-Intensity and
pH on the Velocity of Stress-Corrosion Cracks

STRESS CORROSION CRACK VELOCITY (m/sec)
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corrosion cracks in a high-strength aluminum alloy.

Source: R, Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,

American Society for Metals, Metals Park, 1984.
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292 7079-T651 Aluminum Alloy: Effect of pH on the Plateau
Growth Rate of Stress-Corrosion Cracks
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Effect of pH on the stress-independent (plateau) growth rate of
stress-corrosion cracks in a high-strength aluminum alloy.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984,



7079-T651 Aluminum Alloy: Effect of Electrode Potential and 293
Stress-Intensity on Stress-Corrosion Crack Velocity
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Effect of electrode potential and stress-intensity on stress-
corrosion crack velocity in a high-strength aluminum alloy.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984.



294 7079-T651 Aluminum Alloy Plate: Effects of
Corrosive Environment

Stress intensity, ksiVin.
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Effect of corrosive environment on stress-corrosion cracking
velocity and threshold stress-intensity for 64-mm thick
7079-T651 plate stressed in the S-L orientation.

Thespecimenswere double cantilever beams bolt-loaded to pop-in.
No stress-corrosion cracking occurred during 3 years of exposure
todry air. The plateau velocity and the apparent threshold intensity
(Kisce or Kip) vary with the environment. It is interesting to note
that corrosion product wedging occurred in the regions denoted by
dashed lines. This wedging props open the crack and prevents any
further decrease in K-level with an increase in crack length.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



7079-T651 Aluminum Alloy: Effect of Cyclic Stress-Intensity 295
Range on Growth of Corrosion-Fatigue Cracks
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Effect of cyclic stress-intensity range on the growth rate of
corrosion-fatigue cracks in a high-strength aluminum alloy
exposed to various environments.

Source: H.L, Marcus, Fatigue-Crack Growth in Metals and Alloys, in Fatigue and Microstructure,
American Society for Metals, Metals Park, 1979, p 365-384.



296 7079-T651 Aluminum Alloy Plate: Effect of Potential on
Growth Rate of Corrosion-Fatigue Cracks, in an Aqueous
Halide Solution
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Effect of potential on the growth rate of corrosion-fatigue cracks
in a high-strength aluminum alloy exposed to an aqueous halide
solution (O.C. = open circuit potential).

Source: H.L. Marcus, Fatigue-Crack Growth in Metals and Alloys, in Fatigue and Microstructure,
American Society for Metals, Metals Park, 1979, p 365-384.



7090-T6 Aluminum Alloy Die Forgings: Effect of Environment 297
on Resistance to Stress-Corrosion Cracking
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Source: Stress Corrosion Testing, American Society for Testing and Materials, Philadelphia, 1967.



298 7090-T6511, 7091-T6E192, and IN9052 F Temper P/M
Aluminum Alloys and I/M Aluminum Alloy 7075-T6511:
Stress-Corrosion Crack Velocity as a Function of
Stress-Intensity Factor
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Stress-corrosion crack velocity as a function of stress-intensity
factor (v-K) curves for three P/M alloys and I/M 7075, each in its
highest strength condition.

The specimens were tested as bolt-loaded double cantilever beams
in a chromate-inhibited brine solution. (PA = peak strength con-
dition). Alloy 7075 is an ingot metallurgy (I/M) product. Alloys
7090, 7091, and IN9052 are rapidly solidified powder metallurgy
(RS-P/M) products.

Composition of alloys (wt%):
7075: 6.0 Zn, 2.3 Mg, 1.62 Cu, 0.26 Fe, 0.12 Si, 0.21 Cr, bat Al

7090: 7.7 Zn, 2.3 Mg, 1.00 Cu, 1.65 Co, bal Al
7091: 6.5 Zn, 2.4 Mg, 1.5 Cu, 0.4 Co, bal Al
IN9052: 3.94 Mg, 0.33 O, 0.91 C, bal Al

Source: J.R. Pickens and L. Christodoulou, The Stress Corrosion Cracking Behavior of High-Strength
Aluminum Powder Metallurgy Alloys, Met. Trans. A, 18A, January 1987, p 136-157.



7090-T6511, 7091-T6E192, and IN9052 F Temper P/M

Aluminum Alloys and I/M Aluminum Alloy 7075-T6511:

Stress-Corrosion Cracking Mechanism

Intergranular SCC Mechanism in 7xxx RS-PIM Alloys
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Schematic of stress-corrosion cracking mechanism in cobalt-
containing RS-P/M alloys (PI'Z = precipitate-free zone).

Source: J.R. Pickens and L. Christodoulou, The Stress Corrosion Cracking Behavior of High-Strength
Aluminum Powder Metallurgy Alloys, Met, Trans. A, 18A, January 1987, p 135-157,
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8090 and 7475-T6 Aluminum Alloys: Potentiodynamic Polar-
ization Curves, in Sodium Chloride Solution
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Potentiodynamic polarization curves for an Al-9Li alloy, 8090
alloy, aged at 170 °C for 4 h and an Al-Zn-Mg-Cu alloy, AA
7475-T6, in 0.5M sodium chloride solution.

Source; J.B. Lumsden and A.T. Allen, The Stress Corrosion Cracking Behavior of AlLi Alloy 8090,
Corrosion, 44(8), August 1988, p 527-532.



8090 Aluminum Alloy: Slow Stress-Strain Curve, in Air 301
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Slow stress-strain curve in air of Alloy 8090 aged at 170 °C for 4
h with points showing where fracture occurred in 0.5M sodium
chloride at -700 and -790 mVgCE.

Source: J.B. Lumsden and A.T. Allen, The Stress Corrosion Cracking Behavior of AlLi Alloy 8090,
Corrosion, 44(8), August 1988, p 527-532.



302 8090 and 7475-T6 Aluminum Alloys: Effects of Potential on
the Ratio of the Strain-to-Failure in Sodium Chloride to that

in Air
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Effects of potential on the ratio of the strain-to-failure in 0.5M
sodium chloride solution to that in air for Alloy 8090 aged at 170
°C for 4 h and 7475-T6.

Below a potential of approximately -750 mVgCE at strain rates on
the order of 10-0/s, Alloy 8090 is highly resistant to stress-corrosion
cracking. At potentials above -750 mVgCR, the strain-to-failure
ratio decreases rapidly with an increase in potential to the pitting
potential. It was concluded that the critical potential controls the
crack propagation rate and not the initiation rate.
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Ratio of strain-to-failure in 0.5M sodium chloride (-700 mVgCE)
to the strain-to-failure in air for Alloy 8090 aged at 170 °C for 4
h at various strain rates.

Source: J.B. Lumsden and A.T. Allen, The Stress Corrosion Cracking Behavior of AlLi Alloy 8090,
Corrosion, 44(8), August 1988, p 527-532.



2014-T651 and 7079-T651 Aluminum Alloys: Relative 303
Effectiveness of Protective Systems in the Prevention of
Stress-Corrosion Cracking
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Relative effectiveness of various protective systems in preventing
stress-corrosion cracking of susceptible aluminum alloys.

The curves represent combined results for specimens 0f2014-T651
and 7079-T651 that had been highly strained in the elastic range.
The specimens were exposed at Point Judith, Rhode Island;
Comfort, Texas; and New Kensington, Pennsylvania. The benefi-
cial effects of the residual compressive stresses introduced by shot
peening are evident.

Residual stresses are introduced in aluminum alloy products when
they are solution treated and quenched. Quenching places the
surfaces in compression and the interior in tension. If no machining
or stretching were done after quenching, the product would have
enhanced resistance to stress-corrosion cracking. However, if a
notch were to be machined into the region of tensile residual stress,
then the stress-corrosion cracking resistance would be diminished.
To avoid such a possibility, aluminum products of constant cross-
sectional area are stress relieved by stretching after quenching to
reduce the residual stresses.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987,



304 2024-T351, 2024-T851, 7075-T651, and 7075-T7351 Aluminum
Alloys: Comparison of Stress-Corrosion Cracking Resistance,
in Nitric Acid and in Sodium Chloride
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Comparison of resistance to stress-corrosion cracking of various
alloys in inhibited red fuming nitric acid at 74 °C and in 3.5%
sodium chloride alternate immersion.

Source; H.L. Craig, Jr., D.O. Sprowls, and D.E. Piper, Stress-Corrosion Cracking, in Handbook on
Corrogion Testing and Evaluation, W H, Ailor, Ed., John Wiley & Sons, New York, 1971, p 231-290.



2090 and 7075-T651 Aluminum Alloys: Stress-Corrosion 305
Crack Growth Versus Stress-Intensity
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Stress-corrosion crack growth rate versus stress-intensity for
three tempers of 2090 and 7075-T651 alloy.

Source: V.S, Goel, Ed., Corrosion Cracking, American Society for Metals, Metals Park, 1986.



306 2219-T87 and 7075-T651 Aluminum Alloys: Stress and
Stress-Intensity Characterizations, in a Salt-Dichromate-
Acetate Solution
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Stress and stress-intensity characterizations for two aluminum
alloys exposed in salt-dichromate-acetate solution.

Note that at small crack sizes the applied stress rather than the
applied stress-intensity becomes the controlling parameter. A
similar transition occurs in the case of fatigue crack growth, where
at small crack sizes the endurance limit becomes the controlling
parameter for fatigue crack growth rather than the threshold
stress-intensity level.

Source: J.G. Kaufman and J.S. Santner, Fracture Properties of Aluminum Alloys, in Application of
Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W. Gerberich, and
J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 169-212.



Al-Cu Alloys: Summary of Stress-Corrosion
Cracking Growth Rates
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Summary of stress-corrosion cracking growth rates in various
aluminum alloys based on the aluminum-copper system.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.
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308 5Cu-Al Copper Alloy: Relationship of Applied Stress to
Time-to-Fracture, in NaCl + NaHCO4
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Relationship of applied stress to time-to-fracture of 5Cu-Al alloy
aged 1 hat 175 °C and exposed to 0.5N NaCl + 0.005N NaHCO3.

Source: H.H. Uhlig, Stress-Corrosion Cracking, in Fracture: An Advanced Treatise, Vol 3, H, Liebowitz,
Ed., Academic Press, New York, 1971, p 646-679.



Al-Li-Cu P/M Alloys: Stress-Corrosion 309
Lifetime as a Function of Applied Stress, in
Sodium Chloride Solution
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Stress-corrosion lifetime as a function of applied stress for two
Al-Li-Cupowder metallurgy alloys tested in 3.5%sodium chloride
solution as a function of applied stress.

Source: J.A. Beavers, G.H, Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



310 Al-Mg Alloys: Effect of Magnesium Content
on Stress-Corrosion Cracking, in Sodium Chloride
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Effect of magnesium content on stress-corrosion cracking in 3.5%
sodium chloride solution on Al-Mg alloys aged for either 24 or
120 h at 392 °F.

Source: J.A, Beavers, G.H. Koch, and W .E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



Al-8Mg Aluminum Alloy: Effects of Copper and 311
Zirconium on Stress-Corrosion Cracking,
in Sodium Chloride

25 T O O N A S O B T T T T T
0.2% Zr

Tension Stress, kg/mm?

Time to Failure, hr
a. Water quenched from 750 F and aged at 265 F for 7 days

25 | T 1% 1 LER} 1 LI 1 1R 1
“E | .I { |
E 20} ©0.3% Cu + 0.2% Zr
g 0.2% Zr
8 15|
s T B>
» 10
5 o) 0.3% Cu
a 5l
,2 None go o kal
1)) SENTER S U R W U W 5 B N BN I N N S B §
0.01 0.1 1 10 100

Time to Failure, hr
b. Air-Cooled from 750 F and aged at 265 F for 7 days

Effects of copper and zirconium on the stress-corrosion cracking
of an Al-8Mg alloy tested under constant load in 3.5% sodium
chloride (alternate immersion).

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986,



312 Al-8Mg Aluminum Alloy: Effect of Additions of Various
Elements on Stress-Corrosion Cracking,
in Sodium Chloride
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Effect of the addition of bismuth, chromium, and zirconium on
stress-corrosion cracking of an Al-8Mg alloy.

The alloys were water quenched from 400 °C and sensitized at 130

°C for 7 days. They were tested at room temperature in 3.5%
sodium chloride solution.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



Al-Mg-Mn Alloys: Comparison of the Resistance
to Stress-Corrosion Cracking, in Sodium Chloride
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Comparison of the resistance to stress-corrosion cracking of
several Al-Mg-Mn alloys exposed to 3.5% sodium chloride by
alternate immersion.

In the O temper, alloys with up to 5.5% Mg (5456) have excellent
resistance to stress-corrosion cracking. Strain-hardened and sta-
bilized tempers, such as H34, have a low resistance when the
magnesium content is in the range of 4.0 to 5.5%, as in alloys 5083
and 5456. Special tempers, such as H343, have been developed to
provide a high resistance to stress-corrosion cracking.

Source: W.W. Binger, E.H. Hollingsworth, and D.O. Sprowls, Resistance to Corrosion and Stress
Corrosion, in Aluminum, Vol 1, Properties, Physical Metallurgy and Phase Diagrams, K.R. Van Horn,
Ed., American Society for Metals, Metals Park, 1967, p 209-2786.
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314 Al-Zn-Mg Alloy: Variation of Stress-Corrosion
Cracking Growth Rate with Stress-Intensity
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Variation of stress-corrosion cracking growth rate with stress-
intensity of a high-purity Al-Zn-Mg alloy, water quenched or air
cooled before aging.

The nature of the microstructure along the grain boundaries is
indicated and depends on the cooling rate. The precipitate-free
zone (PFZ) width increases as the cooling rate decreases, and the
size and spacing of the MgZny particles increases. The MgZny
particles are anodic with respect to the matrix.

Source: J.F. Knott, Fundamentals of Fracture Mechanics, John Wiley & Sons, New York, 1973, p 262.



Al-Zn-Mg Alloys: Effects of Applied Potential 315
on Stress-Corrosion Cracking Susceptibility, in
Deaerated Solution
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Log i

H,
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Effects of applied potential on stress-corrosion cracking sus-
ceptibility, anodic and cathodic current density, and hydrogen
uptake by Al-Zn-Mg alloys in deaerated solution at room
temperature.

Source: E. Lunarska and Z. Szklarska-Smialowska, Stress Corrosion Cracking of Powder Metallurgy
(P/M) AlZnMg Alloys in Deaerated 3.5% NaCl, Corrosion, 43(7), July 1987, p 414-424.
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Al-Zn-Mg-XCu-T651 Alloys: Effect of Stress-
Intensity on Stress-Corrosion Crack Velocity,
in Sodium Chloride
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Effect of stress-intensity on stress-corrosion crack velocity of
Al-6Zn-2Mg-XCualloysin 3.5% sodium chloride. The alloys were
tested in the T651 condition, Note that the precipitate CopAlg is
cathodic with respect to the aluminum matrix.

Source: B. Sarkar, M. Marek, and E.A. Starke, Jr., The Effect of Copper Content and Heat Treatment
on the Stress Corrosion Characteristics of Al-6Zn-2Mg-XCu Alloys, Met. Trans. A, 12A, November
1981, p 1939-19483.



Al-4.25Zn-2.9Mg Aluminum Alloy: Stress-Corrosion Cracking

Results in Various Environments
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Source: H. Rosenthal and H.R. Pritchard, A Quantitative Stress Corrosion Test for Al-Zn-Mg Alloy
Plate, in Stress Corrosion Testing, STP 425, American Society for Testing and Materials, Philadelphia,

1967, p 165-181,

® NaCi

0 b )

FALLURE TIME IN DAYS AT 35,000 pSi

Stress-corrosion cracking results for alloy Al-4.25Zn-2.9Mg in a
peak aged condition.

C-ring type specimens were used with the maximum tensile stress
applied in the short-transverse direction. The percent survival
time-to-failure at 35,000 psi in three environmentsis indicated. The
specimens represent 11 lots of plate on which tests were started
during the winter months.

317



318 Al-5.3Zn-3.7Mg-0.3Mn-0.1Cr-T6 Aluminum Alloy Sheet:
Susceptibility to Stress-Corrosion Cracking
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Comparison of direct tension loading with loading under bending
on susceptibility to stress-corrosion cracking of an aluminum
alloy.

Not only were lifetimes for specimens stressed in tension less than
for those stressed in bending, but a lower threshold stress for
stress-corrosion cracking was also indicated. This difference should
be kept in mind when comparing results from tension tests and
torsion tests. Furthermore, specimens tested under constant
bending displacement would be expected to exhibit greater
resistance to stress-corrosion cracking because of stress relaxation.

Source: H.L. Craig, Jr.,, D.O. Sprowls, and D.E. Piper, Stress-Corrosion Cracking, in Handbook on
Corrosion Testing and Evaluation, W.H. Ailor, Ed., John Wiley & Sons, New York, 1971, p 231-290.



Al-21.5Zn Aluminum Alloy: Plot of Crack Initiation Rates, in 319
Ethanol and Ethanol + Water
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Arrhenius plot of crack initiation rates (1/t) versus reciprocal of
temperature (1/T) for Al-21.5Zn alloy in reagent grade ethanol
and in ethanol plus 5% water.

Source: R.S. Pathania and D. Tromans, Initiation of Stress Corrosion Cracks in Aluminum Alloys, Met.
Trans. A, 12A, April 1981, p 607-612.



320 Various Aluminum Alloys: Crack Length and Stress-Intensity
Versus Time Curves, in Sodium Chloride
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Crack length and stress-intensity versus time curves for double
beam specimens of 7xxx series aluminum alloys, S-L orientation.

The specimens were double cantilever beam type, loaded to pop-in,
and wetted three times daily with 3.5% sodium chloride. The figure
indicates the nature of the data obtained in the plateau and the
near-threshold regions in a decreasing-K test. In the event that an
actual arrest does not occur, the threshold level is often taken to
be the stress-intensity factor level at which the growth rate is about
10-10 my/s, i.e., where the growth rate is less than 0.2 mm in 30 days.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



Various Aluminum Alloys: Crack Propagation Rates, in

Source: 1.J. Polmear, Light Alloys: Metallurgy of the Light Metals, American Society for Metals, Metals

Park, 1981, p 80.

Aqueous Sodium Chloride
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Crack propagation rates in stress-corrosion tests using pre-
cracked specimens of 2xxx series high-strength aluminum alloys
exposed to an aqueous solution of 3.5% sodium chloride.

The specimens were 25-mm thick, double cantilever beam type,
loaded in the short-transverse direction. They were wet with solu-
tion twice a day.
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322 Various Aluminum Alloys: Effect of Moisture and Stress-
Intensity on Subcritical Crack Growth, in Hydrogen Gas
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Effect of moisture and stress-intensity on the subcritical erack
growth rates of several high-strength aluminum alloys in air. The
plateau crack velocities have the same order of magnitude as in
moist hydrogen gas.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984.



Various Aluminum Alloys: Effect of Humidity on 323
Subcritical Crack Growth, in Hydrogen Gas
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Effect of humidity on subcritical crack growth of high-strength
aluminum alloys in hydrogen gas. No crack growth was observed
in dry hydrogen, whereas rapid crack growth was observed in wet
hydrogen gas.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1084.



324 Various Aluminum Alloys: Probability of Failure by Stress-
Corrosion Cracking in Several Environments
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Comparison of the probability of failure by stress-corrosion
cracking of smooth specimens in several environments.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



Various Aluminum Alloys: Stress-Corrosion Crack Growth as 325
a Function of Stress-Intensity
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Stress-corrosion crack growth rate as a function of the stress-
intensity factor for several aluminum alloys showing various

plateau levels and apparent Kyg levels.

Source: B.F. Brown, Stress Corrosion Cracking Control Measures, National Bureau of Standards
Monograph 1566, U.S. Department of Commerce, June 1977, p 28.



326 Various Aluminum Alloys: Effect of Outdoor Exposure and
Stress-Intensity on Stress-Corrosion Crack Velocity
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Effect of outdoor exposure and stress-intensity on the stress-
corrosion crack velocity in several high-strength aluminum
alloys.

Source: J.G. Kaufman and J.S. Santner, Fracture Properties of Aluminum Alloys, in Application of
Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W. Gerberich, and
J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 169-212.



Various Aluminum Alloys: Initial Stress-Intensity Versus 327
Time-to-Fracture in Different Environments
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Initial stress-intensity versus time-to-fracture for compact
specimens in the S-L plate orientation for various aluminum
alloys.

The specimens were exposed to an aqueous solution 0.06M sodium
chloride, 0.2M sodium dichromate, 0.07M sodium acetate, and
acetic acid to pH 4. An asterisk indicates that stress-corrosion
cracking had started.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



328 Various Aluminum Alloys: Variations in Strength and Stress-
Corrosion Resistance as a Function of Aging Time and
Temperature

SCC resistance
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Variations in strength and stress-corrosion resistance as a
function of aging time and temperature for precipitation-
hardening aluminum alloys.

Source: J.G. Kaufman and J.S. Santner, Fracture Properties of Aluminum Alloys, in Application of
Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W. Gerberich, and
J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 169-212.
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Various Aluminum Alloys: Resistance of Extrusions
to Stress-Corrosion Cracking
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Aluminum Alloy Plate: Correlation of Resistance
with Fracture Toughness, in Sodium Chloride
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Correlation of resistance to stress-corrosion cracking with
fracture toughness of aluminum alloy plate. The stress-corrosion
threshold data were obtained with exposures of 84 days or longer
to the 3.5% sodium chloride alternate immersion test.

Source: J.G. Kaufman and J.S. Santner, Fracture Properties of Aluminum Alloys, in Application of
Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W. Gerberich, and
J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 169-212,



Aluminum Alloy Plate: Threshold Stress as a Function of
Yield Strength, in Sodium Chloride
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Threshold stress for stress-corrosion cracking as a function of
yield strength for a wide variety of aluminum alloys and tempers.
The stress-corrosion threshold data were obtained with expo-
sures of 84 days or longer to the 3.5% sodium chloride alternate
immersion test.

Source: J.G. Kaufman and J.S. Santner, Fracture Properties of Aluminum Alloys, in Application of
Fracture Mechanics for Selection of Metallic Structural Materials, J.E. Campbell, W.W. Gerberich, and
J.H. Underwood, Ed., American Society for Metals, Metals Park, 1982, p 169-212.
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332 Cast Aluminum Alloys: Times-to-Failure by
Stress-Corrosion Cracking
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Times-to-failure by stress-corrosion cracking of cast aluminum
alloys. Horizontal lines in a column signify failure of a specimen.
Numbers on these horizontal lines indicate the number of spec-
imens that failed. Arrows signify specimens removed unbroken.

Stress level 75% of yield strength. Environment: Specimens
immersed for 3 min in each 45 in a 1N NaCl solution containing 10
ml/L of 30% hydrogen peroxide.

Source: H.L. Logan, The Stress Corrosion of Metals, John Wiley & Sons, New York, 1966, p 209.



2090-T8E41 and 7075-T651 Aluminum Alloys: Comparison of 333
the Rate of Fatigue Crack Growth as a Function of
the Range of the Stress-Intensity Factor, in
Sodium Chloride
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Comparison of the rate of fatigue crack growth as a function of
the range of the stress-intensity factor for an Al-Li alloy,
2090-T8E41, and 7075-T651 in air and in 3.5% sodium chloride
solution.

