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m The Army Missile Command has issued a compre-
ensive report on corrosion prevention and deteri-
ration in electronic components snd assemblies. 1)
who -“imctive of the report i< *2 2id the dasigner
n meeting envirormental requirements. It points
t dangerous crmbinations of materials and pro-
cesses, emphasizes the importance of proper se-
ection of materisls, and provides the designer with
technigues for the prevention of deterioration.

I I The first quarterly progress report on the
wgtm foupung prograx on corrosion has been iasu-
{2} Objectives and sreas of research are out-
ined for the various participsting agencics. The
am will concentrste on the stress-corrosion
acking of high-strength sluminum, steel, and the
tanium alloys in nearly neut.al agqueous solutions.

Representatives from approximately eight
countries, including the U. S. and Canada, took
part in the AGARD Structures and Materials Panel
Symposium on Stress-Corrosion Cracking of High-
Strength Aircraft Metals and Alloys held in Turin,
Italy, April 17-20, 1967. The discussions involved
the general theory of stress-corroslion cracking as
well as the effect of stress level, hesat treatment,
alloy content, and envirorment on the stress-cor-
rosion-cracking behavior of high-strength low-alloy
steels, high-strength stainless steels, alumimm
alloys, and titanium. In addition, each country
presented a review of the current research presently
being conducted on stress-corrosion cracking.

In general, the French, Italian, German, and
English research is concerned primarily with the
effect of heat treatmeni and allcy composition on
the stress-corrosion-cracking behavior of high-
strengcn siuminum slloys of the 7073 and 7079 types.
A large portion of the ressarch has been concerned
withi the effect of silver and zirconium additions
along with modifications in the chromium and copper
contents of the alloys. The substitut ion of zir-
conium for chromium plus the use of silver has re-
sulted in alloys having improved resistance to
stress~corrosion cracking. However, much of this
ressarch has Deen concerned with sheet materials
rather then heavy-section forgings.

The English ere alsc conducting research on
titanium-alloy stress-corrosion cracking. Results
presented indicats that hydrogen plays a role in thw
mechanism of stress-corrosion cracking in & mmber

SOBRUSION OF ALUMIMM ALLOYS

The effect of long-term storage of hydrazine
in 2014 aluminum tainks on corrosion and subsequent
ignition te?tf has been studied at Jet Propulsion
Laborstory.'3) Slight pitting to a maximum depth
of less than 1.7 mils was observed after 46 months
of storage in the open. Although the hydrazine was
degraded slightly, it ignited and burned as smoothly
with nitrogen tetroxide as did stock hydrazine.
Screening tests with NoO4 in 2014 aluminum canisters
revealed a slight pitting of less than 0.2 mils
after 2 months of exposure,

STRESS-CORROSION CRACKING

The effect of minor alloying addi‘ions to
7075 aluminum alloys on the.r susceptibility to
stnss-fo’:rosion cracking is being studied by
Boeing.!4) Of the elements studied (eilver, boron,
cerium, ytterium, zirconium) only silver reduced
susceptibility to cracking. This beneficial effect
was attributed to the increased tendency of the
silver-bearing alloys to pite.

Fatigue-crack propagation and delayed fallure
{precracked specimens) of aluminum and titanium al-
loys in (a}t solutions and air has been studied by
Langley.\5) Fatigue-crack-growth rate was faster
in seawater than in air by the following ratios:
707%-T6 Al (a1l stresses), 2:1; 2024-T3 Al (low
streas), 1.911; (high stress), not much difference;
(highest stress), 1312 (higher in air)s Ti-8Al-1Mo-1V
(a1l stresses), 2 or 3i:l. The delayed failure
strengths of the titanium alloys were lower than
their residual static strengths in air, while they
were similar with the aluminum alloys.

The stress~corrosion-cracking behavior tt
7001-T7% alumimm has been studied at Boeing. )
Alternate immersion tests in 3.5 percent NaCl solu-
tion were performed ai gross-ares strest levels of
20,000, 30,000, and 50,000 p!i with steel T.’.P’L*

and titanium lockbolt fasteners in plain and cold-
worked holes in the gage section of flat tensile
specimens. Fastoners were installed with clearance

and interference fits. At the 350,000 psi level, the
7001-T7% exhibited stress-corrosion-cracking resis-
tance superior to that of 7079-T6, 7079-T62, or 7079-
Téll. Alloy 7075-T73, also included in the study,
cracked becsuse its ultimate tensile strength was
exceeded at the 50,000 psi gross loading. .
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CORROSION QF FERROUS ALLOYS

High-Sirsnath Steelg. The effect of moisture
and of repeated loading on the slow crack growth of
4340 nmt ;na been reported by the University of
I1inois.\7) Center-cracked 0.07-inch~thick sheet
specimens were. loaded in tension. Crack growth in -
moist argon was 20 times that found in dry argon
at the same cyclic losding.

