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GENERAL 'nhc Naval Civil Engineering Laboratory has
also studied the effect on fouling an3 corrosion of

The current status of theories for stress- Saran and polytetrafluorethylene (TEE) films applied
corrosion cracking has been reviewed by the Re- with pressure sensitive adhesive to painted and un-
search Institute for Advanced Studies.(l) Emphasis painted carbon steel and unpainted stainless steel

( was placed on research conducted since 1965 as it and K-Mouel panels. (4) The Saran- and TFE-coated
applies to four proposed models of crack propaga- panels were exposed in the sea for 5 and 8.5 months,
tion: (1) the rupture of a passive film at the respectively. All panel. werc --vered with heavv
crack tip by continual Flastic deformation; (2) the marine growth when removed from the sea. The marine

( dissolution of anodic deformed film-free metal at growth was removed rapidly by stripping off the plas-
the crack tip; (3) the adsorption of a specific tic film. In general, the plastic films protected
species that interacts with strained bonds at the the metal from fouling and corrosion, although cre-
crack tip causing a reduction in bond strength vice corrosion occurred on Type 302 stainless steel

'1 among atoms and producing a brittle fracture; and where seawater entered through ruptures in the film.
(4) the britti_ fracture of an embrittled surface
layer which proceeds discontinuously in repeated The efficacy of sealing compounds, paint
cyclc ; f formation and rupture of the film. coatings, and galvanic anodes for preventing corro-

sion, crevice corrosion, and galvanic corrosion in
The anodic polarization behavior of titan- seawater also has been studied by the Naval Civil

ium, nickel, stainless steel, and carbon steel in Engineering Laboratory.(5) Specimens were immersed
molten salts has been investigated in South Africa(

2
) 91 days in tide water at Point Mugu, California. A

Regions of corrosion and passivation were found in polyurethane paint system provided good protection
the anodic polarization curves. Carbon steels and to metal panels, effectively prevented galvanic corro-
stainless steels could be anodically protected in sion between panels and dissimilar metal strips, and
molten sodium nitrate at 350 C (662 F) and molten prevented crevice corrosion. The relative effective-
ammonium acetate at 130 C (266 F). However, anodic ness among sealing compounds in excluding seawater
protection could not be achieved with steel or stain- from crevices at fasteners was (from best to worst)
less steel in molten sodium hydroxide at 350 C PR1532, DC780, DC93046, PR1422, PR1527, DClI, sprayed
despite indications of a passive region in the polar- PVC. A zinc anode prevented corrosion and galvanic
ization curves for these materials in this environ- corrosion of anodized 6061-T6 aluminum samples fas-
ment. tened together with Type 304 stainless steel and

Monel 400 rivets.
The Naval Civil Engineering Laboratory has

exposed specimens of 215 different alloys for 6 ALUJMINUM ALLOYS
months in the sea at a depth of 5 feet, and has com-
pared the results with exposures in the deep ocean The behavior of intermetallic compounds in
at 2500 and 6000 feet.(3) Highly alloyed nickel aluminum alloys during anodizing has been reported
alloys, titanium alloys, silicon cast irons, special- by Alcan Research and Development.(

6
) MnAl6 was

ty stainless steels, columbium, tantalum, and tan- found to be relatively inert and was carried into
talum-tungsten alloy were uncorroded after exposure the anodized coating. FeAl3 oxidized at about the
at both shallow and great depths. The corrosion same rate as the aluminum matrix and the oxidation
rates of the copper-base alloys, nickel-base alloys, products were retained in the film. MgSi and CrAl7
steels, and cast irons decreased as the oxygen con- oxidized more rapidly than the ratriy The inter-
centration in the seawater decreased (dissolved metallic compounds which were inert or dissolved
oxygen content at 5 feet , 6000 feet - 2500 feet). rapidly were detrimental to the briglhtness, appear-
The copper-base alloys, steels, cast irons, moly,- ance, and corrosion resistance of the anodic films.
denum, tungsten, leads, and lead-tin solder corro- Manganese, silicon, and chromium in solid solution in
ded uniformly. All the aluminum alloys exhibited aluminum were retained in the anodic film, but mag-
pitting and crevice corrosion which was more severe nesium was dissolved.
at depth than near the surface. The stainless steels
exhibited crevice attack, pitting, and edge and tun- The stress-corrosion-cracking behavior of
nel corrosion except for Types 310, 317, and 329 707s-T651 aluminum alloy in organic environments
as well as 20 Cb, 30 Lb-3, and AI-350 which had Nab bcnc. rcported by Carnegie-Mellon University.(7)
only incipient crevice corrosion. The crevice corro- U-bend specimens did not crack after a 210-day expo-
sion on the stainless steels was more severe near sure to carbon tetrachloride and ethanol, althoug].
the surface than at depth. duplicate specimens exhibited stress-corrosion
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cracking in 3.5 percent NaC1 solution. On the solution using fatigue-precracked plane-strain canti-
other hand, stress-corrciion cracks prol,agated from lever-beam specimens. Under these co,.ditions, the
fatigue-precracked cantilever-beam specimens ex- value of Kiscc was independent of prior austenite
posed to methanol, ethanol, carbon tetrachloride, grain size and ranged from 14 to 16 ksi. However,
isop:opanol. and ethvlene plvcol. with the latter the crack growth rates decreased (time to failure
cvo being least aggressive. Analy .es of the ethanol increased) with decreasing prior austenite grain
and carbon tetrachloride solutions revealed the size. The results were interpreted Lo indicate the
presence of aluminum for the stress-corrosion tests, feasibility of increasing the yield strength of
while no aluminum was found for the tests conducted steels by grain refinement without increasing the
without 'tress. The crack propagation in these susceptibility to stress-corrosion cracking, or,
organic environments was concluded to be analogous alternatively, the stress-corrosion resistance at a
to that ohserved in aqueous environments, and hydro- particular strength level can be improved by using
gen was probably not a factor because of the ob- an ultrafine-grained steel tempered at higher tem-
served cracking in carbon tetrachloride. peratures.