The specimens were tested in the L-T orientation. In air, the Al-Li
alloy exhibited a very tortuous fracture surface morphology and
high crack closure levels that led to fatigue crack growth rates an
order of magnitude lower than for the 7075 alloy. Such
roughness-induced crack closure was greatly reduced for speci-
mens tested in 3.5% sodium chloride solution, and the fatigue crack
growth rates were elevated six-fold over those in air. Despite this
increase in rate, the corrosion fatigue crack growth rate for the
Al-Li alloy was still less than for the 7075 alloy.

Source: J.B. Lumsden and A.T. Allen, The Stress Corrosion Cracking Behavior of AlILi Alloy 8090,
Corrosion, 44(8), August 1988, p 527-532.



334 7075-T6 Aluminum Alloy: Effect of Corrosion and
Precorrosion on Fatigue Lives
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Effects of corrosion and precorrosion on the fatigue lives of
7075-T6 alloy.

Note that re-solutionizing and re-aging the alloy after pre-exposure
has resulted in a significant increase in fatigue resistance, perhaps
because of the elimination of hydrogen that had been picked up
during precorrosion.

Source: R. Gibala and R.F. Hehemann, Ed., Hydrogen Embrittlement and Stress Corrosion Cracking,
American Society for Metals, Metals Park, 1984.



7075-T651 Aluminum Alloy: Effect of Cyclic Waveform on
Fatigue Crack Growth, in Distilled Water
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Effect of cyclic waveform on fatigue crack growth in a 7075-T651
aluminum alloy tested in distilled water at room temperature.

In contrast to resu

Its obtained by Barsom on steels and by Pelloux

on 7075-T6 and 7075-T73, a positive sawtooth waveform did not

result in a more r

apid rate of corrosion fatigue crack growth as

compared to a negative sawtooth waveform. In all cases, the
maximum K level was below Kygec. The reason for this discrepancy

is not understood.

Source: Corrosion Fatigue: Chemistry, Mechanics and Microstructure, Vol 2, National Association of

Corrosion Engineers, Houston, 1972.
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336 7079-T6 Aluminum Alloy: Flexural Fatigue Curves for Smooth
and Notched Specimens
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Flexural fatigue curves for smooth and notched specimens of
aluminum alloy 7079-T6 as a function of environment.

Source: R.W, Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, 2nd ed., John
Wiley & Sons, New York, 1983, p 446-447.



7475-T7351 Aluminum Alloy: Influence of Environment on 337
Number of Cycles to Crack Initiation
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Influence of environment on the number of cycles to crack initi-
ation as a function of stress level for aluminum alloy 7475-T7351.

Each specimen contained a hole. The fatigue crack initiation site
was located at the edge of this hole.

Source: E.U. Lee, Corrosion Fatigue and Stress Corrosion Cracking of 74756-T7351 Aluminum Alloy, in
Corrosion Cracking, V.S. Goel, Ed., American Society for Metals, Metals Park, 1986, p 123-128.



338 RR58 Aluminum Alloy: Fatigue Crack Growth Rate,
in Air and in Sodium Chloride
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Comparison of the rate of fatigue crack growth in air and in 3.5%
sodium chloride for aluminum alloy RR58.

Composition: 1.8 to 2.7% Cu, 1.2 to 1.8% Mg, 0.15 to 0.25% Si,
0.9t0 1.4% Fe, 0.8 to 1.4% Ni, bal Al.

Source: J.C. Radon, Corrosion Fatigue of Aluminum Alloy RR58, in The Influence of Environment on
Fatigue, Institution of Mechanical Engineers, London, 1977, p 85-92.



Al-Zn-Mg Alloy: Corrosion Fatigue 339
Propagation Rate, in 3.5% NaCl Solution
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Corrosion fatigne crack propagation rate of a high-purity Al-
Zn-Mg alloy versus stress-intensity range for various applied
potentials.

Source: J.Y. Jang, et al., Kinetics of Corrosion Fatigue Crack Propagation Behaviour of Al-Zn-Mg
Alloy Using Centre Notched Specimens, British Corrosion Journal, 22(4), 1987, p 238-242.



340 Al-Zn-Mg Alloy: Corrosion Fatigue Crack
Propagation Rate, in 3.5% NaCl Solution
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(-840 mVgyyg) for various temperatures. o 303 K; ¢ 318 K; A 333
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Source: M. Fontana and R. Staehle, Ed., Advances in Corrosion Science and Technology, Vol 7, Plenum
Press, New York, 1980.



Al-Zn-Mg Alloy: Plots of Fatigue Crack 341
Propagation Rate, in 3.5% NaCl Solution
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Arrhenius-type plots of corrosion fatigue crack propagation rate
for high-purity Al-Zn-Mg alloy at a corrosion potential of -740

mVSHE-

Activation energy ~52 kJ/mol. Results deviated from simple
superposition model.

Source: J.Y. Jang, et al., Kinetics of Corrosion Fatigue Crack Propagation Behaviour of Al-Zn-Mg
Alloy Using Centre Notched Specimens, British Corrosion Journal, 22(4), 1987, p 238-242,



342 Al-5.5Zn-2.5Mg-1.5Cu Aluminum Alloy: S-N Curves, in
Sodium Chloride Solutions
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S-N curves. (a) Comparison of the S-N behavior of polycrystalline
Al-5,57n-2.5Mg-1.5Cu alloy heat treated to the T-6 condition in
dry air with S-N results obtained as a function of applied cathodic
potentials in aerated 0.5M sodium chloride. (b) Polarization
curve of polycrystalline Al-5.5Zn-2.5Mg-1.5Cu alloy in 0.5M
sodium chloride solutions.

The S-N curves in the aerated sodium chloride solution are
essentially the same under free corrosion conditions and at -1300
mVsCE. It is possible that oxygen reduction rather than hydrogen
reduction is involved in this range. Hydrogen reduction may
become dominant at greater cathodic potentials, There was also a
change from intergranular to transgranular fracture as the cathodic
potential was increased. It was suggested that both stress-corrosion
cracking and corrosion fatigue in this alloy are due to hydrogen
embrittlement.

Source; E.F, Smith IIl and D.J. Duquette, The Effect of Cathodic Polarization on the Corrosion Fatigue
Behavior of a Precipitation Hardened Aluminum Alloy, Met. Trans. A, 17A, February 1986, p 339-369.



Al-5.6Zn-1.94Mg Aluminum Alloy: Cycles-to-Failure, 343
in Nitrogen Gas
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Cycles-to-failure for vacuum outgassed samples tested in dry

nitrogen gas and for samples pre-exposed to humid air tested in
humid nitrogen gas.

The material tested was a high-purity ternary alloy, Al-5.6Zn-
1.94Mg, which had been aged to peak hardness.

Source: R.E. Ricker and D.J. Duquette, The Role of Hydrogen in Corrosion Fatigue of High Purity
Al-Zn-Mg Exposed to Water Vapor, Met. Trans. A, 19A, July 1988, p 1775-1784,



344 Al-5.6Zn-1.94Mg Aluminum Alloy: Effect of Pre-exposure
and Test Environment on Fatigue Life
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Effect of different pre-exposure and test environment combina-
tions on fatigue life as compared to the results shown in the
previous figure (solid lines).

These results show that the reductionin lifetime of Al-Zn-Mg alloys
in water vapor was due to hydrogen embrittlement.

Source: R.E. Ricker and D.J. Duquette, The Role of Hydrogen in Corrosion Fatigue of High Purity
Al-Zn-Mg Exposed to Water Vapor, Met. Trans. A, 19A, July 1988, p 1775-1784.
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Sheet: Axial Stress Fatigue Strengths, in Air
and Seawater
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COPPER ALLOYS

Stress-corrosion cracking (SCC) of copper alloys has been found to occur in a wide variety of
environments. A generic classification of these alloys is given below. In some cases, the conditions for
cracking are very limited and exist only within a narrow range of pH values, or a narrow range of
potentials. Specific environments in which cracking has been observed include:

Acetate solution. Pure copper wire stressed beyond yield and the copper-zinc alloy C26000, in 0.05 N
cupric acetate,

Amines. Alloy C26000 is susceptible to SCC in solutions of methyl amine, ethyl amine, and butyl
amine when dissolved copper is present in the solution. Tubing fabricated from C68700 exhibited
SCCfrom the steam side of a condenser system in a desalinization plant, probably because an amine
was used as a water treatment chemical.

Ammonia. All copper-base alloys can be made to crack in NH; vapor, NHj; solutions, ammonium
ion solutions, and environments in which NHj is a reaction product. The rate at which cracks
develop is dependent on many variables including the stress level, the specific alloy, pH, NH; or NH,4
concentration, copper ion concentration, and potential.

Atmosphere. Many environments contain pollutants which may cause SCC problems in the
presence of moisture. Sulfur dioxide, oxides of nitrogen, chlorides, and NH; are known to induce
SCC in some copper alloys.

Chlorate solutions. Brass was observed to crack intergranularly and transgranularly when immersed
in 0.1 to 0.5 M sodium chlorate (NaClOs3) solutions at pHs from 3.5 to 9.5.

Chloride solutions. Slow strain rate tests have shown that the alloys C26000 and C44300 have lower
fracture stresses in NaCl solutions when the metal is anodically polarized. In the absence of an
applied potential there is no significant change in fracture stress relative to in-air.

Citrate solutions. Alloy C72000 is sensitive to intergranular SCC in citrate solutions containing
dissolved copper in the ph range 7 to 11.

Formate solutions. Brass is susceptible to SCC in sodium formate (NaCHO,) solutions at pHs
exceeding 11 over a considerable range of applied potentials.

Hydroxide solutions. Brass exhibits SCC under slow strain rate testing when exposed to NaOH at
pHs of 12 and 13.

Mercury and mercury salt solutions. Copper alloys crack readily when under stress—either applied
or residual—they are exposed to metallic mercury or mercury salt solutions that deposit mercury on
the surface of the alloy. This high sensitivity to mercury has a positive aspect in that it is the basis for
an industrial test for the detection of residual stresses in which the component is immersed in a
solution of mercurous nitrate, Liquid metal embrittlement may be considered to be a special form of
SCC.

Nitrate solutions. Transgranular cracking of alloy C44300 has been observed when immersed in
naturally aerated | N sodium nitrate (NaNQs) solution at pH 8 and a potential 0f0.15 V vs standard
hydrogen electrode (SHE).

Nitrite solutions. 99.9 and 99.996% pure copper exhibited transgranular cracking when subjected to
astrain rate of 107" while immersed in 1 M sodium nitrite (NaNO,) at a pH of 8.2. Crackingin M
NaNO, was also observed in C26000, admiralty brasses, and C70600.

Solder. The application of lead-containing solders at 400° F to copper alloys can result in cracking if
the alloy is deformed immediately following the application of the solder.

Sulfur dioxide. Brass is susceptible to SCC in moist air containing 0.05 to 0.5 vol% SO..
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Sulfate solutions. SCC of C26000 was observed in a solution of 1 N sodium sulfate (Na;SO,) and 0.01
N H,SO04 when the alloy was polarized at a potential of 0.25 V vs SHE and subjected to a constant
strain.

Tungstate solutions, Mild transgranular SCC of C44300 was observed in 1 N sodium tungstate
(Na,WO,) at pH 9.4 and a corrosion potential of 0.080 V vs SHE.

Water. Several cases of SCC of admiralty brass heat-exchanger tubing has occurred in stagnant
water, stagnant water contaminated with NH3, and water accidentally contaminated with a nitrate.



Cu-Ni Alloys: Effect of Nickel Content on Time-to-Failure, 351
in Aqueous Ammonia

108 T T T ) §

Tarnishing Solution s

5 i

104 =

Time to Failure, sec

Non-Tarnishing Solution

] | | ] ]
0 5 10 15 20 25
Nickel Content, weight percent

103

Effect of nickel content on the time-to-failure of copper-nickel
alloys tested in tarnishing and nontarnishing 15N aqueous
ammonia.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.
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Cu-Zn Alloys: Stress-Corrosion Cracking
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Stress-corrosion cracking of Cu-Zn alloys in a moist ammoniacal
atmosphere.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



Brass: Effect of pH on Time-to-Fracture, in Ammoniacal

Source: Metals Handbook, Failure Analysis and Prevention, Vol 11, 9th ed., ASM International, Metals

Park, 1986, p 220.

Copper Sulfate

;75

Effect of pH on the time-to-fracture of brass by stress-corrosion
cracking in ammoniacal copper sulfate solution at room tem-
perature.

Inaqueoussolutions, the pH level has astronginfluence onwhether
crack paths are intergranular or transgranular. Cracking occurs
most rapidly in nearly neutral solutions, where the crack path is
intergranular. The crack path is transgranular in both alkaline and
acidic solutions, and brass is highly resistant to cracking when the
pH is less than 4.
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354 Cu-Zn and Cu-Ni Alloys: Rate of Stress-Corrosion Cracking,
in Ammonia Atmosphere
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Rate of stress-corrosion cracking of commercial copper-base
alloys in ammonia atmosphere.

Note that copper-zinc alloys crack the fastest, whereas copper-
nickel alloys are entirely stress-corrosion cracking resistant, in
accordance with service experience in condensers.

Source: M.O. Speidel, Stress Corrosion Cracking and Corrosion Fatigue Fracture Mechanics, in Corrosion
in Power Generating Equipment, M.O. Speidel and A. Atrens, Ed., Plenum Press, New York, 1984, p
85-132.



Cu-42Zn Alpha-Beta Brass Alloy: Ductility as Measured by 355
Reduction in Area Versus Solution pH, in Nay;SO,4
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Ductility of a Cu-42Zn «-g brass alloy as measured by reduction
in area versus solution pH in 1N Na3S04.

The extension rate was 5 x 100 cm/s, which corresponded to an
initial strain rate of 4 x 10-0/s.

Source: M.B. Hintz, L.J. Nettleton, and L.A. Heldt, Stress Corrosion Cracking of Alpha-Beta Brass in
Distilled Water and Sodium Sulfate Solutions, Met. Trans. A, 16A, May 1985, p 971-978.



356 Cu-48.3Zn Copper Alloy: Effect of Environment and Strain
Rate on Elongation-to-Fracture
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Effect of environment and strain rate on elongation-to-fracture
of a 8’ brass, Cu-48.3Zn.

@ brass is an ordered bec structure of the CsCI(2) type. It was
observed that decreasing the electron/atom (e/a) ratio of the g
phase promoted transgranular cracking and Increased the crack
growth rates and that the most rapid crack growth rates were
associated with alloy compositions that gave rise to a strain-induced
martensitic transformation during stress-corrosion cracking.

Source: S. Birley and D. Tromans, Stress Corrosion Cracking of Beta-Brasses in Water, Met. Trans. A,
12A, July 1981, p 1215-1222.



Cu-10Ni-Zn Copper Alloys: Effect of Zinc Content 357
on Stress-Corrosion
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Effect of zinc content on the resistance of Cu-10Ni-Zn alloys to
stress-corrosion in an ammoniacal environment.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986,



358 Yellow Brass (65Cu-35Zn): Time-to-Cracking and Weight

Loss, as a Function of the Carbon Number of the Alkyl
Chain, in Alkylamine Solution
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Time-to-cracking and weight loss of yellow brass (65Cu-35Zn) in
1M alkylamine solution as a function of the carbon number of

the alkyl chain. The specimens were deep drawn cups in the as-
drawn condition.

The paper describes the influence of approximately 200 chemicals
on stress-corrosion cracking of yellow brass.

Source: S. Shiga and M. Hoshino, A Comprehensive Investigation of Chemical Environments for Stress
Corrosion Cracking of Alpha-Brass: Characteristics and Practical Meanings of Non-Ammoniacal

Activities, in Environmental Degradation of Engineering Materials in Aggressive Environments, Virginia
Polytechnic Institute, Blacksburg, VA, 1981, p 201-210.



Brass: Stress-Corrosion Crack Propagation Rate, in

Rate of crack growth, dec/dt, in/hr
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Rate of stress-corrosion crack propagation in cold rolled brass
exposed to 0.05M CuSO4 + 0.48M (NH4)2504 (pH 7.25).

Source: A.S. Tetelman and A.J. McEvily Jr., Fracture of Structural Materials, John Wiley & Sons, New

York, 1967, p 435.
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360 Brass: Effect of Zinc Content on Time-to-Failure,
in Ammoniacal Solutions
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Effect of zinc content on the time-to-failure of brass specimens
tested at 10% proof stress in tarnishing and nontarnishing 15N
ammoniacal solutjons.

Source: A.R.C. Westwood, Some Concepts Concerning Environment-Sensitive Failure Processes, in
Failure Analysis, American Society for Metals, Metals Park, 1969, p 1-22.



70-30 Brass: Reduction in Area as a Function of Potential, in 361
Double Deionized Water
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Reduction in area as a function of potential showing maximum
susceptibility to stress-corrosion cracking of 0.002% As brass
(70-30) around 0 mVgCE in double deionized water, but no
stress-corrosion cracking in 99.99% Cu throughout the potential
range from -800 to +400 mVgCE.

In this study, which involved other environments as well, the results
were interpreted as indicative of dezincification being involved in
the various environments that promoted cracking, but the extent
of dezincification plays an important role in determining whether
or not cracking occurs, those additions leading to rapid and massive
dezincification involving redeposition of dissolved copper not being
conducive to cracking.

Source: R.N. Parking, C.M. Rangel, and J. Yu, Stress Corrosion Cracking of Alpha-Brass in Waters
with and without Additions, Met. Trans. A, 16A, September 1985, p 1671-1681.



362 Brass: Effect of Tensile Stress on Time-to-Fracture, in Three
Corrosive Environments
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Effect of initial tensile stress on the time-to-fracture by stress-
corrosion cracking of brass in three corrosive environments.

Curve A: Partly immersed in concentrated ammonium hydroxide.
Curve B: Exposed to the vapor of concentrated ammonium
hydroxide. Curve C: Exposed to a gaseous mixture of ammonia,
oxygen, carbon dioxide, and water vapor.

Source: Metals Handbook, Failure Analysis and Prevention, Vol 11, 9th ed., ASM International, Metals
Park, 1986, p 220.



70-30 Brass: Time-to-Rupture as a Function of Applied
Stress, in Ammoniacal Solutions

Time-to-rupture as a function of applied stress for notched cold
rolled 70-30 brass specimens exposed to ammoniacal solution.

Source: A.S. Tetelman and A.J. McEvily, Jr., Fracture of Structural Materials, John Wiley & Sons,

New York, 1967, p 436.
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364 70-30 Brass: Stress-Corrosion Data, in Aqueous NHj
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Stress-corrosion data for 70-30 brass specimens stressed in fresh
or preconcentrated 15N aqueous NH3.

The copper exists in the preconcentrated solutions as
Cu(N H3)52+ ions. The presence of these complex ions imparts a
blue color to the solution. If these ions play a role in the stress-
corrosion process, the differences in time-to-failure shown may be
attributed to the fact that time is required in the fresh solution for
the production, via dissolution of the specimen, of a sufficient
concentration of these ions. Similarly, an increase in the volume of
the fresh solution results in an increase in time-to-failure.

Source: E.N. Pugh and A.R.C. Westwood, Critical Species in Stress Corrosion Phenomena, in Stress
Corrosion Testing, STP 425, American Society for Testing and Materials, Philadelphia, 1967, p 228-247.



Admiralty Brass: Influence of Deformation Path on Slow
Strain Rate of Stress-Corrosion Cracking, in CuSO,

Source: W.K. Blanchard, Jr., D.A. Koss, and L.A. Heldt, The Influence of Deformation Path on the
Slow Strain-Rate Stress Corrosion Cracking of Admiralty Brass Sheet, Met. Trans, A, 15A, June 1984,

p 1281-1292.
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Fracture limit diagram illustrating the influence of deformation
path on the slow strain rate stress-corrosion cracking of Admi-
ralty brass in 0.1M CuSOy4 solutjon at open circuit potential. The
equivalent strain rate is 8 x 10"9/s,

The composition of Admiralty brass is 70.9 to 71.8% Cu, 28.2 to
271% Zn, 1.0 to 0.8% Sn, and 0.02 to 0.10% As. The brass
undergoes transgranular stress-corrosion cracking characterized
by cleavage-like cracks propagating on a macroscopic plane normal
tothe maximum principal strain axis for all strain paths, The average
crack growth velocity is also independent of strain path. It was thus
concluded that the mechanism of stress-corrosion cracking in this
system does not depend on a multiaxial strain path. The lower
ductility in equiaxial tension was attributed to stress-corrosion
cracks acting as linear imperfections whose presence causes failure
of the uncracked ligament by a form of localized necking and whose
influence is dependent not only on time, but also on strain path.
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366 Alpha Brass: Effect of Potential on Stress-Corrosion Crack
Growth Rate, in Neutral Ammonia
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Effect of potential on the growth rate of stress-corrosion cracks
in neutral ammonia.

For «-brass, anodic polarization may cause a decrease in the crack
growth rate when the potential is moved into the region where the
surface film is less stable. In addition, hydrogen may play a role. In
many alloys, increasing anodic polarization may generate hydrogen
at a higher rate locally in the region of the crack tip.

Source: J.C. Scully, The Mechanism of Dissolution-Controlled Cracking, in Mechanisms of Environment
Sensitive Cracking of Materials, P.R. Swann, F.P, Ford, and A.R.C. Westwood, Ed., The Metals Society,
London, 1977, p 1-18.



Alpha Brass: Time-to-Cracking, in Ammoniacal 367
Sulfate Solutions
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Time-to-cracking of a-brass in ammoniacal sulfate solutions of
varying pH.

Source: T.P. Hoar, Stress Corrosion Cracking, in The Coupling of Basic and Applied Corrosion
Research—A Dialogue, National Association of Corrosion Engineers, Houston, 1969, p 63-56.



368 Copper and Alpha Brass: Influence of Grain Size and
Environment on Threshold Value of Stress-Intensity Range
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Influence of grain size and environment on the threshold value
of the stress-intensity range for copper and «-brass.

The increase in threshold with increasing grain size in a-brass was
attributed to the dominance of crack closure effects. In copper, on
the other hand, the decrease in threshold with increasing grain size
was attributed to the dominance of strength effects.

Source: N.J. Marchand, J.-P. Bailon, and J.I. Dickson, Near-Threshold Fatigue Crack Growth in Copper

and Alpha-Brass: Grain-Size and Environmental Effects, Met. Trans. A, 19A, October 1988, p
25675-2588.



Alpha-Beta Brass: Variation in Ductility, in Water 369
Containing Chloride
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Variation in ductility of «-g brass with nominal strain rate in
water containing various chloride levels.

Source: D, Hardie and K. Ebtehaj, Stress Corrosion Cracking of «-8 Brass in Chloride Containing
Waters, British Corrosion Journal, 22(3), 1987, p 202-206.



370 Alpha-Beta Brass: Variation of Ductility with
Chloride Content
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Variation of ductility of -3 brass with chloride content of testing
environment for a nominal strain rate of 2 x 10-6/s.

Source: D. Hardie and K. Ebtehaj, Stress Corrosion Cracking of a-8 Brass in Chloride Containing
Waters, British Corrosion Journal, 22(3), 1987, p 202-206.



Alpha-Beta Brass: Variation of Ductility with Applied 371
Potential for Various Strain Rates
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Variation of ductility of «-8 brass with applied potential for
various strain rates.

Composition: 38.9-0.29Zn bal Cu. The alloy had been extruded
and lightly cold drawn to final size. The microstructure consisted
of stringers of a g in an o matrix.

Source: D, Hardie and K. Ebtehaj, Stress Corrosion Cracking of «-# Brass in Chloride Containing
Waters, British Corrosion Journal, 22(3), 1987, p 202-206.



