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ALUMINUM ALLOYS
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A comprehensive list of inhibitors and refer-
ences to inhibitors for aluminum alloys has been
prepared by Indian scientists.[1] Inhibitors are
described for exposure to mineral acids, ammoniacal
solutions, alcohols, glycols, organic bases, surface-
active agents, natural atmospheres, and miscel-
laneous environments,

The electrochemical characteristics of alum-
inum galvanic anodes in the sea have been studied

mby the Naval Research Laboratory.[2] The experi-

=

ments were conducted at Key West, Florida, on six
types of commercial anode alloys. The mercury-zinc-
aluminum anode consistently produced the highest
efficiency with a minimum of 1250 amp hr/1b. The
current capacity of indium-zinc-aluminum anodes was
757 to 900 amp hr/lb at nominal in-service current
densities, while that of tin-zinc-aluminum anodes
was 630 to 1000 amp hr/1b with the lowest value be-
ing obtained at low-current densities. The heat
treatable tin-zinc-aluminum anodes were not con-
sidered to be suitable for galvanic anodes in sea-
water based on their current outputs and current
capacities.

The English have studied the effect of fre-
quency on the fatigue behavior of an age-hardening
aluminum alloy in air and water environments.[3]

The alloy composition was 2.5 copper, 1.5 magnesium,
1.0 iron, 1.2 nickel, and 0.1 titaniur. Its tensile
strength was 28.4 tonf/in2 (439 MN/m2). Tests were
conducted at 96 Hz and 20 kHz on cyvlindrical axial
push/pull specimens. Shorter fatigue life was ob-
served in water than in air. Specimens failed after
a greater number of cycles at the high frequency but
exhibited a decrease in real time to failure except
for low stress at high frequency where the fatigue
limit was apparently raised. Multiple cracking was
found in the high-frequency tests in a water envi-
ronment and in ancdized specimens.

The influence of anodizing on the fatigue
life of polycrystalline 1100 and high-purity single-
crystal aluminum has been studied at Midwest Research
Institute.[4] Anolized film thicknesses were 200 to
1500 A, The fatigue life was greater in vacuum than
in high humidity environments. Fatigue in vacuum
produced oxide cracks that were wider and fewer in
number. The mode of fracture of both oxide and
matrix was strongly dependent on oxide thickness,
but neither the cycles to crack initiation nor the
total fatigue lives were dependent on oxide thick-
ness.
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IRON-BASE ALLOYS

Steels

The compatibility of T-1, HY-140, HP-9-4-20,
and 18 Ni (200) maraging steels with N204 oxidizer
and UDMH (unsymmetrical dimethyl hydrazine) has been
investigated by the Aerospace Corporation, [5]
Weight-loss measurements showed that the corrosion
rates of the four steels in N204 were 10 to 20 times
greater than for an annealed Type 304 stainless
steel control sample. The 18 Ni maraging steel was
pitted and the HY-140 steel exhibited crevice cor-
rosion in N204. All four steels exhibited pitting
in UDMH. No crack growth was observed in N304 or
UDMH to temperatures of 120 F in precracked double-
cantilever-beam specimens of the four steels. The
weld metal in these four steels was also resistant
to crack propagation.

The corrosion behavior of 18 Ni (180) and
18 Ni (200) maraging steels in seawater has been
studied by International Nickel.[6] General cor-
rosion rates were about half those of 4340 and HY-80
steels. Unprotected U-bends of 18 Ni (180) welds
did not crack in exposures lasting one year. Similar
tests with 18 Ni (180) welds produced stress-cor-
rosion cracking after two months' exposure. Anneal-
ing these welds at 1500 F before aging or the ap-
plication of cathodic protection at the potential of
zinc increased the life of the U-bends. At more
negative potentials, the specimens cracked readily
presumably by hydrogen embrittlement.. The KIscc
values in seawater were 130 and 94 ksivin. for the
Ni 18 (180) and Ni 18 (200) alloys, respectively.