The effect of explosive forming on the stress-
corrosion-cracking susceptibility of several high~
strength steels and (ég.lm- alloys has been report~
ed by Mertin-Denver. Four-point besm—loaded
specimens taken from each alloy before and after
forming were stressed to 80 percent of the 0.2 per-
cent offset~yleld strength and were exposed 200
hours to 3.5 wt¥ NaCl solution in sn alternste
ismersion test, The ~‘mess-corrosion-cozcking re-
sistance of Déac steel and 7039-T62 aluminue was
affected adversely by the explosive-forming oper—
ation. while that of 12N{-3Cxr-3Mo, HP 9-4~2%5, and
18 percent nickel meraging steel wes unaffected by
forming.

‘The stress-corrosion-cracking bohnvior ?f
9N1-4Co steel has been studied by Douglas.\9) Al-
ternate immersion tests in synthetic seswster of
tensile-type specimens indicated that HP 9-4-30
(0.30 carbon) martensite was resistant to stress-
corrosion=cracking under most surface preparation
conditions except those severe ireatments that pro-
duced untempered martensite. HP 9-4-45 martensite
was susceptible to cracking under all conditions.
studied except shot peening. The more re-’siant

HP 9-4~45 bainite was cracked only when cadmiuvm
plated. Precracked specimens of HP 9-4-30 marten-
site and HP 9-4-45 balinite were susceptible to
stress~corrosion cracking in alternate immersion.
Although precracked WP 9-4-45 bainite failed in con-
stant immersion, HP 9-4-30 martensite did not.
Oxide films formed in air at 400 F increased the
stress-corrosion-cracking resistance of all alloys
in all conditions tested,

« The effect of cold work on
the stress-corrosion-cracking behavior of Types 301,
304, 310, and 321 stainless steels has been studied
at the Bureau of Standards.(10} Cold reductions
ranged to 30 percent. Cracking was not detected in
any specimens that were stressed to 90 pescent of
yield strength and exposed for 452 days in a marine
atmosphere. Lsboraissy studies, using boiling 0.5N
NaCl-0.18 NallO2 solution, revealed a maximm in the
threshold-stress-level curves =¢ 94 meveent cpld
reduction (93,000 psi) for Type 304 stainless steel
and at 33 percent cold reduction (113,000 psi) for
Type 321 steinless steel. The threshold level for
Type 301 stainless continued to increase with in-
cressing oold work to 33 percent (166,000 psi).
The Type 310 staipless- did not generally crack in
this solution. Tegts in bolling 42 peroent

MaC
indicated thet thedmmesled Type 310 stainless 13

more resistant to cracking then the colGeworked
material,
SORROSION OF NICKEL-RMEK ALLOYS

Studies of the sulfidetion of superelloys dur-
ing cambustion vt salt~contaminated alr
tinuing st AVOD,\11) Reductien of sl

tent of the fusl (JP=4) frem 0.16 10 002 percent
significantly sedused the smiunt of sulfidetion st
salt~te~aiz retios of 4 and § ppie

-

attack and the threshold tempersture (incidence of
attack) varied with chrosium content. At the 8 ppm
salt lguel, alloys containing less than 14 percent
chromium had threshold temperatures equsl to or less
than 1300 F, and alloys contasining more than 13 per-

. cont chromium had threshold temperatures equal to or

grester than 1500 F.

SORRCSION OF TITAMIUM ALLOXS

Pyrophoxric Resctiong. The reaction between
five halogenated-hydrocarbon fire-extinquishing
agents and titanium in hyd:ocums fires has been
studied by the Buresau of Mincs. ) Little or no
reaction was obtained when the titanium specimens
wore large and their surfaces were neither porous
nor highly irregular. Visible burning was observea
with til...iua sponge, iviiy, wire, or turnings equal
to, or less than, 0.020 inch in thickness. The
1,2,2-triflvovopentachloropropane (CC13CFoCFCl,)
and dibromodiflucromethane {(CBroF,) compounds were
the most reactive with titanium and bromochlorome-
thane {CHaBICl) wes the least reactive.

« The Defense Metals
Information Center was host to & seminar on acceler-
ated crack propagation zf titanium in various en-
virorments that was held at Battelle's Columbus
Laboratories on March 6, 1967. Euvirorments discuss-
ed included methanol, halogenated hydrocarbons, and
chlorine. Publication of a transcript of the meeting
is planned.

The Naval Research Laboratory has conducted .
stress—-corrosion tests on remnants of the Ti-6A1-4V
Apollo fuel tapk that failed during pressure testing
with methanol.{13) Side-notched, fatigue-precracked
specimens were loaded in a cantilever-bend configur-
ation. Cracks propagated in contact wiih methanol
at plane-itrain intensities as low as 15,000 psi
J/in. The material was also found to be somewhst sus-
coptible to cracking in distilled water with a crack
propagating at a plane-strain-stress Intensity of
sbout 30,000 psi /in.

NASA has also conducted stress-corrosion studies
with Ti-6A1=4V in methanol using virgin nottl ’nd
remnants from the Apollo fuel-tank failure.\l4,
Results obtained using notched specimens indicate
that cathodic protection and sdditions of grest:r
than 1 percent water will inhibit stress-corrosion

~ cracking in methanol.