372 Alpha-Beta Brass: Effect of Initial pH of Environment on
Reduction in Area to Fracture
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Effect of initial pH of environment on reduction in area to frac-
ture. Arrows indicate the variation of pH during straining.

Composition: 38.9-0.297n bal Cu. The alloy had been extruded
and lightly cold drawn to final size. The microstructure consisted
of stringers of a g in an « matrix.

Source: D. Hardie and K. Ebtehaj, Stress Corrosion Cracking of a-8 Brass in Chloride Containing
W aters, British Corrosion Journal, 22(3), 1987, p 202-206.



Alpha-Beta Brass: Polarization Curves at Two Sweep Rates, 373
in Water
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Polarization curves at two sweep rates for «-g brass in water
containing 55 ppm Cl". Full curve represents anodic polarization,
and broken curve represents cathodic polarization.

Composition: 38.9-0.29Zn bal Cu. The results indicated a pitting
potential in the region of 290 mVgCE, compared with the free
corrosion potential of 0 to 60 mVgeR. Extensive corrosion, with
relatively high current densities, was indicated above 300 mVgCE.
The cracking range predicted from the significant separation of the
fast and slow sweep rate curves was 10 to 250 mVgcg. The
observed incidence of stress-corrosion cracking was centered
around this potential region, but covered a more extensive range
of potentials.

Source: D. Hardie and K. Ebtehaj, Stress Corrosion Cracking of a-8 Brass in Chloride Containing
Waters, British Corrosion Journal, 22(3), 1987, p 202-206.



374 Copper Alloy C26800: Effect of Grain Size on
Time-to-Fracture, in Ammonia Atmosphere
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Effect of grain size on the time-to-fracture of copper alloy C26800
(vellow brass, 66%) in ammonia atmosphere.

In general, any metal with a small grain size is more resistant to
stress-corrosion cracking than the same metal having a large grain
size. This relationship applies whether crack propagation is inter-
granular or transgranular.

Source: Metals Handbook, Failure Analysis and Prevention, Vol 11, 9th ed., ASM International, Metals
Park, 1986, p 208.



Copper Alloys: Initial Corrosion Potential Versus 375
Stress-Corrosion Cracking Failure
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Initial corrosion potential (relative to Cu) versus stress-
corrosion cracking failure time for various alloys in pH 7.2
solution.

Source: A, Parthasarathi and N.W, Polan, Stress Corrosion Cracking of Copper Alloys: The Effects
of Corrosion Potential and Tarnishing Characteristics, Corrosion, 43(12), December 1987, p 747-755.



376 Copper Alloys: Effect of Arsenic on
Stress-Corrosion Cracking
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Effect of adding arsenic to pH 7.2 Mattson’s solution on stress-
corrosion cracking failure for several copper alloys.

Source: A. Parthasarathi and N.W. Polan, Stress Corrosion Cracking of Copper Alloys: The Effects
of Corrosion Potential and Tarnishing Characteristics, Corrosion, 43(12), December 1987, p 747-755.



Copper (Cu-OF): Stress-Elongation Curves, in NaNO, 377
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Stress-elongation curves obtained from slow strain rate testing
of oxygen-free copper in aerated solutions of NaNOj at the
concentrations shown at room temperature and at an electrode
potential of +100 mVgCE; strain rate 2.6 x 10-6/s,

Nitrite-induced stress-corrosion cracking in copper water pipes has
been associated with residual stresses introduced during man-
ufacture or installation. Nitrite is a well-known corrosion inhibitor
for steel and had been added to heat insulation materials applied
to the outside of the pipe where cracking initiated. With the elim-
ination of nitrite, the incidence of stress-corrosion cracking
decreased dramatically.

Source: Mattson, Einar, Focus on Copper in Modern Corrosion Research, Materials Performance, 26(4),
April 1987, p 9-16.



378 Copper (Cu-OF): Stress-Elongation Curves, in NaNO,
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Stress-elongation curves obtained from slow strain rate testing
of oxygen-free copper in aerated 0.6M NaNO solution at room
temperature. The figures on the curves indicate applied potential
in mVgCR. F = free corrosion potential and U = +50 mV; the
strain rate was 2.6 x 107%/s,

Source: Mattson, Einar, Focus on Copper in Modern Corrosion Research, Materials Performance, 26(4),
April 1987, p 9-186.



Copper: Effect of Elemental Additions on Stress-Corrosion

Source: Metals Handbook, Failure Analysis and Prevention, Vol 11, 9th ed., ASM International, Metals

Park, 1986, p 221,

Cracking, in Ammoniacal Atmosphere
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Effects of arsenic, phosphorus, antimony, and silicon on stress-
corrosion cracking of copper.

The effect of low concentrations of arsenic, phosphorus, antimony,
and silicon on time-to-fracture of copper by stress-corrosion
cracking under an applied tensile stress of 69 MPa in a moist
ammoniacal atmosphere is indicated. The composition of the test
atmosphere was 80% air, 16% ammonia, and 4% water vapor. The
temperature was 35 °C, which was above the dew point.
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380 Copper: Effect of Elemental Additions on Stress-Corrosion
Cracking, in Ammoniacal Atmosphere
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Effects of aluminum, nickel, tin, and zinc on stress-corrosion
cracking of copper.

The effect of low-to-moderate concentrations of aluminum, nickel,
tin, and zinc on the time-to-fracture of copper by stress-corrosion
cracking under an applied tensile stress of 69 MPa in a moist
ammoniacal atmosphere is indicated. The composition of the test
atmosphere was 80% air, 16% ammonia, and 4% water vapor. The
temperature was 35 °C, which was above the dew point.

Source: Metals Handbook, Failure Analysis and Prevention, Vol 11, 9th ed., ASM International, Metals
Park, 1986, p 221.



Copper Alloy IN838 (CDA 722): Effect of Applied Anodic 381
Currents on Fatigue Resistance, in NaCl Solution
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Effect of applied anodic currents on the fatigue resistance of
solutionized and age hardened IN838 in 0.5N NaCl solution at 20
Hz.

Source: R.N. Parkins, C.M. Rangel, and J. Yu, Stress Corrosion Cracking of Alpha-Brass in Waters
with and without Additions, Met. Trans. A, 16A, September 1985, p 1671-1681.



382 Copper Alloy IN838 (CDA 722): Stress Versus Number of
Cycles-to-Failure, in Laboratory Air and in NaCl Solution
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Stress versus number of cycles-to-failure for solutionized and age
hardened Cu-Ni-Cralloy, IN838 (CDA 722), in laboratory air and
in aerated 0.5N NaCl solution under free corrosion conditions at
20 Hz.

The composition of IN838is 16.1% Ni, 0.55% Cr, 0.88% Fe, 0.68%
Mn, 0.032% Si, 0.045% Ti, and bal Cu.

Source: H.N, Hahn and D.J. Duquette, The Effect of Heat Treatment on the Fatigue and Corrosion
Fatigue Behavior of a CuNiCr Alloy, Met. Trans. A, 10A, October 1979, p 1453-1460.



12% Mn AC Alloy: Fatigue Crack Growth Rate, 383
in Air and in NaCl Solution
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Rate of fatigue crack growth for 12% Mn AC alloy in air and in
3.5% NaCl solution.

Typical composition: 2.1Ni-7.9A1-3.3Fe-12Mn bal Cu. Alloys of
this type are of interest as ship propeller bronzes.

Source: J.I. Dickson, et al.,, Corrosion-Fatigue Crack Propagation Behavior of Mn-Ni-Al Bronze
Propeller Alloys, Journal of Materials Engineering, 10(1), 1988, p 45-56.



384 14% Mn AC Alloy: Fatigue Crack Growth Rate,
in Air and in NaCl Solution
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Rate of fatigue crack growth for 14% Mn AC alloy in air and in
3.5% NaCl solution.

Typical composition: 2.1Ni-7.9Al-3.3Fe-14Mn bal Cu.

Source: J.I. Dickson, et al.,, Corrosion-Fatigue Crack Propagation Behavior of Mn-Ni-Al Bronze
Propeller Alloys, Journal of Materials Engineering, 10(1), 1988, p 45-56.



Polycrystalline Copper: Effect of Applied Current 385
on Fatigue Resistance

corrosion fatigue is independent of stress level.
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Effect of applied current on the fatigue resistance of polycrys-
talline copper.

A critical corrosion rate of 1 to 10 [.LA/CITJZ is needed to induce
corrosion fatigue. The longer lives at very high corrosion rates are
associated with the dissolution of nascent cracks.

Source: D.J, Duquette, Environmental Effects on Fatigue Crack Initiation and Early Propagation, in
Environmental Degradation of Engineering Materials in Aggressive Environments, Virginia Polytechnic
Institute, Blacksburg, VA, 1981, p 131-142.
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NICKEL-BASE ALLOYS

Nickel-base alloys are generally used to combat stress-corrosion cracking where austenitic stainless
steels have failed because of stress-corrosion cracking (SCC). However, two events have recently
occurred that require increased knowledge of the SCC resistance of nickel-base alloys. First, alarge
number of alloys have been developed and included in the market; this has resulted in an almost
continuous change in performance (alloy content) between stainless steels and the numerous
nickel-base alloys. Secondly, historically nickel-base alloys have been considered to be immune to
SCC in all but a few environments, but the increased requirements for current practices have
extended the use of materials to temperatures at which the SCC of nickel-base alloys must now be
considered.

SCC of nickel-base alloys has been found to occur in three types of environments: high-temperature
halogen ion solutions, high-temperature water, and high-temperature alkaline environments. In
addition, SCC has been detected in liquid metals, near-ambient temperature polythionic acid
solutions, and environments containing acids and hydrogen sulfide (H.S).

With respect to corrosion fatigue (CF) of nickel-base alloys, elevated temperature oxidation, and
corrosion associated with multi-component gas mixtures and liquid metals are areas of concern.



Nimonic 105: Effect of Siress-Intensity Factor and 391
Temperature on Stress-Corrosion Cracking, in Water
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Effect of stress-intensity factor and temperature on stress-
corrosion crack velocity in Nimonic 105 exposed to water.

Composition: 15% Cr, 20% Co, 5% Mo, 4.5% Al, 1.4% Ti,0.15%
C, bal Ni.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



392 Nickel Alloy 200: Fracture Mode Determined in Constant
Extension Rate Tests
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Fracture mode determined in constant extension rate tests of
Nickel 200, a commercial nickel containing impurities, super-
imposed onto a Pourbaix diagram.

Composition: 0.15% Fe, 0.005% S, 0.1% C, 0.1% Ca, 0.05% Si,
0.2% Mn, bal Ni. Sulfur was found to be the main segregating
species at thermal exposures in the range 550 to 850 °C. Segregated
sulfur was shown to catalyze the anodic dissolution kinetics when
nickel is exposed to sulfuric acid.

Source: H. Chaung, J.B, Lumsden, and R.W. Staehle, Effect of Segregated Sulfur on the Stress Corrosion
Susceptibility of Nickel, Met. Trans. A, 10A, December 1979, p 1853-1857.



Nickel Alloy 400: Effect of Stress and Temperature on 393
Stress-Corrosion Cracking Resistance, in
HF + CuF, Solutions
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Effect of stress and temperature on stress-corrosion cracking
resistance of Alloy 400 in HF + CuF solutions.

Composition: 0.3% max C, 25 to 32% Cu, 63% Ni. In this envi-
ronment, stress-corrosion cracking can occur in Alloy 400 at rela-
tively low stress levels.

Source: T.F. Degnan, Hydrofluoric Acid and Hydrogen Fluoride, in Process Industries Corrosion, B.J.
Moniz and W.I. Pollock, Ed., National Association of Corrosion Engineers, Houston, 1986, p 275-286.



394 Nickel Alloy 600: Polarization Curves, in NaCl Solution
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Polarization curves for solution annealed and 800 °C heat treated
Alloy 600 in deaerated 4M NaCl solution.

Source: H.M. Shalaby, et al., Corrosion Fatigue Behavior of Alloy 600 in High~Salinity Brine, Corrosion,
44(12), December 1988, p 905-915.
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Polarization curves for Alloy 600 in 10% and in 0.1% NaOH at
300 °C.

Source: R. Scarberry, "Corrosion of Nickel-Base Alloys," Conference Proceedings, American Society for
Metals, Metals Park, 1986,



396 Nickel Alloy 600: Effect of Hydrogen Partial Pressure on the
Time to Induce Intergranular Stress-Corrosion Cracking, in

Pure Water
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Effect of hydrogen partial pressure on the time to induce inter-
granular stress-corrosion cracking in mill annealed Alloy 600
specimens in pure water at 360 °C,

Source: R.S. Pathania and A.R. Mcllree, A Review of the Effect of Hydrogen on Stress Corrosion
Cracking of Alloy 600 in 360 ° C Water, in Environmental Degradation of Materials in Nuclear Power
Systems—Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME,
Warrendale, PA, 1988, p 5§51-554,



Nickel Alloy 600: Controlled Extension Rate Test Results
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Source: J.R. Crum, Stress Corrosion Cracking Testing of Inconel Alloys 600 and 690 Under High-
Temperature Caustic Conditions, Corrosion, 42(6), June 1986, p 368-372.
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398 Nickel Alloy 600: Stress-Corrosion Crack Velocity as a
Function of the Stress-Intensity Factor, in Molten NaOH
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Stress-corrosion crack velocity in sensitized Alloy 600 exposed to
molten NaOH at 335°C as a function of the stress-intensity factor.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE b, National
Association of Corrosion Engineers, Houston, 1974.
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Nickel Alloy 600: Controlled Extension Rate Test
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Controlled extension rate test results for annealed Alloy 600 in
deaerated 10% NaOH and at 150 mV versus Pt; strain rate, 1 x

10-5/s.
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Source: J.R. Crum, Stress Corrosion Cracking Testing of Inconel Alloys 600 and 690 Under High-
Temperature Caustic Conditions, Corrosion, 42(6), June 1986, p 368-372.
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Nickel Alloys 600 and 690: Controlled Extension Rate Test

Results, in NaOH
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Controlled extension rate test results for Alloys 600 and 690 in
deaerated 10% NaOH and at 150 mV versus Pt; strain rate, 1 x
10‘6/s; temperature, 316 °C.
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Source: J.R. Crum, Stress Corrosion Cracking Testing of Inconel Alloys 600 and 690 Under High-

Temperature Caustic Conditions, Corrosion, 42(6), June 1986, p 368-372.



Nickel Alloy 600: Effect of Boric Acid on Stress-Corrosion 401
Cracking, in Caustic
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Effect of boric acid on stress-corrosion cracking of alloy 600 in
caustic.

The results showed that, in general, boric acid inhibited inter-
granular stress-corrosion crack growth in alkaline environments.
The degree of effectiveness depended on the configuration of the
specimen and the method of boric acid application. Access of boric
acid to the crack tipwas necessary for effective inhibition. A growing
number of plants are using boric acid to controlintergranular attack
and intergranular stress-corrosion cracking.

Source: R.S. Pathania, J.P.N. Paine, and C.E. Shoemaker, Inhibition of Intergranular Attack and Stress
Corrosion Cracking with Boric Acid, in Environmental Degradation of Materials in Nuclear Power
Systems—Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME,
Warrendale, PA, 1988, p 5611-516,



402 Nickel Alloys 600 and 800: Intergranular and Transgranular
Stress-Corrosion Cracking, in NaOH
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Potentiokinetic polarization curve and electrode potential values
at which intergranular and transgranular stress-corrosion
cracking appears in a 10% NaOH solution at 288 °C, (a) Alloy

600. (b) Alloy 800. (c) AISI 304 stainless steel.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.
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Nickel Alloy 690: Controlled Extension Rate Test Results
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Controlled extension rate test results for Alloy 690; strain rate,
4.1 x 10~ /s, temperature, 288 °C,

Under the test conditions, Alloy 690 exhibited a much greater
resistance to stress-corrosion cracking than Alloy 600. The effects
of heat treatment were less evident in Alloy 690 than in Alloy 600,
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Source: J.R. Crum, Stress Corrosion Cracking Testing of Inconel Alloys 600 and 690 Under High-
Temperature Caustic Conditions, Corrosion, 42(6), June 1986, p 368-372.
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Nickel Alloy 600 Tube: Weibull Plots
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Weibull plots for Alloy 600 tube.

Composition: 0.014% C, 0.36% Si, 0.70% Mn, 0.004% S, 0.012% P, 16.07% Cr, 72.75% Ni, 0.030%
Co, 0.18% Ti, 0.14% Cu, 0.12% Al, 0.030% Mo, 0.006% N, 9.34% Fe, 0.0016% B. The tests were
performed at 365 °C with reverse U-bend specimens in high-purity water with hydrogen added.

Source: K. Norring, Intergranular Stress Corrosion Cracking in Steam Generator Tubing. Testing of
Alloy 690 and Alloy 600 Tubes, in Environmental Degradation of Materials in Nuclear Power
Systems—Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME,
Warrendale, PA, 1988, p 5687-593.

Source: K. Norring, Intergranular Stress Corrosion Cracking in Steam Generator Tubing. Testing of
Alloy 690 and Alloy 600 Tubes, in Environmental Degradation of Materials in Nuclear Power
Systems—Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME,
Warrendale, PA, 1988, p 587-593.



Nickel Alloy 600: Weibull Plots for Stress-Corrosion Cracking of
EPRI Special Production Tube
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Weibull plots for EPRI special production tube.

The tests were performed at 365 °C with reverse U-bend specimens in high-purity water with hydrogen
added.

Source: K. Norring, Intergranular Stress Corrosion Cracking in Steam Generator Tubing. Testing of
Alloy 690 and Alloy 600 Tubes, in Environmental Degradation of Materials in Nuclear Power
Systems—Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME,
Warrendale, PA, 1988, p 587-593.

405



406 IN738: Effect of Prior Exposure on Stress-Rupture Properties,
in Air, Vacuum, and in Sulfur
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Effect of prior 800 °C exposure in air, vacuum, and sulfur on the
800 °C stress-rupture properties on IN738.

The diffusion of oxygen from the environment down grain
boundaries, resulting in embrittlement and enhanced crack prop-
agation, has been documented in nickel and nickel-base superal-
loys. (D.A. Woodford and R.H. Bricknell, in Treatise on Materials
Science and Technology, Vol 25, C.L. Briant and S.K. Banerjee,
Ed., Academic Press, New York, p 157-199). Work on the effects
of grain boundary penetration of sulfur in nickel and nickel-base
superalloys indicates that the tensile ductility, stress-rupture life,
and crack propagation resistance are all more seriously impaired
by sulfur than by oxygen.

Source: D.A. Woodford and R.H. Bricknell, Scripta Met., Vol 17, 1083, p 1341-1344,



Inconel 718: Sustained Load Crack Growth as a Function of

Stress-Intensity Factor, in Hydrogen
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Sustained load crack growth rate in Inconel 718 as a function of
stress-intensity factor at various hydrogen pressures.

Source: R.J. Walter and W.T. Chandler, Environmental Degradation of Engineering Materials, M.R.

Louthan, Jr. and R.P. McNitt, Ed., Virginia Tech., 1977, p 513-522.
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408 Standard and Modified Nickel Alloy X750: Stress-Corrosion
Cracking Tests, in Pure Water
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Stress-corrosion cracking tests on tensile specimens of standard
and modified Alloy X750 in pure water with 25 to 50 ml Hy (STP)
per kg H>O at 350 °C.

Composition: 0.063% C, 0.22% Si, 0.05% Mn, 0.006% S, 16.22%
Cr,71.80% Ni, 0.04% Co,2.57% Ti, 0.015% Cu,0.54% Al,0.12%
Mo, 1.00% Ta + Nb, 7.54% Fe. In the modified alloy, the chro-
mium content has been increased to 19% as compared to 16.22%
for Alloy X750. The microstructure and mechanical properties of
the modified alloy are similar to those of the standard alloy.
However, the stress-corrosion cracking resistance of the modified
alloy in deaerated hydrogenated primary or pure water at 350 to
360°C and in hydrogenated steam at 400 °C is appreciably higher.

Source: J.R. Donati, et al., Stress Corrosion Cracking Behavior of Nickel-Base Alloys with 19% Chromium
in High Temperature Water, in Environmental Degradation of Materials in Nuclear Power Systems—
Water Reactors, G.J. Theus and J.R. Weeks, Ed., The Metallurgical Society of AIME, Warrendale, PA,
1988, p 697-701.



Nickel Alloy X750: Stress-Time Curves, in PWR Water 409
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Stress-time curves for Inconel X750 (980 °C for 1 h + 885 °C for
24 h + 704 °C for 20 h) tested at 340 °Cin N3 and in PWR primary
water at 2.0 x 10-7/s.

At the corrosion potential (-670 mV, Ag/AgCl), in low (<2 ppb
oxygen concentrations, a high-temperature (1093 to 1107 °C
solution anneal and a single-stage aging treatment has been shown
to give improved stress-corrosion cracking resistance as compared
with a 980 °C solution anneal or other two-stage aging treatments.
However, material given the first heat treatment can be susceptible
to cracking at imposed potentials of greater than -200 mV
(Ag/AgCl) if the alloy is severely sensitized.

Source: P. Skeldon and P. Hurst, Environmentally Assisted Cracking of Inconel X750, in Environmental
Degradation of Materials in Nuclear Power Systems—Water Reactors, G.J. Theus and J.R. Weeks, Ed.,
The Metallurgical Society of AIME, Warrendale, PA, 1988, p 703-710.



410 Nickel Alloy 80A: Rate Comparison of Stress-Corrosion
Crack Growth as a Function of K
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Comparison of the rate of stress-corrosion crack growth as a
function of K in Alloy 80A with that in 3.SNiCrMoV.

Alloy 80A (Ni-20Cr-2.4Ti-1.4Al) is used in steam turbines as a
bolting material and experiences temperatures in the 450 to 565 °C
range. The material is used because of its high creep strength and
stress relaxation resistance, which permits the use of smaller bolts
and more compact flanges than is possible with ferritic bolting
materials. However, approximately 0.2% of the bolts in service have
failed because of stress-corrosion cracking.

Source: D.J. Gaul and D.J. Duquette, The Effect of Fretting and Environment on Fatigue Crack
Initiation and Early Propagation in a Quenched and Tempered 4130 Steel, Met. Trans. A, 11A, July

1080, p 1565-1561,



IN 100: Effect of Corrosion on Time-to-Rupture 41
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Effect of corrosion on the time-to-rupture on IN 100 at 950 °C,

Source: W, Betz, in High Temperature Alloys for Gas Turbines, 7905-72-0130, p 409.



412 Udimet 720: Corrosion Fatigue Behavior, in Air and in
Molten Salt
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Corrosion fatigue behavior of Udimet 720 at 704 °C in air and in
a molten salt environment at test frequencies of 48 Hz and 20
kHz.

Composition: 54.6% Ni, 18% Cr, 14.8% Co, 4.94% Ti, 3.1% Mo,
2.54% Al, 1.29% W, 0.1% Fe, 0.26% Zr, 0.035% B, 0.003% S,
0.030% C. A is the ratio of the stress amplitude to the mean stress.
The ratio of the minimum stress to the maximum stress, R, is more
commonly used in characterizing the nature of a loading cycle. The
observed degradationin life for the specimens tested in salt suggests
that the fatigue resistance is reduced on a per-cycle basis regardless
of frequency.