The stress-corrosion-cracking behavior of 18
Ni (250) maraging steel has been studied by Syrett
at the Canadian Department of Energy, Mines, and
Resources.[7] Precracked specimens were exposed to
3.5 percent NaCl solution. Metallographic and frac-
tographic examinations showed distinct differences
between specimens broken under freely corroding and
hydrogen-charging conditions. Syrett proposed that
stress-corrosion cracking occurs by anodic path dis-
solution at potentials more positive than -600 mV
(SCE), that hydrogen cracking occurs at potentials
more negative than -800 mV, and that a mixture of
the two processes occurs at -600 to -800 mV. The
freely corroding maraging steel cracked at about
-580 mV, presumably by anodic path dissolution.

Stainless Steels

The results of the Welding Rescarch Council
tests on the intergranular corrosion of stainless
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steels have been summarized by Crucible Steel. [8]
The article lists, in tabular form, numerous en-
viroments that do or do not cause intergranular at-

tack. In general, welding was less apt to cause
intergranular attack than thermal treatment at 1100
to 1250 F, and carbon content was the most critical
factor influencing sensitization susceptibility in
nonstabilized stainless steels.

The Japanese claim to have developed a stress-
corrosion resistant stainless steel based on studies
of the effect of phosphorus and nitrogen contents in
18Cr-10Ni stainless steel on its susceptibility to
stress-corrosion cracking.[9] U-bend specimens were
cxposad to boiling MgCl2 at 154 C (309 F). The de-
trimental effects of phosphorus and nitrogen were
less pronounced as the nickel content of the alloy
was decreased. The detrimental effect of phosphorus
was less pronounced as the nitrogen content decreas-
ed and vice versa. The 18Cr-10Ni alloy containing
less than 0.003 weight percent phosphorus did not
exhibit stress-corrosion cracking after 1000 hours'
exposure even with up to 0.08 weight percent nitro-
gen in the alloy.

The stress-corrosion cracking behavior of
cold worked A-286 has been studied at the George
C. Marshall Space Flight Center.[10] C-ring (trans-
verse) and tensile (longitudinal) specimens were
exposed to the 3.5 percent NaCl alternate immersion
test. No stress-corrosion cracks were detected in
specimens cold worked to 53 percent reduction and
exposed 180 days to the NaCl solution.

NICKEL AND COBALT ALLOYS

The effect of 1 to 8 percont aluminum ad-
ditions on the oxidation of cobalt-nickel alloys
has been studied at the Bureau of Mines.[11] The
master alloys contained 0, 22, 50, 70, 91, and 100
weight percent nickel. The tests were conducted in
oxygen at 0.5 atm and 1078, 1116, and 1156 C (1972,
2041, and 2113 F). The reaction rates generally
followed the parabolic rate law. There was a gen-
eral increase in the rate constants with aluminum
additions up through 4 weight percent. The lowest
oxidation rates were observed with the 8 weight per-
cent aluminum additions, while the highest rates
were encountered with the high-cobalt low-aluminum
compositions. The following empirical relation was
derived for the effect of the variables:

In(Kp) = 3.863-33.9 Ni/T + 0.755 In [Ni- (Al +
0.00801)]-4.9-106/T2.

The hot corrosion of TD Nickel and TD Nickel-
Chromiun has been studied at the NASA Lewis Research
Center.[12] Specimens were exposed in a mach 0.5
gas stream of Jet A-1 fuel combustion products con-
taining 2 ppm synthetic sea salt. Tests consisted
of up to 500 one-hour cycles between room tempera-
ture and specimen hot-zone temperatures of 1650,
1800, and 2100 F. Hot corrosion was observed for
both materials in the tests at 1650 and 1800 F.
There was no evidence of hot corrosion at 2100 F,
but both alloys suffered excessive metal loss.

(The TD Nickel-Chromium specimen lost 4 mils per
side in 200 hours' exposure).

Hypervelocity oxidation tests of TD Nickel-
Chromium alloys are being conducted at the Moffett
Field Ames Research Center for possible use as a re-
usable heat shield on the Space Shuttle Vehicle.[13]
Tests were conducted at 1800 to 2200 F with a nominal

surface pressure of 15 torr. The TD Nickel-Chromium
alloy lost weight steadily with time in the hyper-
velocity environment. The alloy experienced in-
ternal depletion of chromium and porosity. A modi-
fied alloy containing aluminum and yttrium had sup-
erior oxidation resistance, but its emissivity was
considerably lower.