FERROUS ALLOYS Estimates of the pH at the tip of an advanc-
ing stress-corrosion crck in high-strength steels

Hih-Streagth Steels have been made at the Naval Research Laboratory.(12)
The specimens were frozen while the crack was propa-

The fatigue crack growth rate of three new gating, the crack was opened up, and the pH was then
high-strength structural steels has been studied at measured when the frozen corrodent melted. In neu-
the Naval Research Laboratory.(8) The steels were tral 3.5 percent NaCl solutiuns, the pH near the
9Ni-4Co-0.20C quenched and tempered, 1ONi-2Cr-lMo- crack tip in martensitic, precipitation-hardening,
8Co dual strengthened, and 13Cr-8Ni-2Mo PH precipi- and maraging steels was between 3.6 to 3.8. The
tation-hardened stainless, and they ranged in yield alloying elements in solution near the crack tip
strength from 176 to 193 ksi. Notched cantilever- were present in the same proportion as in tne steel.
bend specimens of each steel were cycled ze,.-.o-
tension in room air and in 3.5 percent NaCl solu- Stainless Steel
tion. The results revealed that the three steels
possessed significantly greater resistance to Commercial and experimental iron-chromium-
fatigue-crack propagation and less sensitivity to nickel alloys have been evaluated in H2S in labora-
the environment than previously studied steels of tory and pilot-plant corrosion tests conducted by
comparable strength, although the 13Cr-8Ni-2Mo al- the Sinclair Refining Company.(1

3
) Iron-20Cr-33Ni

loy exhibited greater sensitivity to the salt-water alloys with additions of 4 percent aluminum were
environment than the other two steels, resistant to one atmosphere 112S at 1100 F, and were

superior to the best commercial stainless steels.
The effect of 0.09 to 2.15 -ercent silicon At 1200 and 1425 F, the corrosion rate decreased

additions on the stress-corrosion-cracking reals- markedly with increasing aluminum additions through
tance of 4340 steel in 3.S percent NaCI solution has 14.8 percent. However, at 1800 F, even the 14.E per-
been studied by Boeing.(9) In the 280- to 300-ksi cent aluminum alloy was severely attacked.
range of tensile strength, silicon did not increase
the threshold stress intensity parameter Kiscc, but Atomics International has continued the study
crack velocity was significantly retarded at silicon of the helium embrittlement of stainless steels.(1

4
)

levels above 1.5 percent. In the 230- to 240-ksi Helium was injected into tensile specimens of Type
tensile-strength range, silicon additions of less 405 stainless steel by alpha-particle irradiation
than 1.5 percent improved Klscc, but silicon had no from a cyclotron. Subsequent tensile testing at 550,
effect on crack velocity at any of the silicon lev- 650, and 750 C (1020, 1200, and 1380 F) of material
els. containing 4 x 10-

5 
atom fraction of helium revealed

an increasing loss in ductility with temperature
The factors affecting stress-corrosion-crack which reached 55 percent at 750 C. The helium caused

branching in 4330V, fll, 9Ni-4Co-0.45C, 4340, and the failure mode td change from transgranular to in-
maraging steels have also been studied by Boeing.

(10 )  
tergranular. Large helium bubbles formed voids at

Tests were conducted in 3.5 percent aqueous NaCl grain-boundary carbide particles and were the origin
solution with deadweight-loaded fatigue-prf.;acked of the intergranular cracking failure. The behavior
notched specimens in either four-point or cantilever of the ferritic Type 405 stainless steel containing
bending. Two conditions were associated with stress- helium was similar to that of the austenitic stain-
corrosion-crack branching: (I) a constant crack less steels studied previously.
velocity and (2) a critical stress-intensity Klb.