Source: G.A. Whitlow, L.E. Willertz, and J.K, Tien, Effects of Frequency on the Corrosion Fatigue of
Udimet 720 in a Molten Sulfate Salt, in Ultrasonic Fatigue, J.M. Wells, et al., Ed., American Institute
of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 321-332.



Nickel Alloys: Variation of Fracture Toughness 413
with Yield Strength
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Variation of fracture toughness, Kjqqc, with yield strength for
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414 Ni-Cu Alloys: Time-to-Failure, in HF + CuF, Solutions

SCC of Ni-Cu alloys in HF + CuF; solutions
stressed to 80% UTS; 23°C
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Time-to-failure of stressed nickel-copper alloys in HF + Culp
solutions.

Source: T.F, Degnan, Hydrofluoric Acid and Hydrogen Fluoride, in Process Industries Corrosion, B.J.
Monigz and W.I. Pollock, Ed., National Association of Corrosion Engineers, Houston, 1986, p 275-286.



Ni-10Pd Nickel Alloy: Propagation Rates of Stress-Corrosion 415
Cracks and Intergranular Corrosion as a Function
of Electrode Potential
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Propagation rates of stress-corrosion cracks (circles) and
intergranular corrosion (squares) of Ni-10Pd as a function of
electrode potential.

Source: H, Kaiser, E. Lenz, and H. Kaesche, Localized Corrosion and Stress Corrosion of NiCoPd Alloys
in Chloride Solutions, in Mechanisms of Environment Sensitive Cracking of Materials, P.R. Swann, F.P.
Ford, and A R.C. Westwood, Ed., The Metals Society, London, 1977, p 92-101,



416 Ni + S and Ni + P Alloys: Stress-Corrosion Cracking
Behavior, in HySO,4
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Stress-corrosion cracking behavior of nickel with phosphorus
and sulfur segregation. (a) Polarization curve for nickel in 1NV
H3S04 at 25 °C (77 °F). (b) Strain-to-failure and percent inter-
granular fracture for 26% phosphorus segregation at grain
boundaries. (c) Strain-to-failure and percent intergranular
fracture for 40% sulfur segregation at grain boundaries.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



99.99% Nickel: Effect of Oxygen and Water Vapor Pressure a17
on Fatigue Life
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Effect of oxygen and water vapor pressure on fatigue life at 300
°C for 99.99% nickel at a plastic bending strain of 0.17%.

Source: H.H. Smith and P. Shahinian, Effect of Oxygen and of Water Vapor on the Fatigue Life of
Nickel at 300 °C, in Effects of Environment and Complex Load History on Fatigue Life, STP 462,
American Society for Testing and Materials, Philadelphia, 1970, p 217-233.



418 Nimonic 105: Corrosion Fatigue Crack Growth During
Opening Part of a Load Cycle
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Corrosion fatigue crack growing only during the opening part of
a load cycle.

Composition: 15% Cr, 20% Co, 5% Mo, 4.5% Al, 1.4% Ti,0.15%
C, bal Ni. The figure shows that crack advance takes place only
during the rising load portion of a tensile cycle.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974,



Nickel Alloy 600: Corrosion Fatigue Behavior
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Corrosion fatigue behavior of Alloy 600.

In some PWRs, once-through steam generators are used, and
cracking of some Alloy 600 tubes from the outer surface has
occurred inupper regions. Itis believed that these cracks are caused
by corrosion fatigue resulting from small-amplitude vibration
combined with impurities including acid sulfates/silicates. Corro-
sion fatigue tests show that in this environment the fatigue strength
at long lifetimes is seriously degraded.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.
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420 Nickel Alloy 600: S/N Curves, in NaCl Solution
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S/N curves for solution annealed Alloy 600 in deaerated 43 NaCl
solution at different potentials,

Source: HM. Shalaby, et al., Corrosion Fatigue Behavior of Alloy 600 in High-Salinity Brine, Corrosion,
44(12), December 1988, p 905-915.
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S/N curves of Alloy 600 at 140 °C in air and in boiling 17.5M NaOH
solution.

Source: A, Boateng, J.A, Begley, and R.W. Stachle, Corrosion Fatigue of Type 304 Stainless Steel and
Inconel 600 in a Boiling (140 ° C) Concentrated Caustic Solution, Met. Trans. A, 14A, 1983, p 67-73,



422 Nickel Alloy 600: Effect of Stress-Intensity Amplitude on
Fatigue Crack Growth Rate, in Various Environments
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Effect of stress-intensity amplitude and various environments on
the fatigue crack growth rate of Inconel 600.

Composition: 76.0% Ni, 0.08% C, 0.5% Mn, 8.0% Fe, 0.008% S,
0.25% Cu, 25.5% Cr.

Source: Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, NACE 5, National
Association of Corrosion Engineers, Houston, 1974.



Nickel Alloy 718: S/N Curves, in Air and in a Hot Corrosive 423
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S/N curves of Inconel 718 specimens with different grain sizes at 800 °C in ajr and in a hot corrosive
environment.

Composition: 0.03% C, 0.11% Si, 0.22% Mn, 0.011% P, 0.005% S, 17.54% Cr, 0.92% Ti, 0.42% Al,
3.02% Mo, 18.54% Fe, 4,99% Ta, + Nb, bal Ni, The fatigue tests were conducted at 800 °C using rotating
bending fatigue machines operating at 1500 rpm. To simulate an actual hot corrosive environment, the
specimens were coated with a synthetic salt mixture composed of 90% NaSO4 plus 10% NaCl (melting
point 785 °C). The amount of salty mixture applied was 0.4 kg/mm?2. In prolonged fatigue tests, the
coating was reapplied at intervals of 3 x 105 cycles.

Source: M. Yoshiba and O. Miyagawa, High Temperature Corrosion Fatigue and Grain Size Control in
Nickel-Base and Nickel-Iron-Base Superalloys, in Superalloys 1988, D.N. Duhl, et al.,, Ed., The Met-
allurgical Society of AIME, Warrendale, PA, 1988, p 825-834.



424 Inconel 718: Effect of Environment on Fatigue

Crack Growth Rates
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Effect of environment at 20 °C on fatigue crack growth rates in
Inconel 718.

Source: P. Woolin and J.F. Knott, in Advances in Fracture Research, K. Salama, et al., Ed., Pergamon,
1989, p 1859.



Nickel Alloy 718: Fatigue Crack Growth, in Air and in Helium 425
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Fatigue crack growth data in air and in helium for Alloy 718 at
650 °C.

Results similar to those obtained in helium were obtained in No,
Hp, + 2% CHy, and CO7 atmospheres. The addition of 5% HyO
or 100 ppm O3 to helium resulted in a crack growth rate similar to
that obtained in air. The addition 0£0.5% HjS or 5% SO7 tohelium
resulted in a fatigue crack growth rate higher than that found in
air.

Source: S. Floreen and R.H. Kane, Effects of Environment on High-Temperature Fatigue Crack Growth
in a Superalloy, Met. Trans. A, 10A, November 1979, p 1746-1751.
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Inconel 718: Cyclic Crack Growth Rate, in Helium

and Hydrogen
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Cyclic crack growth rate for Inconel 718 in high-pressure helium
and in high-pressure hydrogen at ambient temperature (R = 0.1).

Source: R.J. Walter and W.T. Chandler, Environmental Degradation of Engineering Materials, M.R.
Louthan, Jr. and R.P. McNitt, Ed., Virginia Tech., 1977, p 5613-522,



Inconel 718: Effect of Temperature on the Rate of Fatigue
Crack Growth, in Vacuum
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Effect of temperature on the rate of fatigue crack growth in
vacuum of Inconel 718. (a) Coarse grained material. (b) Fine

grained material.

The specimens were subjected to cyclic loading at 5 Hz at 650 °C
and 40 Hz at other temperatures. R = 0.1. The effect of temper-
ature on the coarse grained material was attributed to differences
in the roughness of the fracture surfaces, which affected closure

levels.

Source: P. Woolin and J.F. Knott, in Advances in Fracture Research, K. Salama, et al., Ed., Pergamon,

1989, p 1859.
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428 Nickel Alloy IN 738 LC: Fatigue Crack Growth as a Function
of Cyclic Stress-Intensity Range, in
Various Environments

IN 738 LC
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Fatigue crack growth in IN 738 LC at 850 °C as a function of the
cyclic stress-intensity factor range in various environments.

IN 738 LC: 0.17C-16.0Cr-8.5Co-1.7M0-2.6 W-1.7Ta-0.9Nb-3 4A
1-3.4Ti-0.10Zr bal Ni. Heat treatment: 2h at 1120°C, AC + 24 h
at 845 °C, AC. The simple power law line is shown for comparison.
The SO2/SO3 + ash environment consisted of synthetic ash + air
+ 0.03 vol% SO»/SO3.

Source: W. Hoffelner and M.O. Speidel, The Influence of the Environment on the Fatigue Crack Growth
of the Nickelbase Superalloys IN 738 LC and IN 939 at 850 ° C, in Behavior of High Temperature Alloys
in Aggressive Environments, I. Kirman, et al., Ed., The Metals Society, London, 1980, p 993-1004,



IN738LC: Low-Cycle Fatigue Behavior, in Vacuum, Air, and 429
in Hot Corrosive Environments
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Effect of vacuum, air, and hot corrosive environments on the
low-cycle fatigue behavior of IN738LC at 900 °C.

Composition: 8.38% Co, 15.9% Cr, 3.40% Al, 1.72% Ta, 2.50%
W, 1.60% Mo, 3.30% Ti, 0.96% Nb, 0.07% Zr, 0.012% B, 0.12%
C, bal Ni. For the hot corrosion tests, the specimens were coated
with a mixture of 25% NaCl + 75% Na»S4 by preheating to 150
°C and then rotating the specimens in a saltwater spray until an
even coating of 9.5 mg/cm#~ was obtained. In the low-cycle fatigue
tests, a triangular waveform was used with a mean strain of zero.
Diametral gtrain was controlled with strain rates in the range of
102 t0 103 per second.

Source: G, Jianting, et al., in Superalloys 1984, Gell et al., Ed., Met. Soc. AIME, 1984, p 689.



430 Nickel Alloy 751: S/N Curves, in Air and in a Hot Corrosive

Environment
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S/N curves of Inconel 751 specimens with different grain sizes at 800 °C in air and in a hot corrosive
environment.

Composition: 0.09% C, 0.20% Si, 0.53% Mn, 0.007% S, 16.07% Cr, 2.05% Ti, 1.10% Al, 5.74% Fe,
1.18% Ta + Nb, bal Ni. The fatigue tests were conducted at 800 °C using rotating bending fatigue
machines operating at 1500 rpm. To simulate an actual hot corrosive environment, the specimens were
coated with a synthetic salt mixture composed of 90% Na»SO4 plus 10% NaCl (melting point 785 °C).
The amount of salty mixture applied was 0.4 kg/mmZ. In prolonged fatigue tests, the coating was re-
applied at intervals of 3 x 105 cycles.

Source: M. Yoshiba and O. Miyagawa, High Temperature Corrosion Fatigue and Grain Size Control in
Nickel-Base and Nickel-Iron-Base Superalloys, in Superalloys 1988, D.N. Duhl, et al., Ed., The Met-
allurgical Society of AIME, Warrendale, PA, 1988, p 825-834,



Nickel Alloy IN 939: Fatigue Crack Growth Rate as a
Function of Cyclic Stress-Intensity Range, in
Various Environments
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Source: W, Hoffelner and M. O, Speidel, The Influence of the Environment on the Fatigue Crack Growth
of the Nickelbase Superalloys IN 738 L.C and IN 939 at 850 ° C, in Behavior of High Temperature Alloys
in Aggressive Environments, I. Kirman, et al., Ed., The Metals Society, London, 1980, p 993-1004.
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Fatigue crack growth rate in IN 939 at 850 °C as a function of the
cyclic stress-intensity factor range in various environments.

IN 939: 0.15C-22.6Cr-19.1C0-0.05M0-2.0W-1.0Ta-1.0Nb-1.9Al-
3.7Ti-0.17Zr bal Ni. Heat treatment: 4 h at 1160 °C, fast air cool
(FAC) + 24 h at 900 °C, AC + 16 h at 700 °C, AC.
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TITANIUM ALLOYS



TITANIUM ALLOYS

The designation and nominal compositions of a number of titanium alloys is given in the table below.
The unalloyed grades are immune to stress-corrosion cracking (SCC) except for a few specific
environments such as anhydrous/methanol/halide solutions, nitrogen tetroxide, red fuming nitric
acid, and liquid or solid cadmium. Other titanium alloys—including the aerospace alloys—may also
be susceptible in aqueous chloride solutions as well as in additional environments. However, this
susceptibility is almost always associated with the high stress concentrations typical of the
precracked specimens used in laboratory testing, and is generally not observed with smooth or mildly
notched specimens. Fortunately, the susceptibility identified for these alloys in laboratory tests is
seldom observed in actual applications, although the potential for SCC s there should fatigue cracks
develop in service, Both anodic dissolution and anodic dissolution accompanied by hydrogen
assisted cracking have been proposed as mechanisms of SCC in titanium alloys in aqueous
environments, Hydride formation may also be involved in delayed fracture mechanisms.



Commercial Titanium and Titanium Alloys: Environments 437
Known to Promote Stress-Corrosion Cracking

Environments known to promote SCC of commercial titaniom
and titanium alloys

[—Temperature-———-]
Medium °C °F Susceptible materials
Oxidizers
Nitric acid, RENA.................... Room Unalloyed titanium, Ti-8Mn, Ti-6Al-4V,
Ti-5Al-2,5Sn, Ti-2Fe-2Cr-2Mo
Nitrogen tetroxide
(noexcess NO)....ooovvvvvnn i 30-75 85-165 Ti-6Al-4V
Organic compounds
Methanol (chloride, bromide) .......... Room Ti-6Al-4V
Ti-6Al-4V, Ti-8Al-1Mo-1V, grade 4
Ti-6Al-4V, Ti-8Al-IMo-1V,
Ti-5Al-2,58n, Ti-4Al-3Mo-1V
Methy! chloroform, inhibited........... 370 700 Ti-8Al-1Mo-1V, Ti-6Al-4V,
Ti-5A1-2.58n, Ti-13V-11Cr-3Al
Ethylaicohol........... ... c.ooi i Room Ti-8Al-1Mo-1V
Ti-8Al-1Mo-1V, Ti-5A1-2.5Sn
Ethylene glycol....................... Room Ti-8Al-1Mo-1V
Trichloroethylene..................... 370, 620, 700, 1150, Ti-8Al-1Mo-1V, Ti-5Al-2.58n
815 1500 Ti-SAl-2.58n
Trichlorofluoroethane ................. 788 1450 Ti-8Al-1Mo-1V, Ti-5Al-2.55n,
Ti-6Al-4V, Ti-13V-11Cr-3Al
Chlorinated diphenyl.................. 315-370 600-700 Ti-5Al-2.58n
Hot salt
Chloride saits—various, residues . ...... 288-426 550-800 All commercial alloys except grades 1,
2,7, 11, and 12
Metal embrittlement
Cadmium . ....oovvinn i Room Ti-6Al-4V
329-400 625750 Ti-8Mn
Mercury . ..oovivii i Room Grade 4 Ti, Ti-6Al-4V
370 700 Ti-13V-11Cr-3A1
Silver
Plate ...oovvnniiiiiiiiiii s 470 875 Ti-7Al-4Mo, Ti-SAl-2.58n
AgCl. . e 370-480 700-900 Ti-7Al-4Mo, Ti-5Al-2.58n
Ag-SALIL25Mn. .o 340 650 Ti-6Al-4V, Ti-8Al-1Mo-1V
Seawater ... viit i e Ambient Unalloyed titanium (with high oxygen
content)
Ti-8Mn
Ti-2.5Al-1Mo-118n-5Zr-0.2Sc
Ti-3Al-11Cr-13V
Ti-5Al1-2.58n
Ti-6Al-4V
Ti-6Al-6V-2Sn
Ti-8Al-IMo-1V
Ti-3Al-8V-6Cr-4Zr-4Mo
Miscellaneous
Chlorine. ... it s 288 550 Ti-8Al-1Mo-1V
Hydrochloric acid
10% ..o 35 95 Ti-5A1-2.58n
e e e 340 650 Ti-8Al-IMo-1V

Environments known to promote stress-corrosion cracking of
commercial titanium and titanium alloys.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



438 Titanium Alloys: Stress-Corrosion Cracking Resistance Index,
in Salt Water

Titanium Alloy Composition

® 7AI-2Cb-1(Ta (C) X 6Al-2Mo

O BAI-2Cb~ITa (C) 6 7Al-IMo-IV
A 6AI-4V (C) @ |1Mo-5Sn-5Zr
v 7AI-12Zr (C) V 6AI-4V-2Mo
A BAI-IMo-1V (C) © 6AI-4Zr-2Mo
® I0Mo-54Sn @ 7Al-25Mo

A 6AI-4V-25n B 7A1-3Cb-2Sn
v SAI-2Sn-2Mo-2V + 7TAI-3Mo

B 6AI-3V-IMo € 5AI-255n (C)
O 6A1-25n-1Mo -1V < 6AI-4Sn-1V
© 6AlI-25n-2Mo*-2V b 65A1-5Zc -1V
@ 6AI-6V-2Sn-ICu-05Fe (C) @ I3V-1ICr-3Al (C)
O 6Al1-4Zr -25n~0.5Mo -0 5V 4 6AI-6Zr-IMo

1401— (C) Commercial olloy Lritical Flaw Oepth

Kigces ksi+/in

Qot in.

000! in.
0 d ! ] J
100 1o 120 130 140
Yield Strength, ksi

Stress-corrosion cracking resistance index for titanium alloys in
3.5% salt water.

The critical flaw depth is obtained from the relation 0.220, a’ =
Kisce. This expression assumes that the applied stress is at the yield
stress level and that a surface crack of length 2c and of depth a is
present, where a is much less than ¢. For a given yield stress and
flaw size, the value of Kygce must exceed that given by this relation
if failure is to be avoided.

Source: M. Schumacher, Ed., Seawater Corrosion Handbook, Noyes Data Corporation, Park Ridge, NJ,
1979.



Commercially Pure Titanium: Effect of Bromide and Chloride
Additions on Stress-Corrosion Cracking, in

Methanol/Water Solutions
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Effect of bromide and chloride additions on stress-corrosion
cracking of cold rolled and annealed commercially pure titanium

stressed to 75% of yield strength in methanol/water solutions.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987
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440 Titanium Grade 12: Effect of Hydrogen Concentration on
Time-to-Failure, in Air and in Brine
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Effect of hydrogen concentration on time-to-failure of smooth
tensile specimens of Titanium Grade 12, The tests were run in
air and in brine over a temperature range of 25 to 150 °C.,

Composition, wt%

Ni Mo Fe 0] N Ti H (ppm)

0.697 0.215 0.050 0.075 0.010 bal 27

Source: N.R. Sorensen and J.A, Ruppen, The Environmental Cracking of Ticode-12 in Aqueous Chloride
Environments, Corrosion, 41(10), October 1985, p 560-569.



Ti-O Alloy: Elongation-to-Fracture as a Function of 441
Crosshead Speed, in CH30H + HCI
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Elongation-to-fracture of a tensile specimen of a Ti-O alloy with
a gauge length of 3 cm in a CH3OH + HCl mixture as a function
of crosshead speed.

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 33.



442 Ti-O Alloy: Stress-Corrosion Cracking Velocity as a Function
of Crosshead Speed, in Aqueous Sodium Chloride Solution
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Stress-corrosion cracking velocity in a Ti-O alloy in a 3% aqueous
sodinm chloride solution as a function of crosshead speed.

Source: J.C. Scully, Stress Corrosion Crack Propagation, in Fracture 1977, Vol 1, D.M.R.. Taplin, Ed.,
University of Waterloo Press, Waterloo, Ontario, 1977, p 407-428.



Ti-O Alloy: Stress-Corrosion Cracking Velocity as a Function 443
of Crosshead Speed, in CH30H + HCI

0 MeOH + HCI
10}
,
~{
10
v
mm/sec
-2
10

1 2 3 4 5

CHS mm/min

Stress-corrosion cracking velocity in a Ti-O alloy tested in a CH3OH + HC] mixture as a function of
crosshead speed.

Note that the crack velocity depends on the crosshead speed. If the crosshead speed were to be lowered,
the crack velocity would also decrease to a rate corresponding to the new crosshead speed. However,
below a minimum crosshead speed, the crack will arrest, which is an indication that the effective strain
rate at the tip of a propagating crack must be above a certain value to prevent repassivation. Kygee would
appear to be that value of Kwhich produces a crack tip strain rate less than the critical value in a particular
environment.

Source: J.C. Scully, Stress Corrosion Crack Propagation, in Fracture 1977, Vol 1, D.M.R. Taplin, Ed.,
University of Waterloo Press, Waterloo, Ontario, 1977, p 407-428.



444 Ti-O Alloy: Effect of Extension Rate on
Elongation-to-Fracture, in Aqueous Sodium Chloride
and in Acidic Methanol (HCI)
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Effect of extension rate on elongation-to-fracture of a Ti-O alloy
in aqueous sodium chloride and in acidic methanol (HCI).

The corrosion of titanium and titanium alloys in methanol/halogen
solutions differs from that in sodium chloride solutions in anumber
of ways. Titanium of various purity levels, as well as a number of «
alloys, will corrode intergranularly if left unstressed in a meth-
anol/halogen solution. If the halogen is not present, corrosion in
unstressed samples will not occur. When samples are strained at
very low strain rates in methanol/halogen environments, a severe
degradation is observed, whereas in aqueous sodium chloride
passivation occurs rapidly enough to prevent degradation of
mechanical properties. Alloys containing the g phase usually do not
corrodein the unstressed condition, but dosoreadilywhenstressed.
The susceptibility to stress-corrosion cracking increases with a
decrease in elongation at fracture, ef, in constant extension rate
tests.

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 214, 217,



Ti-Al Alloys: Phase Diagram 445

Aluminum Content,Weight Per Cent
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Titanium-aluminum phase diagram.

The aluminum threshold for sensitivity agrees fairly well with the
formation of Tiz Al

Source: S.R. Seagle, R.R. Seeley, and G.S. Hall, The Influence of Composition and Heat Treatment on
the Aqueous-Stress Corrosion of Titanium, in Applications Related Phenomena in Titanium Alloys,
STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 170-188.



446 Ti-Al Alloys: Effect of Aluminum on Threshold
Stress-Intensity Factor, in Aqueous KCI
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Effect of aluminum on the threshold stress-intensity factor,
Kjgee for stress-corrosion cracking of Ti-Al alloys in aqueous
CL

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 214, 217,



Ti-4Al-3Mo-1V Titanium Alloy: Effect of Increasing Volume 447
Percent of Beta Phase on Kjg.
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Effect of increasing the volume percent of g phase on Kyg in
Ti-4Al-3Mo-1V.

Environment: 3.5% sodium chloride solution, pH 6.5.

Source: C.L. Briant, Metallurgical Aspects of Environmental Failures, Elsevier Science Publishers,
Amsterdam, 1985, p 214, 217.



448 Ti-4.5Al-5Mo-1.5Cr Titanium Alloy: Open Circuit Potential
Versus Time Curve, in Hanks Solution
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Open circuit potential versus time curve for Corona 5 (Ti-
4.5A1-5Mo-1.5Cr) during corrosion fatigue testing at a shear
strain range of +0.0187 in Hanks solution (pH 7.4) at 37 °C.