Three cladding compositions on IN-100 have
been evaluated in thermal cycling tests conducted
at the NASA Lewis Research Center.[14] The three
claddings were {oils of Ni-20Cr-4A1-1.2Si, Fe-25Cr-
4A1-1Y, and Ni-30Cr-1.4Si alloys ranging from 0.051
to 0.254 rm in thickness. Total exposure times were
up to 400 hours in 1- and 20-hour cycles to 1040 or
1090 C (1905 or 1995 F). The Ni-20Cr-4A1-1.2Si
alloy cladding was the most protective, and its per-
formance was comparable with that of a widely used
commercial aluminide coating. The oxidation be-
havior of the Ni-Cr-Al-Si cladding was insensitive
to temperature, cycle frequency, or cladding thick-
ness. The Ni-30Cr-1.4Si alloy cladding was least
protective. The oxidation resistance of all three
claddings was degraded to various degrees by inter-
diffusion with the base metal.

The University of California at Los Angeles
has studied the embrittling effects of oxygen on
Rene” 41, a nickel-base alloy hardened by the pre-
cipitation of gamma prime.[15] In short-time tensile
tests in air at 750 to 900 C (1380 to 1650 F), oxygen
promoted the initiation and propagation of inter-
granular cracks, while in the absence of oxygen,
tensile fractures were transgranular and ductility
was much improved. The sensitivity to embrittle-
ment decreased with coarsening of the gamma prime.
This effect was related to the prevention of planar
pile ups of dislocations by the coarse gamma prime
during plastic deformation. The pile ups were be-
lieved to be responsible for the oxygen embrittle-
ment. The sensitivity of Rene” 41 to oxygen embrit-
tlement decreased above 900 C because general yield-
ing is possible and the planar motion of dislocations
is inhibited by coarsening of gamma prime.

The effects of applied electric fields on the
oxidation of nickel and Ni-20Cr alloy in propane/air
flames has been studied at Arthur D. Little.[16] A
superimposed negative voltage (cathodic potential)
drastically accelerated scaling reactions and some-
times altered scale morphology leading to deep pene-
tration of corrosion products. A positive voltage
(anodic polarization) decreased the reaction rate
from that observed at the open-circuit potential.

TITANIUM ALLOYS

The galvanically-induced hydriding of titan-
ium in hot salt solution has been investigated at
Battelle-Northwest.[17] Galvanic couples with com-
mercially pure and Ti-2Ni alloys were exposed to
air-sparged or argon-sparged 3.4 weight percent NaCl
solution at 140, 265, and 390 F. The comrercially
pure titanium was immune to hydriding except when
coupled with aluminum. However, the Ti-2Ni alloy
absorbed considerable hydrogen when coupled with
aluminum and mild steel and, in some cases, when
coupled with copper, nickel, and stainless steel or
as an uncoupled control. Passivation of the Ti-2Ni
surface by an oxide coat prior to coupling to alumi-
num prevented hydriding in a single test conducted
at 265 F. Hydrogen pickup in the Ti-2Ni alloy was
greater in the argon-sparged (oxygen poor) solutions.




Studies on the stress-corrosion cracking of
titanium alloys are being continued at the Ohio
State University,.[18] Activation energies of 6 or
7 kcal for stress-corrosion cracking were determined
for unalloyed titanium and Ti-6A1-4V, Ti-8Al-1Mo-1V,
and Ti-11.5Mo-6Zr-4.5Sn alloys in CH30H + HCl +

H20 and CH30H + Br; solutions suggesting that either -

chloride ion or titanium hydride formation describe
the cracking mechanism. Studies on the effect of
grain size of Ti-6Al1-4V alloy on stress-corrosion
cracking in CH30H + NaCl + H20 solution showed that
increased resistance with decreasing grain size was
due primarily to increased crack nucleation time.

The film growth on titanium-aluminum alloys
in 3.5 percent NaCl has been measured by ellipso-
metry and correlated with the velocity of stress-
corrosion cracking as a function of pH and applied
potential in studies conducted at the Martin
Marietta Research Institute for Advanced Stud-
ies.[19] The factors that stimulated film growth,
such as high pH and applied anodic potentials, re-
duced the velocity of cracking, while those that
restricted film growth, such as increasing the alum-
inum content of the alloy or the presence of Ti3Al
in the structure, increased the cracking velocity.
As an example of these effects, the velocity of
cracking in Ti-8Al-1Mo-1V alloy ranged rrom 0.070
cm/sec at pH 0 to about 0.009 cm/sec at pH 12.7.