For several of the steels, Klb equalled two to four TITANIUM ALLOYS
times Klscc (Klscc is the pa"-ctrain threshold
stress-intensity factor l;iwu which stress corro- The Navy Materials Laboratory has determined
sion does not contribute to crack propagation), the cause of cracking and ultimate failure of the
When the Klscc/Klc ratio exceeds 0.5, rapid brittle cast Ti-6AI-4V forward port propellor trom the hydro-
failure is surmised to occur before Klb can be foil craft HIGHPOINT.(15) The results of fracto-
reached (KIc is the plane-strain fracture toughnesa graphic and radiographic examinations indicated that
of the material), the initial cracking resulted from residual stresses

associated with a weld repair. The ultimate failure
The effect of prior austenite grain size on was attributed to the rapid propagation of these

the susceptibility of AISI 4340 steels to stress cracks by stress-corrosion cracking, although the
corrosion cracking has been st,,died by Carnegie- growth of the dominat crack was also aided by fatigue.

Mellon University.(ll) The grain size of the al-
loys covered the range ASTM 7 to 12 and the yield Estimates of the pH of the solution at the
strength covered the range 240 to 270 ksi. Stress- tip of an advancing stress-corrosion crack in titan-
corrosion tests were conducted in 3.5 percent NaCl ium alloys have also been made at NRL (see section
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cn iron-base alloys).tl
2
) A pH of 1.5 was observed (6) Cate, J., et al, "The Behavior of Intermetallic

at the crack tip in 7A1-2Cb-lTa and 8A1-lMo-lV al- Compoundb in Aluminum During Sulfuric Acid
loys exposed to neutral 3.5 percent NaCI solution. Anodizing", Plating, 56 (4), 386-394 (April
Aluiium ions were found in the corrodent at the 1969).
crack tip, but not further back where the pH was
higher. Titanium ions were also found in solution (7) Procter, R.P.M., and Paxton, H. W., "Stress
at the crack tip. Corrosion of the Aluminum Alloy 7075-T651 it,

Organic Liquids", Carnegie-Mellon University,
Additional research on the mechanism of Pittsburgh, Pa., paper presented at the 1968

hot-salt cracking of titanium alloys was performed ASTM Fall Meeting held in Atlanta, Ga., Septem-
by Du Pont.(16) Ultraviolet spectroscopic studies ber 29-October 4, 1968.
of the products of reaction of Ti-8Al-IMo-lV chips
with NaCl revealed significant quantities of HCI (8) Crooker, T. W., and Lange, E. A., "Corrosion-
but little or no chlorine at temperatures of 340 Fatigue Crack Propagation Studies of Some New
to 650 C (645 to 1200 F), indicating that HCI, High-Strength Structural Steels", Report 6870,
rather than chlorine, causes hot-salt cracking. Naval Research Laboratory, Washington, D. C.
Salt coatings of NaCI, NaBr, and Nai caused crack- (April 3, 1969).
ing of titanium alloy specimens. No cracking oc-
curred with NaF. This was attributed to the fact (9) Carter, C. S., "The Effect of Silicon on the
that NaF does not occlude water and that any HF Stress-Corrosion Resistance of Low-Alloy,
which might be ger..rated reacts to form TiF. which High-Strength Steels", Report D6-23872, The
immediately sublimes, sweeping hydrogen gas with it. Boeing Company, Renton, Wash., ARPA ontract
Thus, hydrogen (which is believed to be the ulti- N00014-66-C-0365 (March 1969).
mate cause of cracking) does not enter the metal,
wnu cracking ooes-not occur. (10) Carter, C. S., "Stress-Corrosion Crack Branch-

ing in High-Strength Steels", Report D6-23871,
NRL has developed procedures for incorporat- The Boeing Company, Renton, Wash., ARPA Con-

ing atress-corrosion-cracking characteristics into tract N00014-66-C-036S (March, 1969)
the Ratio Analysis Diagram (RAD) system for provid-
ing generalized engineering solutions for fracture- (11) Procter, P.P.M., et al, "The Effect of Prior
toughne*: assessments of structuruiL tLIit.lu al- Aust-nite Grain Size on the Stress-Corrosion
loys.(

17
) The features of the combination PAD sys- Cracking Susceptibility of AISI 4340 Steel",

tem are limit lines that indicate (I) the highest Research Report (AD 682219), Carnegie-Mellon
level of KIscc/ays ratios for which accurate plane- University, Pittsburgh, Pa. (January 1969).
strain interpretation to flaw size-stress conditions
for stress-corrosion cracking can be made for 1- (12) Sandoz, G., "ARPA Coupling Program on Stress-
inch thick plate and (2) the highest level of stress- Corrosion Cracking", NRL Memorandum Report
corrosion-cracking resistance measured in extensive 1991, Naval Research Laboratory, Washington,
surveys of plate materials I-inch thick. D. C. (March 1969).
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