Corona 5 was developed to obtain a higher fracture toughness than
Ti-6Al-4V. It is richer in g-stabilizers than Ti-6Al-4V and has a
A-transus about 55 °C lower.

The measurement of the open circuit electrode potential during
cyclic loading provides information on the formation or breakdown
of the surface oxide film. If the electrode potential rises with cycling,
the indication is that a surface film is forming. If the potential falls,
the surface film is being broken down by dissolution, or is being
cracked by mechanical processes. A rise after a fall indicates that
repassivation is occurring. Frequency is approximately 1 Hz.
Number of cycles to failure is 1.8 x 104, Composition of Hanks
solution: 8.00 g/I. NaCl, 0.14 g/L. CaClp, 0.40 g/L KClI, 0.35 g/L
NaHCOs, 1.00 g/L glucose, 0.10 g/ MgCly-6H»O, 0.06 g/L.
NapyHPO4-2H)0, 0.06 g/I. MgSO4-7TH0, 0.10 g/L. NaHyPOy.

Source: M.A.. Imam, et al., Corrosion and Corrosion-Fatigue Behavior of Ti-4.56A1-6Mo-1.56Cr {Corona
5) and Ti-6Al-4V, in Titanium ’80: Science and Technology, Vol 4, H. Kimura and O. Izumi, Ed.,
American Institute of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1980, p
2595-2604,



Ti-4.5A1-5Mo-1.5Cr Titanium Alloy: Open Circuit Potential

Source: M.A.. Imam, et al., Corrosion and Corrosion-Fatigue Behavior of Ti-4.5A1-6Mo-1.5Cr (Corona
5) and Ti-6Al-4V, in Titanium '80: Science and Technology, Vol 4, H. Kimura and O. Izumi, Ed.,
American Institute of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1980, p

2595-2604.

Versus Time Curve, in Hanks Solution

POT..V w. S.C.E.

TIME {HOURS)

Open circuit potential versus time curve for Corona 5 (Ti-
4.5A1-5Mo-1.5Cr) during corrosion fatigue testing at a shear
strain range of £0.01 in Hanks solution (pH 7.4) at 37 °C.

Frquency is approximately 1 Hz. Number of cycles to failure is 6.5
x 107,
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Ti-6Al-2Cb-1Ta-0.8Mo Titanium Alloy: Crack Length Versus

Time, in Air and in Sodium Chloride
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Plots of crack length versus time that illustrate continuous sus-
tained load crack growth in air and discontinuous sustained load
crack growth in 3.5% sodium chloride solution.

It has been proposed that sustained load cracking of titanium alloys
in aqueous salt water environments results from the diffusion of
hydrogen from the environment into the crack tip region. The
increased hydrogen concentration in the hydrostatic stress field
ahead of the crack tip results in hydride precipitation and subse-
quent cleavage fracture associated with the hydrides. Discontinu-
ous crack growth occurs each time the crack moves out of the
hydride-affected region and moves into hydride-free material
where it is arrested.

Source: C.L. Hoffmann, R.W. Rudy, Jr., and B.B. Rath, The Influence of Environmental Factors on
Sustained Load Cracking in Ti-6211, in Titanium Science and Technology, Vol 4, G. Lutjering, U.
Zwicker, and W. Bunk, Ed., Deutsche Gesellschaft fur Metallkunde e.V., West Germany, 1985, p
2495-2502.



Ti-6Al-4V Titanium Alloy: Stress-Corrosion Cracking 451
Behavior, in Sodium Chloride Solution
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Stress-corrosion cracking behavior of smooth specimens of P/M
Ti-6Al-4V. Dashed line (stars) represent powder sprayed under
vacuum (PSV-powder). Long dash-dashes line (crosses) repre-
sent plasma rotating electrode process (PREP-powder). The
experiments were performed in 3.5% sodium chloride solution at
25°C,

Source: H, Buhl, Stress Corrosion Cracking Behavior of I/M and P/M Ti6Al4V Dependent upon the
Strain Rate, in Titanium Science and Technology, Vol 4, G. Lutjering, U. Zwicker, and W. Bunk, Ed.,
Deutsche Gesellschaft fur Metallkunde e.V., West Germany, 1986, p 2649-2556.



452 Ti-6AI-4V Titanium Alloy: K., Characteristics at Various
Strength Levels, in Salt Water
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Kjgce characteristics of various lots of Ti-6Al-4V at various
strength levels in salt water. The oval encloses the known Kygec
data for this alloy in salt water.

Source: B.F. Brown, Stress Corrosion Cracking Control Measures, National Bureau of Standards
Monograph 156, U.S. Department of Commerce, June 1977, p 36.



Ti-6Al-4V Titanium Alloy: Stress-Corrosion Cracking
Behavior, in Sodium Chloride
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Stress-corrosion cracking behavior of I/M Ti-6Al-4V in the
smooth (solid line) and precracked (dashed line) conditions in
3.5% sodium chloride.

The strain rates represent overall deformation rates and do not
reflect the much higher strain rates at the crack front.

Source: H. Buhl, Stress Corrosion Cracking Behavior of I/M and P/M Ti6Al14V Dependent upon the
Strain Rate, in Titanium Science and Technology, Vol 4, G. Lutjering, U. Zwicker, and W. Bunk, Ed.,
Deutsche Gesellschaft fur Metallkunde e.V., West Germany, 1985, p 2549-2556.

453



454 Ti-6Al-4V Titanium Alloy: Open Circuit Potential Versus Time
Curve, in Hanks Solution
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Open circuit potential versus time curve for Ti-6Al-4V during
corrosion fatigue testing at a shear strain range of £0.01 in Hanks
solsution (pH 7.4) at 37 °C. Number of cycles to failure is 2.2 x
10,

Source: M.A. Imam, et al., Corrosion and Corrosion-Fatigue Behavior of Ti-4.56Al1-6Mo-1.5Cr (Corona
5) and Ti-6Al-4V, in Titanium '80: Science and Technology, Vol 4, H. Kimura and O, Izumi, Ed.,
American Institute of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1980, p
2595-2604,
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Curve, in Hanks Solution
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Open circuit potential versus time curve for Ti-6Al-4V as indi-
cated during corrosion fatigue testing at a shear strain range of
%0.0187 in Hanks solution (pH 7.4) at 37 °C. Number of cycles to
failure is 3.5 x 104,

Source: M.A. Imam, et al., Corrosion and Corrosion-Fatigue Behavior of Ti-4.5A1-56Mo-1.5Cr {Corona
5) and Ti-6Al-4V, in Titanium ’80: Science and Technology, Vol 4, H. Kimura and O. Izumi, Ed,,
American Institute of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1980, p

25695-2604.



456 Ti-6Al-4V Titanium Alloy: Kinetics of Fatigue Crack Growth,
in Various Environments
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Kinetics of fatigue crack growth in mill annealed Ti-6Al-4V in
various environments at room temperature.

The residual moisture levels in the dehumidified environments
were well below 30 ppm. Dehumidification was accomplished by
passing ultra-high-purity grade argon (99.999% purity) through a
molecular sieve drier, cold traps at less than -140 °C, and a titanium
sublimation pump (TSP), which served as a getter and as a pump
for active residual impurities in the test chamber.

Source: T.T. Shih and R.P. Wei, Load and Environment Interactions in Fatigue Crack Growth, in
Prospects of Fracture Mechanics, G.C. Sih, H.C. Van Elst, and B. Broek, Ed., Noordhoff International
Publishing, Leyden, The Netherlands, 1974, p 231-250.



Ti-6Al-4V Titanium Alloy: Relationship Between Yield Stress 457
and Stress-Intensity, in Salt Water
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Relationship between yield stress and stress-intensity for either
unstable fast fracture or stress-corrosion cracking in salt water

for Ti-6Al-4V. A variety of microstructures for each type were
tested.

Source: A.W. Thompson and I.M. Bernstein, The Role of Metallurgical Variables in Hydrogen-Assisted

Environmental Fracture, in Corrosion Science and Technology, Vol 7, M.G. Fontana and R.W. Staehle,
Ed., Plenum Press, New York, 1980, p 111,



458 Ti-6Al-4V Titanium Alloy: Stress-Corrosion Cracking,
in Methanol
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Stress-corrosion cracking results at room temperature in
methanol for Ti-6Al-4V weldments.

Cracks were introduced into the heat-affected zones to localize the
failures. Similar results were obtained in Freon.

Source: J.L. Shannon, Jr. and W.F. Brown, Jr., A Review of Factors Influencing the Crack Tolerance
of Titanium Alloys, in Applications Related Phenomena in Titanium Alloys, STP 432, American Society
for Testing and Materials, Philadelphia, 1968, p 33-63,



Ti-6Al-4V Titanium Alloy: Effect of Aluminum Content on 459
Aqueous Stress-Corrosion
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Effect of aluminum content on aqueous stress-corrosion of Ti-
6Al-4V plate.

Source: S.R. Seagle, R.R. Seeley, and G.S. Hall, The Influence of Composition and Heat Treatment on
the Aqueous-Stress Corrosion of Titanium, in Applications Related Phenomena in Titanium Alloys,
STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 170-188.



460 Ti-6Al-4V Titanium Alloy: Transverse Kgcc as a Function
of Oxygen Content
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Transverse Kg¢ as a function of oxygen content.

The data obtained in this study involved Ti-6Al-4V sheet from 46
commercial heats of duplex annealed material. Regression analyses
were used to correlate Kge e values to metallurgical parameters.
The equation that exhibited the best fit was:

Transverse K ksivin.”2 = 321.9 - 714 (Og) - 22.8(Al)
—274(ATYS) - 2.95 (O.F.)
~0.224(Hp)

where Oz is wt% oxygen, Al is wt% aluminum, ATYS is the
transverse minus the longitudinal yield strength in ksi, a reflection
of texture, O.F. is an ordering factor reflecting the degree of
a-phase ordering that occurs on slow cooling through the o + o)
(TizAl) phase field, and hydrogen s the ppm of hydrogen by weight.

Source: R.R. Boyer and W.F. Spurr, Effect of Composition, Microstructure, and Texture on Stress-
Corrosion Cracking in Ti-6A1-4V Sheet, Met. Trans. A, 9A, October 1978, p 1443-1448.



Ti-6Al-4V Titanium Alloy: Effect of Stress-Intensity and 461
Potential on Stress-Corrosion Crack Velocity,
in KCI Solution
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Effect of stress-intensity and potential on stress-corrosion crack
velocity in Ti-6Al-4V tested in 0.6M KCl solution. Note that Kyg.
exhibits a minimum value between 0 and -500 mV. The Region II
stress-corrosion crack velocity increases in a similar manner to
iodide solutions. Note, however, that the +2000 mV and +1000
mYV curves are rather similar.

Source: Corrosion Fatigue: Chemistry, Mechanics and Microstructure, Vol 2, National Association of
Corrosion Engineers, Houston, 1972.



462

Effect of Aluminum Content on Kq and Kgce
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Effect of aluminum content on K and Kgcc for 0.250-in. thick specimens,

The "validity line" for the salt water tests is given by the thickness, B > 0.57(K/Y)2, where Y is the yield
strength. According to ASTM E399, the requirement for plane-strain conditions to exist is that B > 2.5
(K/ay)z. It has been argued that this requirement may be too conservative for measurements of Kgcc,
because subcritical crack growth could occur when only a small fraction of the crack front is subjected
to plane-strain loading. Piper and Feeney (ARPA Coupling Program on Stress-Corrosion Cracking,
Eleventh Quarterly Report, July 1969, p 6) measured the stress-intensity required to initiate subcritical
cracking in Ti-6Al-4V as a function of thickness and found that Kgc ¢ remains unchanged for thicknesses
in the range 0.10 to 1.0 in,,i.e., B> 0.57 (Kgc /o )2. An examination of the results shown in the above
figure indicates that both K and K were lower for the 0.250-in. thick specimens than for the 0.125-in.
thick specimens. However, a distinct effect of aluminum on the susceptibility to stress-corrosion cracking
was still apparent. It was concluded that although measurements of Ky and Kgc ¢ may not be quanti-
tatively accurate due to mixed mode loading effects, it is valid to determine the stress-corrosion cracking
susceptibility from a qualitative comparison of K and Kgcc.

Source: R.A, Wood, J.D. Boyd, and R.I. Jaffe, The Effects of Alloy Composition on the Salt-Water
Stress-Corrosion Susceptibility of Titanium-Aluminum-Base Alloys, Titanium Science and Technology,
R.1. Jaffe and HM, Burte, Ed., Plenum Press, New York, 1973, p 2639-2654.



Ti-6Al-6V-2Sn Titanium Alloy: Effect of Environment 463
on Fatigue Life
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Effect of environment on the fatigue life of Ti-6Al-6V-2Sn.

Source: M. Levy, et al., The Corrosion Behavior of Titanium Alloys in Chloride Solutions: Materials for
Surgical Implants, in Titanium Science and Technology, R.1. Jaffe and H.M. Burte, Ed., Plenum Press,
New York, 1973, p 2459-2474.



464 Ti-6Al-2Cb-1Ta-0.8Mo Titanium Alloy: Comparison of
Sustained Load Crack Growth Data,
in Several Environments
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Comparison of sustained load crack growth data for Ti-6Al-
2Cb-1Ta-0.8Mo (Ti-6211) tested in several environments.

The alloy had an o/ microstructure, had been rolled at 968 °C,
and then heat treated at 704 °C for 2 h, and then air cooled. The
initial hydrogen content was approximately 30 ppm.

Source; C.L. Hoffmann, R.W. Rudy, Jr., and B.B. Rath, The Influence of Environmental Factors on
Sustained Load Cracking in Ti-6211, in Titanium Science and Technology, Vol 4, G. Lutjering, U.
Zwicker, and W. Bunk, Ed., Deutsche Gesellschaft fur Metallkunde e.V., West Germany, 1985, p
2495-2502.



Ti-7Al-1Mo-1V Titanium Alloy: Stress-Corrosion Cracking 465
Resistance, in Vacuum, Argon, and in Helium
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Stress-corrosion cracking resistance of Ti-7Al-1Mo-1V alloy
solution annealed 1 h at 1700 °F in vacuum, argon, and helium
followed by a 1200 °F age in vacuum and helium cooled. Tested
in 2.5% sodium chloride solution.

Source: D.G. Howe and R.J. Goode, Effects of Heat Treating Environmental Conditions on the
Stress-Corrosion Cracking Resistance of Several Titanium Alloys, in Applications Related Phenomena
in Titanium Alloys, STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 189-204.



466 Ti-8Al-1Mo-1V Titanium Alloy: Ultimate Fracture Load under
Potentiostatic Conditions, in Halide Solutions
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Ultimate fracture load of 0.050-in. thick duplex annealed Ti-8Al-1Mo-1V specimens in 0.6} halide
solutions under potentiostatic conditions.

Effect of potential is important because titanium alloys are often coupled into other metals when
incorporated into a structure, The minimum load at which fracture initiates in aqueous KCl solutions
is around -500 mVs g, which is more noble than the free corrosion potential of titanium alloys in
3.5% sodium chloride solution and in seawater (-800 mVgCE).

Source: J.A. Beavers, G.H. Koch, and W .E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



Ti-8Al-1Mo-1V Titanium Alloy: Relationship of 467
Stress-Corrosion Cracking Velocity to Potential, in
Neutral Halide Solutions
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Relationship of stress-corrosion cracking plateau velocity to
potential for Ti-8Al-1Mo-1V in 0.6M neutral halide solutions.

Source: J.A. Beavers, G H. Koch, and W_.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



468 Ti-8Al-1Mo-1V Titanium Alloy: Relationship of
Stress-Corrosion Cracking Plateau Velocity to
Temperature, in KCI
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Relationship of stress-corrosion cracking plateau velocity to
temperature for Ti-8Al-1Mo-1V in 0.6M KCl at -500 mV.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 19886,



Ti-8Al-Mo-1V Titanium Alloy: Effect of Alloy Composition
on Salt-Stress-Corrosion Threshold
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Table ll—Probable reactions in the hot-salt
stress-corrosion of titanium alloys

Table I—Effect of salt composition in the hot-salt
stress-corrosion cracking of Ti alloys

(1) NaCl + H0 —& HCI + NaOH

Most M.P. Least M.P. .
Aggressive °F Aggressive °F (2) T+ 2HCl —% TiClp + 2H
LiCI-KCl .  _ 670 CaCly- - - -1420 (3) Ti+ 2NoCl + 0, + H,0 -# TiCl,+ 2NaOH
LiCl- — 1138 CaCl — .. ._1195 (4) TiCl+ H,0 — Ti0 + 2HCI
NaCl - - 1474 SrClp- ~ - -1604 (5) TiClp+ 2H0 —# TiOp+ 2HCI + 2H
. .850 - - -1308
Ac MaCly 0 (6) TICl,+ HO —8= TiOCl,+ 2H
NaBr — - 1390 NoF .. .1812
+ + - + +
NoI _ _ 1204 {7) Al + 3NaCl + 3H,0 AICI3+ 3NaOH + 3H
KCl_ _ 1428 (8) 2AICI3+ 3H,0 —# Al05 + 6HCI

Effect of alloy composition on salt-stress-corrosion threshold.

In the 500 to 800 °F range, the stresses to produce salt cracking are well below the 0.1% creep design criterion. At
about 900 °F, the creep and hot salt curves again merge. Commercially pure grades of titanium are immune to
hot salt cracking, but all moderately alloyed grades are susceptible. The least resistant alloys are the all-alpha and
near-alpha types, which are high in aluminum. Molybdenum appears to improve resistance to hot salt cracking.
The heat treatable beta and alpha-beta alloys are more resistant.

Possible reactions involved in hot salt cracking are given in Table II. Proposed cracking mechanisms include
preferential attack of aluminum by HCI, hydride embrittlement, hydrogen embrittlement, and stress-sorption
mechanisms.

Source: V.C. Petersen, Hot-Salt Stress Corrosion of Titanium, in Source Book on Titanium and Titanium Alloys,
M.J. Donachie, Jr., Ed., American Society for Metals, Metals Park, 1982, p 167-174.
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470 Ti-8Al-1Mo-1V Titanium Alloy: Resistance to Stress-Corrosion
Cracking as a Function of Bending or Torsion, in NaCl
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Resistance to stress-corrosion cracking of Ti-8Al-1Mo-1V as a
function of either bending or torsion loading mode.

Arsenic additions were used to facilitate hydrogen entry and were
carried out at -500 mVgep. The lower resistance in Mode I to
stress-corrosion cracking was taken as an indication that the
hydrogen played an important role in the cracking process, because
inMode I astate of hydrostatic tensile stress exits ahead of the crack
tip, which was thought to promote the concentration of hydrogen.

Source: M. Fontana and R. Staehle, Ed., Advances in Corrosion Science and Technology, Vol 7, Plenum
Press, New York, 1980.



Ti-8Al-1Mo-1V Titanium Alloy: Stress-Corrosion Cracking, in

Sodium Chloride
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Stress-corrosion cracking results at room temperature for two
thicknesses of Ti-8Al-1Mo-1V sheet tested in 3.5% sodium chlo-

ride solution.

The results illustrate that the susceptibility to stress-corrosion
crackingis much greater under plane-strain rather than plane-stress

conditions.

Source: J.L. Shannon, Jr. and W.F., Brown, Jr., A Review of Factors Influencing the Crack Tolerance
of Titanium Alloys, in Applications Related Phenomena in Titanium Alloys, STP 432, American Society

for Testing and Materials, Philadelphia, 1968, p 33-63.
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472 Ti-8Al-1Mo-1V Titanium Alloy: Stress-Intensity Versus
Time-to-Failure, in Sodium Chloride
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Stress-intensity versus time-to-failure curves for Ti-8Al-1Mo-1V
in several heat treated conditions and tested in 3.5% sodium
chloride solution.

Source: D.G. Howe and R.J. Goode, Effects of Heat Treating Environmental Conditions on the
Stress-Corrosion Cracking Resistance of Several Titanium Alloys, in Applications Related Phenomena
in Titanium Alloys, STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 189-204.



Ti-8Al-1Mo-1V Titanium Alloy: Effect of Heat Treating Time
and Temperature on Stress-Corrosion of Air Cooled Ti-811
Plate in Seawater
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Effect of heat treating time and temperature on stress-corrosion
incidents in Ti-8Al-1Mo-1V plate (air cooled).

The data show a time-temperature stress-corrosion relationship
similar to metallurgical time-temperature-transformation dia-
grams. The most severe exposure and knee of the curve was at 1200
°F. The upper boundary for stress-corrosion appears to be near
1500 °F, the estimated TizAl transus for the aluminum content.
Once TigAl forms, it is difficult to eliminate by thermal treatment
at lower temperatures. The stress-corrosion resistance of titanium
alloys containing aluminum is improved if the TizAl phase is not

present.

Source: S.R. Seagle, R.R. Seeley, and G.S. Hall, The Influence of Composition and Heat Treatment on
the Aqueous-Stress Corrosion of Titanium, in Applications Related Phenomena in Titanium Alloys,
STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 170-188.
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474 Ti-1.5Mo-5V Titanium Alloy: Effect of Aluminum Content on
Strength and Kg¢,
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Effect of aluminum content on the strength, Ky, and Kygec of 2
Ti-1.5Mo-5V alloy.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986,



Ti-11.5Mo-6Zr-2.5Sn Titanium Alloy: Stress-Corrosion 475
Cracking, in Sodium Chloride
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Stress-corrosion cracking behavior of Ti-11.5Mo0-6Zr-2.5Sn
tested in 3.5% sodium chloride solution.

The alloy was hot rolled and then heat treated at 720 °C for 1 h,
water quenched, plus 510 °Cfor 8 h, and air cooled. Note that the
material is much more susceptible to stress-corrosion cracking in
the short-transverse direction.

Source: M.J. Blackburn and W.H. Smyrl, Stress Corrosion and Hydrogen Embrittlement, in Titanium
Science and Technology, R.I. Jaffe and H.M. Burte, Ed., Plenum Press, New York, 1973, p 2577-2609.



476 Titanium Alloys: Stress-Corrosion Cracking Resistance,
in Seawater and in Aqueous Sodium Chloride

TITANIUM ALLOYS WITH SCC RESISTANCE
IN SEAWATER AND AQUEOUS SODIUM

CHLORIDE SOLUTIONS(50,51)

Ti with O <0.3 weight percent
Ti-2A1-4Mo-4Zr
Ti-4Al-3Mo-1V
Ti-5A1-2Sn-2Mo-2V
Ti-6Al-2Mo
Ti-6Al-2Nb-Ta-0.8Mo
Ti-6A1-2Sn-1Mo-1V
Ti-6A1-2Sn-1Mo-3V
Ti-6.5A1-5Zr-1V
Ti-7TAl-2.5Mo (as received and beta annealed + WQ + 1100 F age for 2h)
Ti-11.5Mo-6Zr-3.4Sn

Titanium alloys with stress-corrosion cracking resistance in
seawater and aqueous sodium chloride solutions.

Source: J.A. Beavers, G.H. Koch, and W.E. Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



Titanium Alloys: Application of Larson-Miller Parameter 477
to Threshold Salt-Stress-Corrosion Cracking
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Application of Larson-Miller parameter to threshold salt-
stress-corrosion cracking in titanium alloys.