MISCELLANEOQUS

Compatibility tests in sulfur hexafluoride
(SFe) nave been conducted at the Langley Research
Center. [20] Specimens of 2024-T6 and 6061-T6 alu-
minum, cold rolled 1020 and 4130 steels, and an-
nealed Type 304 and 316 stainless steels, were ex-
posed 8, 16, and 24 hours to SFg at 227 C (441 F).
The SFg did not degrade the tensile strengths of
any of the materials tested.

The results of coupon corrosion studies on
a number of alloys under desalination conditions
have been reported by the Dow Chemical Company.([21]
The corrosion performance of copper-bearing steel
(ASTM A-242) was about 30 percent better than that
of mild steel. Both of these steels performed well
with 5 ppb oxygen in the seawater, but had high
corrosion rates with greater than 100 ppb oxygen in
the water. Steels containing 4 to 8 percent nickel
and 3.5 percent chromium also exhibited high cor-
rosion rates in hot water containing 125 ppb oxygen,
but were not tested at the lower oxygen levels.
The pitting and crevice corrosion behavior of
wrought stainless steels were not consistent; pre-
liminary ratings of stainless steel types in des-
cending order of merit were: 316, 304, 409, and
430, Cast stainless steels CF-8, CF-8M, and CA-1S
showed highly localized attack with 125 ppb oxygen
in the water, but had greatly improved performance
with S ppb oxygen in the water. The optimum condi-
tions for aluminum alloys were 50 to 100 ppb oxygen
and pH 5.0 to 5.5 during the first 10 to 24 hours
followed by operation at pH 6.0 with no dependence
on oxygen level in the range of 5 to 125 ppb. 1In
contrast to the other alloys studied, the aluminum
alloy performance was significantly more velocity
dependent at less than 5 ppb than at 30 to 125 ppb
dissolved oxygen.

Protective finishes for magnesium alloys
have been studied at the Naval Air Development
Center.[22] The finishes were applied on QE-22A-Té6

magnesium alloy and were evaluated by cyclic ex-
posure to 5 pevcent NaCl salt spray and air at

400 F, MIL-M-45202B, Type II Dow 17 anodize ex-
hibited high corrosion resistance with several top-
coat systems. Less protection was provided by hot
RAE alkaline treatment which was the best of the
chemical surface treatments that were evaluated.
All topcoats that included MIL-L-46079A (MR) baking-
type epoxy surface seal were the most resistant to
corrosion. Topcoats of modified silicone epoxy,
MIL-P-23377 epoxy primer, or epoxy primer-polyure-
thane topcoat over the preferred surface treatments
were effective corrosion-resistant systems for mag-
nesjum alloys. Filling with MIL-C-24176A (SHIPS)
Type Il aluminum epoxy cement was effective in re-
peiring corroded areas.

The stress-corrosion cracking behavior of
stainless steels and nickel-base alloys in oxygen
and NaCl-contaminated steam is being studied at Oak
Ridge.[23] U-bends of welded and unwelded similar
amd dissimilar metals were cycled for 4 weeks be-
tween 280 and 480 C (535 and 895 F) in steam with
1.5 ppm NaCl and 20 ppm oxygen contaminants. (Spe-
cimens were cycled 5 times a week and were held at
280 C for 2 hours per cycle). No cracks were ob-
served. In the fifth week, the NaCl concentration
was increased to 10 ppm and the thermal cycle was
changed to three per week with a 24-hour hold at
280 C. None of the stainless steels failed. How-
ever, two specimens of Hastelloy X welded to itself
failed completely. Branching intergranular cracks
were found in the heat-affected zone of the base
metal adjacent to the weld.

The corrosion behavior of high-strength fast-
ener materials has been evaluated by Standard Press-
ed Steel.[24] The behavior in crevices, stress-
corrosion cracking, hydrogen embrittlement, and the
simulated service environment was compared for some
but not all material combinations. The materials
(and minimum tensile strengths) were: Custom 455
(220 ksi), PH13-8Mo (220ksi), PH12-9Mo (220 ksi),
Inconel 718 (220 ksi), H11 (220 and 260 ksi), Multi-
phase MP35N (260 ksi), and Marage-300 (260 ksi).