Source: V.C. Petersen, Hot-Salt Stress Corrosion of Titanium, in Source Book on Titanium and Titanium
Alloys, M.J. Donachie, Jr., Ed., American Society for Metals, Metals Park, 1982, p 167-174.
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Titanium Alloys: Effect of Zirconium Content on K;;.. Values,
in 3.5% NaCl Solution
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Effect of zirconium content on Kjygee values of titanium alloys.
Tested in 3.5% sodium chloride solution. Alloys: Ti-6Al-2V-xZr.

The alloys tested and their compositions (%) were:

Alloy Al \'% Zr O H (ppm)
Ti-6Al-2V 6.00 1.95 0.061 43
Ti-6Al-2V-2Zr 5.75 1.80 1.95 0.062 48
Ti-6Al-2V-4Zr 5.95 195 4.05 0.056 33
Ti-6Al-2V-5Zr 6.00 1.90 5.00 0.059 40
Ti-6Al-2V-6Zr 6.00 2.00 6.05 0.054 46

Kjand Kiyax are computed from J-integral test results. Ky is the stress-intensity factor computed at the
point of crack initiation, and Kmay is the stress-intensity factor computed at maximum load. It was
concluded that the low resistance to stress-corrosion cracking of alloys containing 5% or more of zirco-
nium precludes their use in salt water environments.

The most significant reason for the good fracture toughness of these alloys is the low oxygen content.
Oxygen content is probably the strongest determinant of all factors that impact mechanical properties.
Oxygen content for all of the alloys was approximately 0.06 wt %, which is very low. Both staticand dynamic
fracture resistance were dramatically reduced by the addition of zirconium. Stress-corrosion cracking
alloys with 5 and 6% zirconium were sensitive to stress-corrosion cracking in a 3.5% salt water solution,
whereas alloys with less zirconium were immune to stress-corrosion cracking. It is noted that stress-
corrosion cracking sensitivity also depends strongly on microstructure and that materials processed dif-
ferently might exhibit different behavior.

Source: R.W. Rudy, Jr., B.B. Rath, and O.P. Arora, Mechanical Properties of Ti-6A1-2V Alloy as
Influenced by Zirconium Additions, in Titanium Science and Technology, Vol 3, G. Lutjering, U. Zwicker,
and W, Bunk, Ed., Deutsche Gesellschaft fur Metallkunde e.V., West Germany, 1985, p 1977-1984.



Titanium Alloys: Effect of Total Beta-Stabilizer Content 479
on Kq and Kgece

EFFECT OF BETA-STABILIZER CONTENT ON K, AND KS

Q cC

. . K K : -
Nominal Composition, Q’ SCC Yield Strength,

weight percent ksivin. ksivin. ksi
Ti-46A1 > 100 (86) 77 (82) 67
Ti-4A1-1.5Mo-.5V 92 83 102
Ti-4A1-4V 88 85 106
Ti-4A1-2Mo=-2V 94 88 108
Ti-4A1-3Mo-1V 95 88 114
Ti-4A1-4Mo 93 86 11l
Ti-6A1 94 55 88
Ti-6A1-2V 102 34 123
Ti-6A1-1.5Mo~.5V 94 64 122
Ti-6A1-4V 92 74 121
Ti-6A1-2Mo 90 32 134
Ti-7A1 92 26 92
Ti-7A41-2V 108 28 111
Ti-7A1-1.5Mo~ .5V 84 20 123
Ti-7A1-1.5Mo-.5V=-2Pd 93 21 20
Ti-7A1-2Mo 72 21 123
Ti-7A1-3Mo-1V 56 19 134
Ti-7A1-2Mn 61 15 124
Ti-8A1 96 28 100
Ti-8A1-2V 102 24 118
Ti-8A1-1Mo 69 23 119
Ti-8A1-1Mo-1V 64 24 136
Ti-8A1-1.5Mo-.5V 79 15 130
Ti-8A1-2Mo 65 21 138

Ti-8A1-3Mo-1V 55 13 140




480 Titanium Alloys: Effect of Total Beta-Stabilizer Content
on Kq and Kgce (Continued)
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Effect of total g-stabilizer content on K and Kgcc for Ti-4Al
and Ti-8Al alloys. 1 = 1.5Mo-0.5V, 2 =74V, 3 = 2Mo-2V, 4 =
3Mo-1V, 5 = 4Mo, 6 = 1Mo, 7 = 2V, 8 = 1Mo-1V, 9 = 2Mo.

Source: R.A. Wood, J.D. Boyd, and R.I. Jaffe, The Effects of Alloy Composition on the Salt-Water
Stress-Corrosion Susceptibility of Titanium-Aluminum-Base Alloys, Titanium Science and Technology,
R.I. Jaffe and H.M. Burte, Ed., Plenum Press, New York, 1973, p 2639-2654.



Titanium Alloys: Effect of Aluminum Content on Kq and

Ksces in Air and in Salt Water
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Effect of aluminum contenton K and Kgcc at various strength
levels. (a) Tests in air. (b) Tests in salt water.

Source: R.A. Wood, J.D. Boyd, and R.IL. Jaffe, The Effects of Alloy Composition on the Salt- Water
Stress-Corrosion Susceptibility of Titanium-Aluminum-Base Alloys, in Titanium Science and Tech-

nology, R.I. Jaffe and HM. Burte, Ed., Plenum Press, New York, 1973, p 2639-2654.
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482 Alpha + Beta Titanium Alloys: Time-to-Failure of Precracked
Specimens, in Sodium Chloride
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Time-to-failure of precracked specimens of three commercial «
+ B titanium alloys tested in 3.5% sodium chloride solution. All
materials were in the mill annealed condition.

Note that the finite life portion in these tests is only a matter of
minutes. The results also indicate that decreasing amounts of
aluminum, particularly below 5%, or increasing amounts of
molybdenum plus vanadium, increase the resistance to stress-
corrosion cracking. Other factors such as oxygen content, the rel-
ative amounts of the o and g phases, and the fracture toughness
may also play a role in determining resistance to stress-corrosion

cracking.

Source: M. Fontana and R. Staehle, Ed., Advances in Corrosion Science and Technology, Vol 3, Plenum
Press, New York, 1973,



Beta-Titanium Alloys: Stress-Corrosion Cracking as a 483
Function of Potential, in KCI
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Stress-corrosion cracking of g-titanium alloys as a function of
potential in 0.6 KCI at 24 °C,

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



484 Beta Titanium Alloy: Relationship Between Yield Strength
and K;ggc for Sulfide Cracking
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Relationship between yield strength and Kjgsc for sulfide
cracking for a beta titanium alloy and MP35N (35Co-35Ni-
20Cr-10Mo).

Source: S. Ohtani, T. Nishimura, and Y. Moriguchi, A Beta Type Ti-156Mo-5Zr-3Al Alloy for Sour Well
Service, in Alloys for the Eighties, R.Q. Barr, Ed., Climax Molybdenum, p 263-268.



Titanium Alloys: Influence of Oxygen and Aluminum 485
Content on Stress-Corrosion
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Influence of oxygen and aluminum content on stress-corrosion
incidents.

As the aluminum content increases, less oxygen can be tolerated
for good stress-corrosion resistance.

Source: S.R. Seagle, R.R. Seeley, and G.S. Hall, The Influence of Composition and Heat Treatment on
the Aqueous-Stress Corrosion of Titanium, in Applications Related Phenomena in Titanium Alloys,
STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 170-188,



486 Titanium Alloys: Stress-Corrosion Cracking, in
Sodium Chloride
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Stress-corrosion cracking results at room temperature for three
titanium alloys tested in 3.5% sodium chloride solution.

Source: J.L. Shannon, Jr. and W.F. Brown, Jr., A Review of Factors Influencing the Crack Tolerance
of Titanium Alloys, in Applications Related Phenomena in Titanium Alloys, STP 432, American Society
for Testing and Materiale, Philadelphia, 1968, p 33-63.
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Stress-corrosion cracking resistance of several titanium alloys
tested in 3.5% sodium chloride solution as affected by hydrogen
content.

Source: D.G. Howe and R.J. Goode, Effects of Heat Treating Environmental Conditions on the
Stress-Corrosion Cracking Resistance of Several Titanium Alloys, in Applications Related Phenomena
in Titanium Alloys, STP 432, American Society for Testing and Materials, Philadelphia, 1968, p 189-204,



488 Titanium Alloys: Potential Time Curves, in
CH3OH + HCI and in Hanks Solution
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Potential time curves for titanium alloys stressed in CH30H +
0.4% HCI solution and in Hanks solution.

Source: M. Levy, et al., The Corrosion Behavior of Titanium Alloys in Chloride Solutions: Materials for

Surgical Implants, in Titanium Science and Technology, R.I. Jaffe and H.M. Burte, Ed., Plenum Press,
New York, 1973, p 2459-2474.
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Cracking as a Function of Temperature
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Threshold stress for stress-corrosion cracking of titanium alloys
as a function of temperature. (a) Annealed alloys. (b) Solution
treated and aged alloys.

Source: A.S, Tetelman and A.J. McEvily, Jr., Fracture of Structural Materials, John Wiley & Sons,
New York, 1967, p 427.



490 Titanium Alloys: Lack of Correlation Between Threshold and
Unstable Fracture Stress-Intensities, in Dilute
Sodium Chloride
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Lack of correlation between threshold and unstable fracture
stress-intensities for titanium alloys. The stress-corrosion tests
were in dilute sodium chloride solution.

Source: H.H. Johnson, Cracking in High-Strength Materials, in Fracture: An Advanced Treatise, Vol
3, H. Liebowitz, Ed., Academic Press, New York, 1971, p 679-718.



Ti-4.5A1-5Mo-1.5Cr Titanium Alloy: Corrosion-Fatigue Crack
Growth Rates, in Salt Water

Source: G.R. Yoder, L.A. Cooley, and T.W. Crooker, Cracking Resistance in Superhigh-Strength Ti-
4.5A1-5.0Mo-1,5Cr (Corona 5) Alloy, in Titanium Science and Technology, Vol 4, G. Lutjering, U.
Zwicker, and W. Bunk, Ed., Deutsche Gesellschaft fur Metallkunde e.V., West Germany, 1985, p

2211-2218,
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Corrosion-fatigue crack growth rates in Corona 5 (Ti-4.5Al-
5Mo-1.5Cr) tested in salt water at two different frequencies.
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492 Ti-6Al-2Cb-1Ta-0.8Mo Titanium Alloy: Flexural
Fatigue Curves
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Flexural fatigue curves for Ti-6Al-2Ch-1Ta-0.8Mo.

The salt water environment has had little influence in these tests.

Source: R.C. Schwab and E.J. Czyryca, Effects of Notches and Saltwater Corrosion on the Flexural
Fatigue Behavior of High-Strength Structural Alloys, in Effects of Environment and Complex Load
History on Fatigue Life, STP 462, American Society for Testing and Materials, Philadelphia, 1970, p
203-216.



Ti-6Al-2Nb-1Ta-0.8Mo Titanium Alloys: Fatigue Crack Growth 493
as a Function of Environment and
Imposed Electrochemical Potential
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Fatigue crack growth behavior of Ti-6Al-2Nb-1Ta-0.8Mo as a
function of environment and imposed electrochemical potential.

Source: C.R. Crowe and D.F. Hasson, The Use of Titanium in Deep Sea Exploration, in Titanium for
Energy and Industrial Applications, D. Eylon, Ed., American Institute of Mining, Metallurgical, and
Petroleum Engineers, Warrendale, PA, 1981, p 93-110.



494 Ti-6Al-6V-2Sn Titanium Alloy: Effect of Environment on
Fatigue Crack Propagation
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Effect of environment on fatigue crack propagation in Ti-6Al-
6V-2Sn.

Source: M. Levy, et al., The Corrosion Behavior of Titanium Alloys in Chloride Solutions: Materials for
Surgical Implants, in Titanium Science and Technology, R.I. Jaffe and HM. Burte, Ed., Plenum Press,
New York, 1973, p 2459-2474.



Ti-662 Titanium Alloy: Effect of Frequency on Fatigue Crack 495
Growth, in Sodium Chloride
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Effect of frequency on fatigue crack growth behavior of Ti-662 in
a 0.6M sodium chloride aqueous environment.

AK denotes the AK level at which there is an abrupt increase in
the rate of fatigue crack growth. Note that the frequency effect at
high and low AK is reversed. At low A levels, it was proposed that
at the lower frequency repassivation occurred, whereas at high A
it did not. It is also noted that for a fatigue stress ratio R = 0.1,
Kmax > KISCC for AK> 0.9 Klscc.

Source: D.B. Dawson, Patigue Crack Growth Behavior of Ti-6A1-6V-2Sn in Methanol and
Methanol-Water Solutions, Met. Trans. A, 12A, May 1981, p 791-800.



496 Ti-662 Titanium Alloy: Fatigue Crack Growth, in Methanol +
LiCl and Methanol + HCI
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Fatigue crack growth behavior of Ti-662 at 1 and 10 Hz in
methanol + 0.6M LiCl and in methanol + 0.5 vol% HCI.

In contrast to the previous figure, there is no reversal in frequency
dependence at low AK levels. Repassivation, even at the lower
frequency, did not occur.

Source: D.B. Dawson, Fatigue Crack Growth Behavior of Ti-6Al-6V-2Sn in Methanol and
Methanol-Water Solutions, Met. Trans. A, 12A, May 1981, p 791-800.



Fatigue properties (compensated for differences in relative density) of Ti-6Al-4V and a 12% chromium

Ti-6Al-4V: Fatigue Properties Tested in
Various Environments
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steel tested in various environments.

Source: 1.J. Polmear, Light Alloys: Metallurgy of the Light Metals, American Society for Metals, Metals

Park, 1981, p 204.
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498 Ti-6Al-4V and Type 403 Stainless Steel: Comparison of
Corrosion Fatigue Strength
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Corrosion fatigue strength comparison of Ti-6Al-4V and Type 403 stainless steel in 22% sodium
chloride solution at 176 °F, with < 20 ppb O3, pH 4.

Source: T.M. Ruse and W.G. Steltz, Titanium for Steam Turbine Blades, in Titanium for Energy and
Industrial Applications, D. Eylon, Ed., American Institute of Mining, Metallurgical, and Petroleum
Engineers, Warrendale, PA, 1981, p 11-28.
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Ultrasonic Fatigue Strengths, in Pure Water
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Comparison of conventional and ultrasonic fatigue strengths of
fine-grained equiaxed a-g (open points) and fine-grained
lamellar «—pg (closed points) Ti-6Al-4V tested in pure water.

Source: L.E, Willertz, T.M, Rust, and V.P, Swaminathan, High and Low Frequency Corrosion Fatigue
of Some Steam Turbine Blade Alloys, in Ultrasonic Fatigue, J.M. Wells, et al., Ed., American Institute
of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 333-348.
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Ti-6Al-4V Titanium Alloy: Fatigue Curves, in Air and in

Sodium Chloride
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Fatigue curves for Ti-6Al-4V in air and in 3% sodium chloride solution at 60 Hz and 15 kHz test

frequencies.

Source: R. Ebara, Y. Yamada, and A. Goto, Corrosion Fatigue Behaviour of 13Cr Stainless Steel and
Ti-6Al-4V at Ultrasonic Frequency, in Ultrasonic Fatigue, J.M. Wells, et al., Ed., American Institute

of Mining, Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 349-364.



Ti-6Al-4V Titanium Alloy: Flexural Fatigue Curves, in Air and
in Severn River Water
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Flexural fatigue curves for Ti-6Al-4V containing 860 ppm oxygen
maximum tested in air and in Severn River water, Severn River
water is brackish, yet there is no discernible effect of the envi-
ronment in these tests.

Source: N.G. Feige and R.L. Kane, Service Experience with Titanium Structures in Marine Service, in
Proceedings of the 26th Conference, National Association of Corrosion Engineers, Houston, 1970, P

194-199.
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502 Ti-6Al-4V Titanium Alloy: Weibull Distribution for
High-Frequency Fatigue, in Water

Material: Titanium 6AL - 4V Annealed  Stress Level: 52, 800 psi {AX 1AL PUSH PULL)

Number of Specimens Tested. 30 Temperature: 70°F
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Weibull distribution for high-frequency fatigne of annealed Ti-
6Al-4V in water.

Source: A. Thiruvengadam, Corrosion Fatigue at High Frequencies and High Hydrostatic Pressures, in
Stress Corrosion Cracking of Metals—A State of the Art, STP 5618, ASTM, Philadelphia, 1972, p 139~154.
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Comparison of the effect of industrial gas in steam on the fatigue strength of Ti-6Al-4V and a stainless
steel (SUS410]1).

Source: R. Ebara, Corrosion Fatigue Behaviour of Structural Materials in an Industrial Gaseous
Environment, in Fatigue Life: Analysis and Prediction, V.S. Goel, Ed., American Society for Metals,
Metals Park, 1986, p 325-332.



504 Ti-8Al-1Mo-1V Titanium Alloy: Effect of Environment on
Fatigue Life
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Effect of environment on the fatigue life of Ti-8A1-1Mo-1V.

Source: M. Levy, et al., The Corrosion Behavior of Titanium Alloys in Chloride Solutions: Materials for
Surgical Implants, in Titanium Science and Technology, R.I. Jaffe and H.M. Burte, Ed., Plenum Press,
New York, 1973, p 2459-2474,
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in Several Environments
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da/dN versus AK curves for Ti-8Al-1Mo-1V in several environ-
ments at a frequency of 30 Hz.

Source: H. Doker and D. Munz, Influence of Environment on the Fatigue Crack Propagation of Two
Titanium Alloys, in The Influence of Environment on Fatigue, Institution of Mechanical Engineers,

London, 1977, p 123-130.



506 Ti-8Al-1Mo-1V Titanium Alloy: Effect of Frequency on da/dN
Versus aK Curves, in Sodium Chloride
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Effect of frequency on the da/dN versus AK curves for Ti-8Al-
1Mo-1V in 3.5% sodium chloride solution.

All fatigue tests were run at R = 0.1 with sinusoidal waveform.

Source: H. Doker and D. Mung, Influence of Environment on the Fatigue Crack Propagation of Two
Titanium Alloys, in The Influence of Environment on Fatigue, Institution of Mechanical Engineers,
London, 1977, p 123-130.



Source: D.B. Dawson and R.M. Pelloux, Corrosion Fatigue Cracking of Titanium Alloys in Aqueous
and Methanolic Environments, in 1972 Tri-Service Conference on Corrosion, MCIC 73-19, M.M.
Jacobson and A. Gallaccio, Ed., Metals and Ceramics Information Center, Battelle, Columbus, 1972, p

77-94.
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508 Ti-6Al-4V Titanium Alloy: Fatigue Crack Growth, in Air and
: in Salt Water
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Fatigue crack growth behavior of Ti-6Al-4V in air and in salt
water.

Note that there is little effect of the salt water environment below
the KISCC level.

Source: N.G. Feige and R.L. Kane, Service Experience with Titanium Structures in Marine Service, in
Proceedings of the 26th Conference, National Association of Corrosion Engineers, Houston, 1970, p
194-199,



Ti-6Al-4V Titanium Alloy: Effects of Stress-Intensity, 509
Frequency on Corrosion Fatigue Crack Growth, in
Aqueous Sodium Chloride
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Effects of stress-intensity and frequency on corrosion fatigue
crack growth in Ti-6A1-4V in aqueous sodium chloride at 23 °C.
Stress ratio, R = 0.1.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987,



510 Ti-6Al-4V Titanium Alloy: Effect of Potential Fatigue Crack
Growth Rate, in lodide Solutions and in Distilled Water
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Effect of potential on fatigue crack growth rate in Ti-6Al-4V in
iodide solutions. Note that at a potential of -1500 mV the crack
growth rates are equal to those obtained in distilled water.

Source: Corrosion Fatigue: Chemistry, Mechanics and Microstructure, Vol 2, National Association of
Corrosion Engineers, Houston, 1972.



Source: D.B. Dawson and R.M. Pelloux, Corrosion Fatigue Cracking of Titanium Alloys in Aqueous
and Methanolic Environments, in 1972 Tri-Service Conference on Corrosion, MCIC 73-19, M.M.
Jacobson and A. Gallaccio, Ed., Metals and Ceramics Information Center, Battelle, Columbus, 1972, p

77-94,

Titanium Alloys: Effect of Cyclic Frequency on Fatigue
Crack Growth, in Various Environments
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Effect of cyclic frequency on fatigue crack growth characteristics
of titanium alloys in various environments.
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MAGNESIUM, TANTALUM, TUNGSTEN,
URANIUM, ZINC, ZIRCONIUM

Magnesium alloys containing more than 1.5% aluminum are susceptible to stress-corrosion cracking
(SCC). Although the incidence of SCCin service is fairly rare due to the low level of applied stressed
as well as to stress relaxation, cast alloys have undergone SCC in laboratory tests at stress levels of
50% of yield. In environments causing negligible corrosion, wrought alloys appear to be more
susceptible than cast. Substantial reductions in fatigue strength have been found in laboratory tests
using salt spray or drops.

Tantalum has undergone hydrogen assisted cracking in some severe aqueous acid media in chemical
industry applications where it was electrically coupled to a less noble material—such as low carbon
steel. Under these conditions, tantalum became the cathode in the galvanic cell thus created.
Hydrogen embrittlement has been observed when tantalum was exposed to concentrated H.SO, at
250°C or to concentrated HCL at 150°C.

Uranium-titanium alloys, uranium-molybdenum alloys, uranium-niobium alloys, uranium-
niobium-zirconium alloys and polynary uranium alloys containing small amounts of titanium,
niobium, molybdenum, and zirconium, are susceptible to SCC in distilled water and in chloride
solutions. Both transgranular as well as intergranular cracking paths have been observed.

Zinc is susceptible to SCC in tap water. Zinc coatings on steel are used to improve the corrosion
fatigue resistance of the steel by having the zinc act as a sacrificial anode. However, in the case of
high-strength steel, a break in the zinc coating can promote hydrogen embrittlement of the steel.

Zirconium and its alloys resist SCC in many environments—such as NaCl, HC], MgCl,, NaOH, and
H,S—that would induce SCC in other alloys. Zirconium service fallures are few in service
applications. The high SCC resistance of zirconium can be attributed to its high repassivation rate.
Any break in the oxide film will be quickly healed if sufficient oxygen is present. Even in dehydrated
systems, sufficient oxygen is generally present for repassivation. The environments known to cause
SCC of zirconium alloys include FeCls or CuCl; solutions, mixtures of methanol (CH3;OH) and HCI
or methanol and iodine, concentrated HNOs, and liquid mercury or cesium. A crystallographic
texture such that the hexagonal basal planes are perpendicular to the tensile stress diminishes
susceptibility to SCC,



AZ31 Magnesium Alloy: Time-to-Failure, in NaCl + K,CrO,4

Source: H.L. Logan, What We Don’t Know About Stress Corrosion Cracking, in The Coupling of Basic
and Applied Corrosion Research—A Dialogue, National Association of Corrosion Engineers, Houston,

1969, p 57-62.
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Time-to-failure for AZ31 (3Al-1Zn) magnesium alloy exposed in
a 3.5% NaCl + 2% KCrO4 aqueous solution at 30 °C.
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518 AZ31 Magnesium Alloy: Time-to-Failure, in Fresh and
Presaturated NaCl + Na,CrO,

154 © Aqueous NaCl-NapCrO4 - Fresh
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Time to Failure, sec

Time-to-failure of AZ31 magnesium alloy stressed in fresh and
presaturated NaCl + NapCrOg4.

Tension specimens were tested over arange of engineering stresses
in solutions containing 35 g/L sodium chloride and 30 g/L sodium
chromate. Times-to-failure for fresh and presaturated solutions
were not significantly different.

Source: E.N. Pugh and A.R.C, Westwood, Critical Species in Stress Corrosion Phenomena, in Stress
Corrosion Testing, STP 425, American Society for Testing and Materials, Philadelphia, 1967, p 228-247.



AZ80 and AZ61 Magnesium Alloys: Stress Versus 519
Time-to-Failure, in Aqueous NaCl + Na,CrO,4
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Stress versus time-to-failure (tf) for the two-phase alloys AZ30
(8.5A1-0.5Zn) and AZ61 (6Al-1Zn) in aqueous 40 g/L. NaCl + 40

g/L NayCrOg4.

Source: J.A. Beavers, G .H, Koch, and W.E, Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



520 Mg-Al Alloys: Stress Versus Time-to-Failure,
in Aqueous NaCl + Na,CrOy4
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Stress versus time-to-failure (tf) for magnesium-aluminum
alloys in aqueous 40 g/L. NaCl + 40 g/L. NapCrQOy4.

Source: J.A. Beavers, G.H. Koch, and W.E, Berry, Corrosion of Metals in Marine Environments, Metals
and Ceramics Information Center, Battelle Columbus Laboratories, July 1986.



Magnesium Alloys: Comparison of Stress-Corrosion 521
Cracking, in NaCl and After Weather Exposure
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Comparison of exposure periods to failure of three magnesium
alloys in the rolled (h) condition.

Intermittent immersion results indicate that the relative resistance
to stress-corrosion cracking is the same as that found in weather
exposure. The effect of the decreasing aluminum content on the
resistance to stress-corrosion cracking is particularly pronounced
in the weather exposure data (AZ61: 6Al-1Zn, AZ51: 5A1-1Zn,
AZ31: 3A1-1Zn).

Source: H.L, Logan, The Stress Corrogion of Metals, John Wiley & Sons, New York, 1966, p 221.



522 W-10 Tungsten Alloy: Effect of Heat Treatment on
Stress-Corrosion Cracking Behavior, in Sodium Chloride
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Effect of heat treatment on stress-corrosion cracking behavior in
gaseous hydrogen of W-10 alloy in aerated 3% sodium chloride
solution at open circuit potential.

W-10: 6.08Ni-2.87Fe bal W. The alloy is a duplex-phase alloy,
consisting of a binder or matrix phase and tungsten grains, and is
susceptible to stress-corrosion cracking. However, 97% W alloys
tested under similar conditions were not susceptible to stress-
corrosion cracking. At the open circuit potential, the matrix phase
is anodic with respect to the tungsten grains. Stress-corrosion
cracking of W-10 alloys occurs by anodic dissolution of the matrix
phase. W-10 alloys are susceptible to hydrogen-assisted cracking
when charged with hydrogen.

Source: J.G. Chung and D.J. Duquette, Stress Corrosion Cracking Behavior of Tungsten Heavy Alloys
in Sodium Chloride Solution, Corrosion, 44(7), July 1988, p 435-442.



W-10 Tungsten Alloy: Influence of Heat Treatment on 523
Stress-Corrosion Cracking Behavior, in Sodium Chloride
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Influence of heat treatment in gaseous hydrogen on stress-
corrosion cracking behavior of W-10 alloy in aerated 3% sodium
chloride solution at -1.2 V§CR.

Source: J.G. Chung and D.J. Duquette, Stress Corrosion Cracking Behavior of Tungsten Heavy Alloys
in Sodium Chloride Solution, Corrosion, 44(7), July 1988, p 435-442.
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Uranium Alloy U-0.75Ti: Plane-Strain Threshold for

Stress-Corrosion Cracking Versus Ultimate

Tensile Strength, in CI- Solution

SCC thresholds for U-0.75Ti in air and in aqueous environments

Ultimate tensile strength, ksi
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Heat treatment MPa ksi Environment MPaVm ksiVin,
380°C(715°F),6h.......... 986 143 Dry air 42 38
IB0°C(7TIS°F), 6h.......... 986 143 100% relative humidity air 27.5 25
3BO°C(7TIS°F),6h.......... 986 143 50 ppm Cl~ 17.6 16
380°C (71S°Fy6h.......... 986 143 3.5% NaCli 17.6 16
Aircooled .................. 607 88 Water 23 21
Afrcooled .................. 607 88 3.5% NaCl 16.5 15
450°C (840°F) ............e .. . C Air 28.6 26
450°C (840 °F) .. .....oovevt o . Water 15.4 14
450°C(B40°F) ... o . 3.5% NaCt 11 10

Plane-strain threshold for stress-corrosion cracking versus
ultimate tensile strength for U-0.75Ti in 50 ppm Cl- solution at

25°C.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



Uranium Alloy U-4.5Nb: Crack Velocity as a Function of 525
Stress-Intensity Factor and Oxygen Pressure
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Crack velocity as a function of stress-intensity factor and oxygen
pressure for U-4.5Nb.

Source: Metals Handbook, Corrosion, Vol 13, 9th ed., ASM International, Metals Park, 1987.



526 Uranium Alloy U-7.5Nb-2.5Zr: Stress-Corrosion Cracking as a
Function of Temperature, in Oxygen

MPa.mi"2
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Temperature, °C Time, h
a:5.C.C. map b: incubation and failure time
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+:x Kyi unfailed; 4 with internal 1. @ 4 failure
propagation; x without propagation X,X100°C ;0,0 60°C; A, A 20°C

® 0°C; + -20°C

Stress-corrosion cracking tests of U-7.5Nb-2.5Zr in 0.15 MPa
oxygen as a function of temperature.

Source: D. Lepoutre, A.M. Nomine, and D. Miannay, Gaseous Oxygen and Hydrogen Embrittlements
of a U-7.5Nb-2.5Zr Alloy, in Advances in Fracture Research (Fracture 81), Vol 4, D. Francois, Ed.,
Pergamon Press, New York, 1982, p 1917-1923.



Uranium Alloy U-7.5Nb-2.5Zr: Stress-Corrosion Cracking as a
Function of Temperature, in Hydrogen
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Pressure,

O Ky, @ Kyg failed;

X1+ unfailed; x without
propagation; 4 with internal
propagation ; ® corrosion

Stress-corrosion cracking map for U-7.5Nb-2.5Zr tested in 0.15
MPa hydrogen as a function of temperature.

All specimens failed, even at no load. At -20 and +20 °C, corrosion
occurs along the fatigue precrack, at the crack tip, and at some

inclusions.

Source: D. Lepoutre, A.M. Nomine, and D. Miannay, Gaseous Oxygen and Hydrogen Embrittlements
of a U-7.56Nb-2.6Zr Alloy, in Advances in Fracture Research (Fracture 81), Vol 4, D. Francois, Ed.,
Pergamon Press, New York, 1982, p 1917-1923.
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528 Uranium Alloy U-7.5Nb-2.5Zr: Crack Growth Velocity as a
Function of Oxygen Pressure
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Crack growth velocity in U-7.5Nb-2.5Zr as a function of oxygen
pressure at 20 °C.

Source: D. Lepoutre, A.M. Nomine, and D. Miannay, Stress Corrosion Cracking Behavior in Gaseous
Oxygen of a U-7.6Nb-2.6Zr Alloy, in Application of Fracture Mechanics to Materials and Structures,
G.C. Sih, E. Sommer, and W. Dahl, Ed., Martinus Nijhoff, The Hague, 1984, p 907-918,



Tantalum: Effect of Environment on Fracture Probability 529
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Effect of environment on fracture probability of tantalum spec-
imens tested under corrosion-fatigue conditions.

Environment: modified Earle’s solution, 3% sodium chloride in
water, pH 5 adjusted by additions of lactic acid.

Source: B, Weiss, et al., Corrosion Fatigue Testing of Implant Materials (Nb, Ta, Stainless Steel} at
Ultrasonic Frequencies, in Ultrasonic Fatigue, J M. Wells, et al., Ed., American Institute of Mining,
Metallurgical, and Petroleum Engineers, Warrendale, PA, 1982, p 387-412.



530 Zinc: Time-to-Failure as a Function of Applied Stress Level,
in Tap Water
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Time-to-failure of zinc at 60 °C in tap water as a function of
applied stress level.

Source: C.J. Slunder and W K. Boyd, Zinc: Its Corrosion Resistance, T.K. Christman and J. Payer, Ed.,
International Lead Zinc Research Organization, 1983, New York, p 153.



Zirconium: Effect of Acid Concentration and Temperature on 531
Stress-Corrosion Cracking, in HCI Solutions Containing Fe3+
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Effect of acid concentration and temperature on the stress-
corrosion cracking of nonwelded specimens of zirconium in HC]
solutions containing 500 ppm Fe3+,

Source: T.L. Yau and M. Maguire, Electrochemical Protection of Zr Against Stress Corrosion Cracking
by Oxidizing HCl Solutions, Corrosion, 41(7), July 1985, p 397-405.



532 Zirconium: Effect of Acid Concentration and Temperature on
Stress-Corrosion Cracking, in HCI Solutions Containing Fe3+
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Effect of acid concentration and temperature on the stress-
corrosion cracking of welded U-bends of zirconium in HCI solu-
tions containing 500 ppm Fe3*t,

Source: T.L. Yau and M. Maguire, Electrochemical Protection of Zr Against Stress Corrosion Cracking
by Oxidizing HC! Solutions, Corrosion, 41(7), July 1985, p 397-405.



Zirconium Alloy Zircaloy: Effect of NoO Additions to lodine 533
Solutions on the Time-to-Failure
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Effect of N»O additions to alcoholic solutions of iodine on the
time-to-failure of stressed split rings of Zircaloy.

A similar series of events takes place during the stress-corrosion
cracking of zirconium alloys in halogen vapors, organic halogen
solutions, and aqueous solutions of halogen and halide, In smooth
specimens, a breakdown of the oxide film occurs, followed by
intergranular chemical attack either by dissolution in solutions or
by volatilization in halogen vapors. As the chemical attack pene-
trates, the stress-intensity rises until the critical stress-intensity for
transgranular cracking is reached. Transgranular cracking is
probably controlled by absorption of the halogen and not by
chemical removal of the material or by hydrogen.

Source: B, Cox and J.C. Wood, The Mechanism of Stress Corrosion Cracking of Zirconium Alloys in
Halogens, in Mechanisms of Environment Sensitive Cracking of Materials, P.R. Swann, F.P. Ford, and
A .R.C. Westwood, Ed., The Metals Society, London, 1977, p 5620-530.



534 Zirconium Alloy Zircaloy-2: Fatigue Curves, in
Ammoniated Water
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Fatigue curves for annealed Zircaloy-2 in ammoniated water at
573 K.

Source: M.C. Teeter and R.R. Hosbons, Corrosion Fatigue of Annealed Zircaloy-2 in Aqueous Solutions
at 575 K, in Fracture 1977, Vol 2, University of Waterloo Press, Waterloo, Ontario, 1977, p 887-896.
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Source: M,C, Teeter and R.R. Hosbons, Corrosion Fatigue of Annealed Zircaloy-2 in Aqueous Solutions
at 576 K, in Fracture 1977, Vol 2, University of Waterloo Press, Waterloo, Ontario, 1977, p 887-896.

Zirconium Alloy Zircaloy-2: Fatigue Curves, in
Lithiated Water
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536 Zirconium Alloy Zircaloy-2: Fatigue Curves, in Ammoniated
Water and in Lithiated Water
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Fatigue curves for oxidized unnotched Zircaloy-2 showing the
effect of 2000 ppm Cl- in ammoniated water and 10,000 ppm Cl-
in lithiated water at 573 K.

Source: M.C. Teeter and R.R. Hosbons, Corrosion Fatigue of Annealed Zircaloy-2 in Aqueous Solutions
at 576 K, in Fracture 1977, Vol 2, University of Waterloo Press, Waterloo, Ontario, 1977, p 887-896.



Zirconium Alloy Zircaloy-4: Time-to-Failure, in lodine Vapor
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Time-to-failure for Zircaloy-4 rings (stress relieved at 683 K for

3 h) tested in an environment of iodine vapor (10 kg/m
K, some with scratched surfaces.

) at 573

Zircaloy-2: 1.5% Sn, 0.12% Fe, 0.10% Cr, 0.05% N, bal Zr.
Zircaloy-4: 1.5% Sn, 0.12% O, 0.21% Fe, 0.10% Cr, bal Zr.

Source: R. Sejnoha and J.C. Wood, lodine-Induced Stress Corrosion Cracking of Fixed Deflection
Stressed Slotted Rings of Zircaloy Fuel Cladding, in Zirconium in the Nuclear Industry, STP 681,

American Society for Testing and Materials, Philadelphia, 1979, p 261-284.
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538 Zirconium Alloy Zircaloy-4: Time-to-Failure, in
Methanol + lodine Solution
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Effect of scratching the inside surface of stressed slotted rings of
stress relieved Zircaloy-4 tubing on time-to-failure in a solution
of methanol (1 liter) and iodine (50 g) at 293 K.

Source: R. Sejnoha and J.C. Wood, Iodine-Induced Stress Corrosion Cracking of Fixed Deflection
Stressed Slotted Rings of Zircaloy Fuel Cladding, in Zirconium in the Nuclear Industry, STP 681,
American Society for Testing and Materials, Philadelphia, 1979, p 261-284.



Zirconium Alloys Zircaloy-2 and Zircaloy-4: lodine 539
Stress-Corrosion Cracking

TIME TO FAILURE — seconds
103 104 108 108
80 T T T T T T 600

80 —

70 —

50 —

HOOP STRESS — ksi
HOOP STRESS — MPa

a0

ao Wt ronul vl v 1l
107! 100 10! 102
TIME TO FAILURE —— hours

® Stress relieved Zircaloy-4 (Sandvik} at 630K
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Zircaloy Cladding Tube: Stress-Corrosion Cracking Velocity

as a Function of Stress-Intensity
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INTRODUCTION

Stress-corrosion cracking (SCC) designates failure by cracking under the combined
action of corrosion and an applied or a residual stress. The crack path may be either
intergranular or transgranular, depending on the metal and the corrosive medium.

Corrosion fatigue (CF) is the result of the application of repeated or fluctuating
stresses in a corrosive environment and is usually characterized by a shorter life than
would be encountered as a result of repeated or fluctuating stresses alone or the
corrosive environment alone.

Environmentally assisted cracking (EAC) is a generic term that encompasses
stress-corrosion cracking and corrosion fatigue, aswell as liquid metal embrittlement
(LME) and hydrogen-assisted cracking (HAC). The environment may be solid,
liquid, or gaseous.

In this introductory section, the principal features of stress-corrosion cracking and corrosion fatigue will
be presented, together with a brief review of the various test methods used to study these time-dependent
processes and a summary of the mechanisms involved. In general, the means of applying stress, whether
steady or cyclic, are relatively straightforward, as are the purely mechanical consequences of the appli-
cation of these stresses in terms of plastic deformation and crack tip behavior, although even in these
areas we continue to learn more of the mechanisms involved. The real complexities arise when
consideration is given to the manner in which the environment interacts with the mechanical processes
to initiate and propagate the cracks that result in failure. Whereas a background in mechanics and
metallurgy is sufficient to deal with the mechanical aspects of fatigue, additional background in chemical
thermodynamics, corrosion, and electrochemistry is needed to deal comprehensively with the broad field
of environmentally assisted cracking. However, even though there are difficulties in understanding the
various aspects of environmentally assisted cracking in detail, largely because the small scale of critical
reactions prevents direct observation, nevertheless considerable progress has been made in recent years
in understanding the nature of environmentally assisted cracking both in the case of stress-corrosion
cracking and in corrosion fatigue, as is demonstrated by the information presented in this Atlas.

ASM International has included a comprehensive treatment of environmentally assisted cracking in
Volume 13 of the Ninth Edition of the Metals Handbook entitled "Corrosion” (Ref 1), which contains
much useful additional background information. This Atlas differs from Volume 13 of the Metals
Handbook in that a much more extensive collection of graphs from the literature on the specific Lopics
of stress-corrosion cracking and corrosion fatigue is presented. It is hoped that this compilation of data
will be useful to engineers and researchers in need of information concerning these matters. In this Atlas,
the stress-corrosion cracking and corrosion fatigue graphs are grouped by material classifications, such
as "Copper-Base Alloys." There is an introduction to each of these sections, which describes aspects of
stress-corrosion cracking and corrosion fatigue that are pertinent to that particular group of alloys. It is
also noted that the Atlas of Fatigue Curves (Ref 2), also published by ASM International, serves as a
useful companion to the present work. In addition to an extensive compilation of fatigue curves, it also
contains information on fatigue test procedures and specimen design.
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Fig. 1 Sequence of events (left to right) in stress-corrosion
of an initially smooth specimen (Ref 3).

As indicated above, stress-corrosion cracking requires the presence of an aggressive environment.
However, such an environment may be as seemingly innocuous as distilled water, Similarly, corrosion
fatigue also involves an aggressive environment, and in this case, laboratory air may suffice. In fact, the



vast majority of fatigue tests are actually corrosion fatigue tests, with a component of ambientair —usually
water vapor and oxygen— being involved in surface reactions thatreduce the fatigue life. Only inavacuum
or in a completely dry inert gas environment can the corrosive effects of the atmosphere be avoided.
However, there are times when reactions with the environment can be beneficial rather than deleterious.
For example, the formation of a protective oxide at an elevated temperature may improve resistance to
crack initiation and growth. Even at room temperature, oxides form on fracture surfaces and increase
the crack opening level, with an attendant reduction in the rate of crack growth in the near-threshold
region.

1 | { | { | | | { { {
ok 7]
\\
-0.2 |- '
STEELS (" ~

04 (Fe*¥) ~ 7]
Lot \
..q-) _06 - =~ S~ g
= -0 Al ALLOYS T~
Z -osfF ) (AL¥7) it

I .
W -1.0f TiALLOYS Mg ALLOYS -
(Ti %) &z
L (Mg™™)
-l @
| ! ] | | l ]

_|.4IIIIII
o I 2 3 4 5 6 7 8 9 10 Il 12 13 14

pH

Fig. 2 Potential and pH data for the tips of growing
stress-corrosion cracks of four alloy systems in nearly
neutral salt water. The dashed line indicates the conditions
below which hydrogen can be reduced from water (Ref 4).

The way in which stress and the environment work together to bring about cracking is indicated in Fig.
1, which shows a generalized sequence of the events that take place during the course of a stress-corrosion
cracking process (Ref 3). It is now well established that when an aqueous environment is involved, the
chemical makeup of the solution at the crack tip, including its pH, may differ significantly from that of
the bulk solution. For example, Fig. 2 shows the crack tip pH values for four alloy systems plotted as a
function of the most active potential exhibited by the alloys in nearly neutral (pH 7) 3.5% sodium chloride
solution at room temperature (Ref 4). Also shown in Fig. 2 is a line below which it is thermodynamically
possible for hydrogen to evolve from water. For all four alloy systems, when the alloy is undergoing
stress-corrosion cracking, the conditions of potential and pH are favorable for the cathodic reaction to
be the reduction of hydrogen. Also included in Fig. 2 is the stable soluble species of the principal element
of the alloy at the potential-pH conditions of the crack tip. In the case of aluminum, the soluble species
is probably Al ++,

Figure 3 shows how the crack tip pH values for high-strength steels vary with applied potential in neutral
3.5% sodium chloride solution (Ref 4). In all cases, the conditions at the crack tip are favorable for the
hydrogen reduction process, although based only upon the pH value of the bulk solution this may not
appear to be the case. The properties of the bulk solution, on the other hand, may still be important in
the crack initiation phase. In addition, the presence of corrosion products on the crack faces may also
influence the rate of crack propagation, in some cases by actually wedging open the crack, and in others
by interfering with circulation between the bulk environment and the crack tip region. In corrosion
fatigue, however, differences between the chemistry of the crack tip region and the bulk solution may
not occur to the same degree, because a pumping action develops during the opening and closing of the
crack, which tends to keep the crack tip chemistry similar to that of the bulk. This mixing becomes more
effective with higher cyclic frequency.
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Fig. 3 pH at the tips of growing stress-corrosion cracks a
low-alloy steel tested in neutral 3.5% sodium chloride
solution; specimens potentiostatted to various levels (Ref
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Although the results of testing in the laboratory are useful in identifying the circumstances that can lead
to stress-corrosion cracking or corrosion fatigue, and also in making comparisons between materials, as
indicated in Fig. 4, it is usually not a straightforward matter to apply information gained in the laboratory
directly to the prediction of service lifetimes (Ref 5). One reason for this is that many laboratory tests
are intended more to screen for stress-corrosion cracking or corrosion fatigue susceptibility in a relatively
short time rather than to provide a basis for lifetime estimation in service. In addition, the loading and
environmental conditions expetienced in service are often not well defined. One exception is the study
of the behavior of steels used in nuclear pressure vessels where service conditions are carefully simulated
in the laboratory.
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Fig. 5 Potential-pH (Pourbaix) diagram for iron in water.

One of the guidelines for setting allowable stresses in the case of stress-corrosion cracking is the threshold
level for crack propagation, often designated as Kygec, where K[ is the stress-intensity factor for Mode I
loading at threshold for a particular combination of alloy and environment. A similar parameter, AKp,
is used in the case of corrosion fatigue, where AK is the range of the stress-intensity factor. Unfortunately
from the designer’s point of view, these thresholds only apply to cracks of macroscopic size. Cracks of
microscopic dimensions can nucleate at stress-intensity levels below these thresholds, because of the
inapplicability of linear elastic fracture mechanics (LEFM) to the treatment of cracks of the size of 1 ml
or less. The threshold stress-intensity value at threshold is related to a product of stress and the square
root of the crack length. This product is a constant for macroscopic cracks. However, if we attempt to
apply this to the case of small cracks, as the crack length approaches zero the stress must rise to
unrealistically high values. In reality, there is a transition with increasing crack length from the threshold
stress for a smooth specimen, a much lower stress than expected on the basis of linear elastic fracture
mechanics analysis, to the condition for the threshold of a macroscopic crack. To further complicate the
analysis of crack growth behavior in the early stages of crack growth in stress-corrosion cracking and
corrosion fatigue, there may be a multiplicity of cracks, some of which grow and join, and some of which
may even become dormant. Furthermore, additional cracks may nucleate at various times during
exposure. In view of the uncertainties involved in crack formation and growth processes wherein the
environment is a factor, it is clear that past experience is a useful asset in predicting future behavior.

After having pointed out some of the pitfalls of lifetime predictions, we next consider the laboratory
procedures used in the characterization of stress-corrosion cracking and corrosion fatigue susceptibility.
One of the basic aids is a potential-pH (Pourbaix) diagram. An example of a Pourbaix diagram is shown
in Fig. 5, in this case for the water-iron system. The region between the dashed lines of Fig. 5 is a region
wherein water is stable. Above the dashed line "b," oxygen is evolved, and below the dashed line "a,"
hydrogen is evolved. A Pourbaix diagram represents conditions of thermodynamic equilibrium and as
such does not deal directly with the kinetics of reactions or with the presence of metastable phases. The
diagrams do indicate which processes can occur and how strong the tendency is for changes to take place.
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Another basic aid is the potential-current (Evans) diagram. Figure 6 shows a schematic Evans diagram
in which two types of behavior for metals in solution are indicated. In Type I behavior, the corrosion or
anodic current increases monotonically with potential. In Type II behavior, the anodic current initially
increases with potential (active behavior), then decreases to a small constant value (passive behavior),
and finally increases again (transpassive behavior). These two types of behavior are not intrinsic properties
of an alloy, but are the result of interaction of the alloy with the environment. For example, a nickel-
molybdenum alloy exhibits Type I behavior in dilute HpSO4 and HCl and exhibits Type II behavior in
concentrated HySO4 (Ref 6).
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I'ig. 8 Schematic specimen and holder configurations for
bent-beam stressing. (a) Two-point loaded specimen. (b)
Three-point loaded specimen. (c) Four-point loaded spec-
imen. (d) Welded double-beam specimen. (e) Bolt-loaded
double beam specimen (Ref 10).