In general, the results showed that the ferrous al-
loys were susceptible to crevice corrosion, the al-
loys were not very susceptible to stress-corrosion
(bolts torqued to 75 percent of yield and exposed
to 3.5 NaCl alternate immersion), hydrogen embrit-
tlement could be a problem, and the cracking or
galvanic attack when coupled to aluminum can be re-
duced by applying sacrificial coatings to the bolts.

An interim report on the gaseous hydrogen
embrittlement of metals has been prepared by
Rocketdyne-North American Rockwell.[25] Tests were
conducted in 5000 psi gaseous hydrogen at room
temperature and -200 F. The embrittlement of Alloy
718 at room temperature varied considerably with
condition. Embrittlement appeared to correlate
with a coarse-grain structure and a nearly continu-
ous precipitate of NizCb. The weld metal and heat
affected zones of Alloy 718 were more embrittled
than the base metal. The tensile properties of
Inconel 625 were reduced at room temperature but
not at -200 F; those of AISI 321 stainless were
slightly reduced at room temperature but not at
-200 F; while those of Ti-5A1-2.5Sn ELI alloy were
unaffected at -200 F. The room-temperature fracture
toughness of these three materials was reduced by
exposure to hydrogen. Fracture-toughness tests on
A-286 stainless and 2219-T87 aluminum, and tensile
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and fracture-toughness tests on OFHC copper showed
no embrittlement from exposure to 500 psi hydrogen.

Similar results to those described above
have been reported for Alloy 718, Inconel 625,
A-286, and titanium alloys in studies conducted by
Pratt and Whitney.[26)

(15) Prager, M., and Sines, G., "Embrittlement of Precipita-
tion Hardenable Nickel-Base Alloys by Oxygen", Journal
of Basic Engineering, Transactions of the ASME, Series D,
93 (2), 225-236 (June 1971).
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0249 (April 1971).

(17) Charlo*, L. A., Wong, C. M., and Gillam, W. S., "Investi-
gation of Galvanically Induced llydriding of Titarium in
Saline Solutions, Office of Saline Water Report 624,
Battelle-Northwest, Richland, Wash., Dept. of Interior
Contract 14-30-2522 fUecember 1570).

REFERENCES

(1) Desai, M. N., et al, "Corrosion Inhibitors for Alumi-
num and Aluminum-B8ase Alloys", Anti-Corrosion, 18 (5),
4-9 (May 1971). -

(2) Lennox, T. J., Groover, R. E., and Peterson, M. H.,
“Electrochemical Characteristics of Six Aluminum Gal-
vanic Anode Alloys in the Sea', Materials Protection
and Performance, 10 (9), 39-44 (September 1971).

(3) Hockenhull, B. S., and Monks, H. A., "Some Effects of
Environment and Frequency on the Fatigue Properties
of an Age-Hardening Aluminum Alloy", Metal Science
Journal, 5, 125-130 (July 1971}.

(4) MacDonald, D. E., and Wood, W. A., "Fatigue Mechanism
in Titanium at Ultrasonic Fregquency", Report 8, (AD
723533), The George Washington University, Washington,
D. C., Contract NOOOl4-67-A-0214-0111 (May 1971).

(5) Raymond, L., and Usell, Jr., R. J., "The Effect of N
(sub 2} 0 (sub 4) and UDM] on Subcritical Crack Growth
in Various High-Toughness Low-Strength Steels', Report
SAMSO-TR-71-106, TR-0059(6250-10)-8, The Aerospace
Corporation, El Segundo, Calif., Contract F04701-70-C-
0059 {(June 15, 1971).

(6) Xenyon, N., Kirk, W. W, and VanRooyen, D., "Corrosion

of 18Ni180 and 18Ni200 Mar :ging Steels in Chloride En-
vironments”, Corrosion, 27 (9}, 290-400 (September 1971).

(18) Fontana, M. G., "Corrosion Cracking of Metallic Mate-
rials", Final Report AFML-1R-71-58, The Chic State Uni-
versity Research Foundation, Columbus, 0., Contract
F33615-69-C-1258 (March 1971).