The information from a galvanicseries in the appropriate mediumis also useful when the only information
needed is which of the materials in a system are possible candidates for galvanically accelerated stress-
corrosion cracking or corrosion fatigue, and which will be unaffected or protected. Figure 7 gives the
corrosion potentials of various metals and alloys in flowing seawater at 10 to 25 °C (50 to 80 °F) at a flow
rate of 2.5 to 4 m/s. The alloys are listed in order of potential versus the saturated calomel reference
electrode (SCE) that they exhibited. The zero potential of the reference electrode is —0.268 V below the
zero potential of the standard hydrogen electrode (SHE). Those metals and alloys indicated by black
bars may become active and exhibit a potential near ~0.5 V§CE in low-velocity or poorly aerated water
and in shielded areas (Ref 7 and 8). Unfortunately, galvanic series have been established with such
completeness in very few environments.

Tests and Results

Most specimen configurations used for stress-corrosion cracking testing fall into the following three
categories (Ref 9): smooth, statically loaded specimens; notched or precracked specimens; statically
loaded specimens; and smooth, dynamically loaded specimens. Corrosion fatigue specimens include both
smooth and notched configurations. The types of results obtained with each of these different categories
of specimens will next be considered.

Fig. 9 Bent beam designed to produce pure bending (Ref
10).

(a) (b) (e) {d)

Fig. 10 Methods of stressing C-rings. (a) Constant strain.
(b) Constantload. (¢) Constant strain. (d) Notched C-ring;
a similar notch could be used on the side of (a), (b), or (c)
(Ref 10).
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(b)

Fig. 11 Ring-stressed specimen for field testing (Ref 10).
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Category I: Smooth, Statically Loaded Specimens

This category includes U-bends, C-rings, bent beams, and dead load tensile bars (ASTM G30, G35, G36,
(38, and G47). Figures 8 through 13 (Ref 10) show a variety of test specimen configurations that may
be used under constant load or constant displacement conditions. During a constant displacement test,
the stress levels relax as cracks form, whereas in constant load tests the reverse is true. In stress-corrosion
cracking testing of smooth specimens, the time-to-failure as a function of applied stress level or dis-
placement level is obtained, with results plotted as in Fig. 14 for different initial stresses. For specimens
as in Fig. 12, the test may simply be a quality control test to determine if the specimen will endure a
predetermined number of hours in a particular environment.

Precracked specimen configurations for stress-corrosion cracking
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In corrosion fatigue, the usual practice is to test under constant load amplitude conditions at a number
of load levels to obtain results such as shown in Fig. 15. The loading conditions for fatigue testing are
more varied than for stress-corrosion cracking testing. For example, the mean stress is a variable, and
the designations "R" (equal to the ratio of the minimum to maximum stress in a cycle) and "A" (equal
to the ratio of the stress amplitude to the mean stress) are used toidentify the nature of the loading cycle.
R and A are interrelated through the equation:
R=(1-A)/1+4) @)

In addition, there is more attention given to the effects of variable amplitude loading in fatigue than is
the case with stress-corrosion cracking, although in service applications involving the potential for
stress-corrosion cracking the load levels canvary. Inestimating lifetimes under variable amplitude loading
in either stress-corrosion cracking or corrosion fatigue, in first approximation it can be assumed that
linear damage rules apply. That means for corrosion fatigue at a given frequency failure will occur when
the sum of the fractional cyclic lifetimes spent at each amplitude is equal to unity. A similar rule applies
for stress-corrosion cracking.

Inert environment
or high frequency

Aggressive
environment

Stress ————»

Log (number of stress cycles to failure) ————--

Fig. 15 Comparison of S/N curves for a material in an inert
environment and in an aggressive environment.

Category 2: Notched and Precracked Specimens

This category includes specimens such as cantilever beams, compact tension specimens, and double
cantilever beams (ASTM E399). Figure 13 shows a variety of such specimens, which are used in
stress-corrosion cracking studies as well as corrosion fatigue tests. A schematic of a wedge-opening load
specimen used in stress-corrosion cracking testing is shown in Fig. 16. A labeling system to indicate the
orientation of specimens in the parent product is shown in Fig. 17. Because the stress-corrosion cracking
properties are often lowest in the short-transverse direction, loads are often applied in that direction to
obtain the most conservative results.

If notched specimens are used to study stress-corrosion cracking or hydrogen embrittlement, results as
in Fig. 18 (Ref 11) are obtained.
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Iig. 16 Schematic showing the basic principle of a wedge-
opening load specimen.

Non-primary

Cylindrical sections

Fig. 17 Specimen orientation and fracture plane identifi-
cation. L, length, longitudinal, principal direction of met-
alworking (rolling, extrusion, axis of forging); T, width,
long-transverse  grain  direction; S, thickness,
short-transverse grain direction; C, chord of cylindrical
cross section; R, radius of cylindrical cross section. First
letter: normal to the fracture plane (loading direction);
second letter: direction of crack propagation in the fracture
plane (Ref 10).
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In studying crack growth characteristics in the linear elastic range, i.e., where the scale of the plastically
deformedregion at the crack tip is small with respect to other specimen dimensions as specified by ASTM
399, it is customary to use the stress-intensity factor, K, as a correlating parameter. K is defined as:

K =38 Ko V22 @)

where K; is the theoretical stress concentration factor, o is the applied stress, and p is the radius of the
tip of the stress raiser.

The local elastic stress field at a crack tip is related to K through equations of the type:

- A ©)

oy = T §(0)

where ayy is the local stress in the loading direction, and r and ¢ are polar coordinates measured from
the crack’tip.

Thevalue of Kisa function of the applied load or applied displacement, the crack length, and the specimen

geometry. As an example, the expression for K for the commonly used compact tension specimen shown
at the top of the third column in Fig, 13 is:

K = PBWI2. fa/W)  (4)

f(a/W) = [(2 + a/W) (0.886 + 4.64 a/W) — 13.32 a2/W2 + 14.762 a3/W3 — 5.6 at/W4]/(1 — a/W)3/2

where P is the applied load, B is the specimen thickness, W is the specimen width measured from the
load line, and a is the crack length, also measured from the load line.
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I'ig. 18 Static fatigue curves for steel embrittled by
hydrogen showing the effect of notch sharpness (Ref 11).

The nature of test results will depend on the nature of the loading method used. In Fig. 19(a), note that,
asastress-corrosion crack grows in a cantilever specimen under constant load, the K level rises throughout
the test, and the test terminates when the level of the fracture toughness is reached. In contrast, under
constant displacement loading, the K level decreases during the test until the threshold level for propa-
gation, Kjsee, is reached (Fig. 19b). In a decreasing K test, it is frequently observed, as shown in Fig.
19(b), that the initial crack velocity may be constant. Figure 20 is an overall schematic that illustrates the
relationship between the applied K level and the velocity of crack growth. In this figure, there are two
regions in which the crack growth rate is K dependent, These regions are separated by a plateau region



in which the velocity is either constant or almost independent of K. In the plateau region, the lack of
dependency of the crack velocity on K occurs because the rate of crack growth is limited by the rate of
diffusional processes taking place in the solution at the crack tip.
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Fig. 19 Schematic comparison of determination of Kjygce
by crack initiation versus crack arrest. (a) Constant load
test. (b) Constant initial crack opening displacement test,
a, = depth of precrack associated with the initial stress-
intensity Kjo; V1 = plateau velocity (Ref 10).

Figure 21 is a schematic of types of environmentally assisted fatigue crack growth behavior (corrosion
fatigue) compared to growth in an inert environment (Ref 12). Environmentally-assisted fatigue crack
growth may be broadly characterized in terms of the three general patterns of behavior illustrated. The
first type, Type A, represents those material-environment systems in which the environmental effect
results from the synergistic actions of fatigue and corrosion. Such behavior is observed in tests of alu-
minum in water. The environmental effect is evidenced by a reduction in the apparent threshold for crack
growth and increases in the rate of crack growth at given AK, levels. As AK, the fracture toughness value,
approaches either K or Kjc, the environmental influences are diminished as a result of either the
rate-limiting nature of transport processes or other mechanical-chemical interactions.
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The second type of behavior, Type B, typified by the hydrogen-steel system, represents those systens
where there is a substantial environmentally enhanced sustained load crack growth component. The
environmental effects are quite strong above some frequency-dependent apparent threshold for
stress-corrosion cracking, Kygee, and are negligible below this level. A broad range of material-
environment systems exhibits behavior that falls between these two extremes, Type C. The response of
materials will depend not only on the environment, but also on the loading frequency, the mean stress
level, and waveform.
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Category 3: Smooth, Dynamically Loaded Specimens

This category includes primarily the slow strain rate specimens (SSRT) used in the evaluation of sus-
ceptibility to stress-corrosion cracking. The most recently developed method for accelerating the
stress-corrosion cracking process in laboratory testing involves relatively slow strain rate tension testing
of aspecimen during exposure to appropriate environmental conditions. The application of slow dynamic
strain exceeding the yield strength assists in the initiation of stress-corrosion cracking by film rupture in
accordance with various general mechanisms for stress-corrosion cracking. A principal advantage of slow
strain rate testing is the rapidity with which the stress-corrosion cracking susceptibility of a particular alloy
and environment can be assessed.

Slow strain rate tests are carried out to fracture. Usually, a tensile testing machine pulls a sample that is
exposed to the environment at a low crosshead speed (10'5 to 109 m/s). The strain-to-failure in the
corrosive environment and the strain-to-failure in an inert environment can then be plotted against the
strain rate, as shown in Fig. 22(a), or the ratio of these measurements can be plotted, as shown in Fig.
22(b). The schematic results for Alloy B indicate that at the lowest strain rates the rate of cracking is low
because there is sufficient time for protective films to reform. As the strain rate is increased, there is a
minimum in ductility that corresponds to a maximum in the rate of cracking. At still higher rates, there
is insufficient time for corrosive attack, and the ductility rises. The ratio of other tensile property mea-
surements, such as reduction in area and ultimate tensile strength, may be plotted. If the extension rate
is controlled rather than the strain rate, the test may be called a constant extension rate test (CERT).
They are sometimes also referred to as straining electrode tests. These are excellent tests for comparing
the relative susceptibility of alloys to cracking in an environment or for studying the influence of metal-
lurgical variables on the susceptibility of an alloy. However, the application of the data to the prediction
of actual in-service crack propagation rates is difficult and unreliable (Ref 13).

Mechanisms for Stress-Corrosion Cracking

Ithas been pointed out (Ref 14) that a general mechanism for stress-corrosion cracking is an unreasonable
and unattainable goal. Specific processes appear to operate under specific sets of environmental and
metallurgical conditions. Fromarather broad point of view, it can be said that there isa general mechanism
in the sense that slip processes do operate, dissolution does occur, electrochemical reduction does occur.
A montage showing many of these common processes is shown in Fig. 23. However, it is the degree to
which each of these component processes operates that controls the cracking. Thus, in a given cracking
process, only three or four component processes operating together may be necessary to specify the
sufficient conditions for cracking. It is this critical combination of processes that comprises the "mech-
anism."
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The first step in stress-corrosion cracking is the localized breakdown of the surface oxide film. In many
cases, this occurs by slip in the alloy and results in the exposure of unfilmed metal at the slip step. The
localized dissolution of this exposed material, as influenced by the potential level, is significant in some
mechanisms. For example, in the case of stainless steels, there are two potential regions wherein trans-
granular cracking is observed. These regions are indicated in Fig. 24. One of these, the lower zone in Fig.
24, is in the active-passive region; the other is in the transpassive region. The localized corrosion at the
crack tip, which is needed for crack propagation, can occur in these regions, because films will form over
the crack surfaces, thereby preventing general corrosion. In these potential regions, therefore, general
corrosion and corrosive blunting of the crack tip does not occur, which is a general requirement of any
stress-corrosion cracking mechanism. The role of films is significant in some of the proposed mechanisms,
which are discussed below.

Fig. 25 Schematic diagram of the sequence of events

occurring at the tip of a propagating stress-corrosion crack
(Ref 15).

Repeated Film Rupture

A schematic diagram of the sequence of events occurring at the tip of a propagating crack is shown in
Fig. 25 (Ref 15), and the sequence of events in going from A to D in this figure is as follows. (A) The tip
of the crack and the surfaces of the crack are covered by a film. P is a slip plane at the crack tip. (B) The
slip plane undergoes a shear and a new, unfilmed reactive surface is created as the crack tip moves
forward. (C) Corrosive attack occurs on the reactive surface while repassivation begins on the outer edge.
"The morphological aspects of the attack may vary from alloy to alloy, and it is not necessary that the
attack occurs preferentially along the slip plane. (D) Repassivation occurs and the process is ready to
repeat, provided the strain rate at the crack tip is of sufficient magnitude to ensure repeated rupture of
the film together with crack advance. A variation of this type of model applied to intergranular cracking
of brass in a tarnishing solution is shown in Fig. 26 (Ref 16).

Slip-Dissolution

In the simplest view of this process, all that is required is that slip ruptures the surface oxide film and that
dissolution along an active path then takes place to advance the crack. In precipitation-hardened alu-
minum alloys, there are electrochemically favorable paths for cracking along grain boundaries because
of the presence of denuded zones and grain boundary precipitates. A process referred to as "active path
dissolution" has been proposed to account for stress-corrosion cracking in these alloys. In this view,
compounds such as MgZn2, which are anodic with respect to their surroundings along a grain boundary,
dissolve preferentially, and the applied stress acts to tear ligaments of remaining grain boundary material.
Behind the crack tip, the crack surfaces are coated with a film so that general corrosion does not occur.
Innon-age-hardenable materials, these active paths are not present, and in the absence of such favorable
paths for cracking, a process of stress-assisted dissolution may occur. The process can result in complete
dissolution of the entire plastic zone at a stress raiser rather than cracking.
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Fig. 26 Schematic illustration of the tarnish-rupture
mechanism for stress-corrosion cracking of a-brass in
tarnishing solutions. The tarnish is considered to grow
preferentially along a grain boundary (b), until it under-
goes brittle fracture (c). The crack is arrested by slip in the
substrate, exposing metal to the environment (d). Further
intergranular penetration then occurs (e), leading to fur-
ther limited fracture (f). Crack propagation thus proceeds
by repeated cycles, the resulting fracture surface showing
evidence of discontinuous fracture (g) (Ref 16).

A slip-dissolution/film rupture mechanism was chosen to model stress-corrosion cracking in types 304
and 316L stainless steel and A533B and A508 low-alloy steel in water at 288 °C (Ref 17). In this model
(Fig. 27), crack advance is related to the oxidation reactions that occur at the crack tip as the protective
filmis ruptured by increasing strain in the underlying matrix. This rupture event occurs with a periodicity,
tg, which is determined by the fracture strain of the oxide and the strain rate at the crack tip. In this model,
fracture of the film is not contingent upon the occurrence of plastic deformation in the substrate, as in
other models. The extent of crack advance is related by Faraday’s Law to the oxidation charge density
associated with dissolution and oxide growth (passivation) of the bared metal surface, as shown in Fig.
27. The crack growth rate, Vi, can be given in general form as:

Vi = f(n)(écp)? ®)

where égt, the crack tip strain rate, embodies the mechanical contributions, and n is a parameter that
represents the effects of the environment and material chemistries on environmentally assisted crack
growth,

There are limits to the validity of the crack growth rates predicted by the above equation, as indicated in
Fig. 28. At high crack tip strain rates of the order of 10-4/s, a bare surface is maintained continuously at
the crack tip, and the environmentally assisted crack growth rate becomes independent of the crack tip
strain rate because it cannot exceed the Faradaic equivalent of the bare surface dissolution rate. At the
verylowest crack tip strain rates, sharp cracks are not maintained when the average crack tip propagation
rate approaches the oxidation rate on the crack sides. Under this particular condition, the crack propa-
gation rate decreases with exposure time and crack arrest occurs due to blunting.
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Hydrogen-Assisted Cracking

Muchcurrent research in bothstress-corrosion cracking and corrosion fatigue emphasizes the importance
of hydrogen in these processes, although the specifics of how hydrogen assists the cracking process are
still open to debate. There is evidence that, in aluminum alloys, steel, titanium alloys, and in nickel-base
alloys, hydrogen-assisted cracking is an important aspect of the overall cracking process. In this Atlas, we
are concerned about the influences of hydrogen in stress-corrosion cracking and corrosion fatigue.
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However, at elevated temperatures there are problems of a different nature, because steels in a hydrogen
environment can undergo decarburization, as well as blistering due to the formation of CH4 at internal
pores. To avoid these problems, operating limits have been set for steels in hydrogen service, as indicated
by the Nelson diagram in Fig. 29 (Ref 18).

'WEAK' CHEMISORPTION

COALESCENCE OF
CRACK WITH voID

Fig. 30 Schematic diagrams illustrating the adsorption-
induced localized slip process for environmentally assisted
cracking (Ref 21).

Atroom temperature, the problems associated with hydrogen are related to embrittlement. For example,
itis known that charging a notched steel specimen with hydrogen can lead to delayed failure of a brittle
nature, as shown in Fig. 18. It has been proposed that the volume expansion associated with the state of
triaxial stress ahead of the notch or crack results in the diffusion of carbon to this region in sufficient
concentration to weaken enough iron-iron bonds to develop localized rupture. However, it now appears
that the increase in hydrogen concentration due to triaxiality at a notch is not sufficient for the concen-
tration of hydrogen to increase enough to bring about embrittlement (Ref 19). In view of this finding, it
has been postulated that localized regions of extremely high triaxiality do exist and allow the hydrogen
level to increase to a level sufficient to result in localized rupture (Ref 20).

Another view that is supported by much recent evidence is that hydrogen adsorption at a crack tip or
notch promotes the localization of the plastic flow and microvoid coalescence processes (Ref 21). A
schematic of this model is shown in Fig. 30. In Fig. 30(a), adsorbed hydrogen atoms weaken interatomic
bonds and thereby facilitate the shear movement of atoms (i.e., dislocation nucleation) at crack tips. In
TFig. 30(b), dislocation injection from the crack tip first on plane D1 and then on plane Dg produces an
increment of crack advance, Aa. In Fig. 30(c), some dislocation activity (not shown) occurs ahead of the
crack tip producing voids. Cracks, growing by alternate slip, coalesce with those voids that are formed
along the line of prolongation of cracks, so that the macroscopic fracture plane bisects the active slip
planes.

Another possible role of hydrogen is to form hydrides, as has been observed in titanium, for example.
These hydrides have weak interfaces with the surroundings, and it is reasonable to expect that localized
rupture can occur along such interfaces.
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Models for Corrosion Fatigue

With respect to the modeling of corrosion fatigue, most approaches have dealt with crack propagation
rather than the crack initiation stage. Processes such as film rupture, dissolution, and hydrogen-assisted
cracking, which are important in stress-corrosion cracking, are also important in corrosion fatigue. One
approach to the analysis of corrosion fatigue crack propagation behavior is to assume that the effect of
the environment can be superimposed upon the purely mechanical aspects of the process. In this
approach, the rate of fatigue crack propagation is the sum of two components:

da/dN = AAKM yeeh + Bepy (©)

This equation was used in the analysis of the rate of fatigue crack growth of brass in an ammoniacal
copper sulfate environment (Ref22). Bis the amount of tarnish formed per cycle, a function of frequency.
The thickness of the tarnish film, x, as a function of time, t, in the absence of cyclic loading, was exper-
imentally found to be:

x=279x 104 %2 7

where x is in millimeters and t is in hours. The results of the analysis, are shown in Fig. 31. In this analysis,
it was assumed that the fatigue behavior in air was independent of frequency.

A superposition approach has also been employed in the analysis of the effects of water vapor or aqueous
environments on the corrosion fatigue crack propagation in high-strength alloys where hydrogen is
thought to exert an important environmental influence (Ref 23 ). The processes involved are:

1. Transport of the deleterious species to the crack tip
Reactionswith the newly produced crack surface to produce hydrogen or to effect dissolution
Hydrogen entry (or absorption)
Diffusion of hydrogen to the fracture (or embrittlement) site
Partitioning of hydrogen among the various microstructural sites

6. Hydrogen-metal reactions leading to embrittlement (that is, the embrittlement reaction)
The rate of fatigue crack growth was expressed as:

da/dN = (Cp + Ce/f)AK? @®)

A

where Cq is a coefficient for crack growth in an inert environment, Ce is a coefficient for the added crack
growth in the aggressive environment, and f is the cyclic frequency. The expression was found to be in
accord with experimental results.
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A generalized treatment of corrosion fatigue and stress-corrosion cracking has developed, which is based
upon Eq 5 (Ref 24). From considerations of the effect of strain rate in crack propagation in ductile
alloy/aqueous environment systems, a smooth transition in da/dt values with changes in the instantaneous
strain rate is expected, and such a transition has been noted for sensitized stainless steel in water under
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static, rising, and cyclic loading conditions. It follows therefore that any commonly quoted values of
threshold stress (ath) and stress-intensity (Kygee) for the onset of the environmental enhancement of
cracking apply only to static conditions, and if there is any superimposed dynamic load, the oty or Kygee
will decrease, as has been observed in stainless steel/water and low-carbon steel/bicarbonate systems.
Figure 32 indicates the expected variation of the crack propagation rate with stress-intensity for different
instantaneous crack tip strain rates.

In the development of a general model for corrosion fatigue crack propagation, the role of mean stress
also needs to be considered. It has been proposed that there is a boundary, indicated by the dashed line
in Fig. 33, between a dynamic stress-corrosion cracking region and a corrosion fatigue region (Ref 25).
Above this dashed line, intergranular fractures that are characteristic of stress-corrosion cracking in 4340
steel were found, and below the dashed line, transgranular fractures associated with corrosion fatigue,
were found. The threshold values in air and in the test solution are also shown in Fig. 33.

In the foregoing discussion of corrosion fatigue, we have been concerned with the effects of water vapor
and aqueous environments. Oxidation can also exert an important environmental influence on corrosion
fatigue behavior, particularly at elevated temperatures in air, and sometimes with unexpected results.
For example, under continuous cycling, 2.25Cr-1Mo steel tested in air exhibited a decrease in life com-
pared to those obtained in vacuum, as expected. However, if a 10-min hold time is introduced into each
cycle in air, either at the maximum tensile strain or at the maximum compressive strain, it was somewhat
unexpected to find that the hold in compression shortened the life more than a hold in tension. At a total
strain range of 0.85 at 593 °C, the fatigue lifetime with a tension hold was more than 1065 cycles, whereas
with a compression hold the lifetime was only 799 cycles. The reason for this behavior was due to the
oxide. The oxide that formed during a tension hold spalled off the surfaces of the specimen during
subsequent compression. However, the oxide that formed during compression did not spall off in the
subsequent tensile portion of the cycle. Instead the oxide cracked, and the formation of these cracks
resulted in a shortening of the fatigue life relative to the tension hold case (Ref 26).
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