{19) Green, J.A.S., Sedricks, A. J., "Surface Films and
Stress-Corrosion Cracking in Ti-Al Alloys', Metallurgi-
cal Transactions, 2 (7), 1807-1812 (July 1971).

(20) Heyer, B. A., "Manufacturing Process for Superalloy
Cast Parts--Phase I--Fundamentals', Final Report AFML-
TR-71-38, Volume 1, Abex Corporation, Mahwah, N. J.,
Contract AF 33{6]5)-2797 (July 15, 1971).

(21) Behrens, H. C. Osborn, 0., and Rice, L., ''Seawater
Corrosion Test Program--Second Report', Office of
Saline Water, Report 623, The Dow Chemical Company,
Freeport, Texas, Dept. of Interior Contract 14-01-
0001-2150 (December 1970).

(22) Brown, S. R., "Protective Finishing Systems for Mag-
nesium Aircraft Components', Report NADC-MA-7102, Naval
Air Development Center, Warminster, Pa., (July 7, 1971).

(7) Syretrt, B. C., "Stress-Corrosion Cracking in 18% Ni(250)
Maraging Steel”, Corrosion, 27 (7), 270-280 (July 1971).

(8) Moskowitz, A., "Processing Influences Selection of Stain-
less For Corrosive Environments”, Metal Progress, 100
(3), 104-109 (September 1971).

(9) Kowaka, M., Fujikawa, H., "Effects of Phosphorus and
Nitrogen on Stress-Corrosion Cracking of Ausienitic
Stainless Steels in Boiling Magnesium Chloride Solution”,
Transactions of the Japan Institute of Metals, 12 (4),
243-249 (July 1971). -

(10) Montano, J. W., "An Evaluation of the Mechanical and
Stress-Corrosion Properties of Cold Worked A-286 Alloy",
Report NASA T X-64569 (N71-18864), George C. Marschall
Space Flight Center, Ala., (February 12, 1971).

(11) Doerr, R. M., and Jensen, J. W., "Oxidation of Cobalt-
Nickel~Aluminum Alloys at 1,351° to 1,429° X', Rcport
RI 7496 (PB 198828), Bureau of Mines, Rolla Metallurgy
Research Center, Rolla, Mo., (March 1971).

(12) Sanders, W. A., and Probst, H. B., "Hot Corrosion of TD
Nickel and TD Nickel-Chromium in a High Velocity Gas
Stream", Report NASA T™ X-52976 (N71-19700), NASA,
Lewis Research Center, Cleveland, 0., (1971).

(23) patriarca, P., and Slaughter, G. M., "Advanced Materials
for Steam Generators', Report ORNL-TM-3416, Union Car-
bide Corporation, Oak Ridge, Tenn., Contract W-7405-eng-
26 (July 1971).

(24) Patel, S., and Taylor, E., '"New High-Strength Fastener
Materials Resist Corrosion"”, Metal Progress, 100 (3},
98-102 (September 1971).

(25) Walter, R. J., Hayes, H. G., and Chandler, W. T., "In-
fluence of Gaseous Hydrogen on Metals", Report R-8719,
Rocketdyne Division, North American Reckwell Corpora-
tion, Canoga Park, Calif,, Contract NAS 8-25579 (May
24, 1971).

(26) Harris, Jr., J. A., and Van Wanderham, M. C., "'Proper-

: ties of Materials in High Pressure Hydrogen at Cryo-
genic, Room, and Elevated Temperatures', Report PWA
FR-4566, Pratt and Whitney Division, United Aircraft
Corporation, West Palm Beach, Fla., Contract NAS 8-
26191 (June 30, 1971).

BUFF SESTION [

WHITE SECTION a{/

c

|

AYAIL. ond/or SPECIAL

/AYASLABILITY SODES

ewnudivd W

TIFICATION

ST
006
N ANNQU
oS e
A D
st

ISTRIBYTION

t Developments present brief summaries of information which has become available
to DMIC in the preceding period (usually 3 months), in each of several categories.
that these reviews be made a part of the permanent Iiterature.

DMIC does not intend
Copies of referenced reports are not avail-

able from DMIC; most can be obtained from the National Technical Information Service (NTIS), U. S. Depart-

ment of Commerce, Springfield, Virginia 22151.

R. W. Endebrock, Editor