Stress-corrosion studies with precrecked ti-
tonium alloys in distilled water and 3 percent MeCl
uluti(n s-m been continued at Douglas Astro-
power.{15) [t was found that alpha type Ti-3A1~2.56n
and duplex snnesled, alphs-beta type Ti-8Al-1Mo~1V
and Ti-6A1-4V alloys exhibited susceptibility to
stress-corrosion cracking in the salt solution,
wheress, beta type Ti~13V~11Cr-3A1 did not. The bets
alloys exhibited ductile dimple fracture surfeces in
ailr and splt solutions. Alphs-beta and alphs type
alloys exhibited mixtures of ductile dimple and
brittle clesvege aress in fractuxe with the cleavege
aress being much larger in stress-corrosion cracking
than in air frecturing. In genexsl, the stress~cor-
rosion cracks propagated transgremulariy through
alphs greins, but followed by clesvage to the alphe-
bats phase boundaries. It is believed that the segre-
gation of in the bets phase sffects this
brittle beliavior of the bets regions.
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The effect of envirorment, applied potential,
and meteallurgical structure on the stress-corro-
sion-cracking behavior o(lziﬁ’l-lv-llo alloy has
been reported by Boeing. "™’ Tensile tests were
conducted with notched specimens in air and in vari-
ous solvents and salt solutions. Cracking occurred
in chlorinsted solvents, such as carbon tetrachlor-
ide, methylene chloride, and trichloroethylens. Of
the many isns investigated, only chloride, bromide,
snd fodide produced stress—corzoiiza cracking. It
was feund that inhibiting ions, such as sulfate or
nitrate, overcame the effects of ssall concentra-
tions of these halides in water or methanol. Crack-
propegation velocity was found to increase linearly
with applied potantial from 900 to +500 mv (SCE)
regardless of the halide ion studled. -

A final report has been issued by Southwest Re-~
search Institute on the effects of commercislly
available protective coatings on the stress—corro—
sion properties of p-sm—nno-w supersonic-trans-
port skin material.\18) The hot-salt tests were
conducted at 550 F for durations to 7000 hours.
Several coatings prevented stress-corrosion cracking.
White-pigmented, catalytically cured silicone was
the optimm coating based on the SST requirement of
high IR emissivity on large areas of the outer skin.
On areas not subject to IR controi, aluminum-modi-
fied silicone was probably superior, particularzly
on engine components exposed to temperatures to
9%0 F. :

A seawater stress-corresion-resistant titanium
alloy has been developed and evaluated as a condi-
dste press 11 material by the Marine Engineer-
ing Laboratory.(19) The slloy, Ti-6A1-2C%-1Ta-0.8Mo0,
was resistant to stress-corrosion cracking (precrack-
ed cantilever specimen) and to low-cyle and high-
cycle corrosion fatizue (notched specimen). Cor-
rosion properties of the weldments were as good as
those of the bare metal. It was concluded that it
is feasible to use this alloy as pressure-hull me~
terial of 100,000 psi yield strength in l-inch and
of 96,000 psi yleld strength in 2.5~inch thickness.

BEACTIVE NEIALS

« The effectis of water vapor/
hydrogen envirorments on the mechanical properties
of columbium and B-66 g}ubiun alloy have been re-
ported by Bocketdyne.(207 Test envirorments were
argon and Hy0/Mpy in the retios of 3 to 1 and 1 to 1.
A ainimm ductility was observed at 1030 F for the
unaiioyed colimbium upon exposure to 820/’?, while
the B~66 alloy exhibited considersble embrittle-
ment at sbout 1500 F. A hydride phase was fourd in
the unalloyed columbium exposed at 1030 F, end it
wes concluded that the source of the hydroaen is the
moleculsxr hydrogen in the smviroctment, On the other
hsnd, the abeorbed by the B-66 alloy was
believed to result frem the seaction of the slloy
with water vapor,

The cozrosion beshavior of beryllium-slumimm
slloys in flowing weter at 163 ?2829) hes been
reported by Phillips Petzolemm. Weight loss
results for the two slloys weze spproximstely 430
ng/de? sfter 1300-hz exposure. Metsllogrephic ex-
sminstion revesled selective removel of aliminum to
s depth of ~ 1.5 ails in the 38 wt X aluminum alloy
and to & depth of about 2 mils in the 48 wt X alloy.

- oo

Oxidation. The gettering rate for oxygen, of
columbium, zirconium, and tantalum at low pressures
and high temperstures has n determined at G.E.'s
Missile and Space Division.\22) Exposure conditions
ranged from 10~3 to 5 x 1078 torr svvaen and 885 to
1100 C (1625 to 2012 F). The pressure and gettering
rate for each condition were used to calculate
*sticking factors” (the fraction of total molecules
striking the specimen that does not rebound).

The air oxidation of iridium and rhodla-}rid-
ium alloy has been reported by TRW Systems. 3

The key parsmeters in the oxidatlon of pure iridium
in the temperature range of 1050 to 1500 C (1922 to
2732 F) were velocity and air temperature. As air
velocity inozeased.and air temperature decrsased
(iridium st constant temperature) it appeared that
gaseous diffusion of reaction products became less
important and surface reactions became more import-
snt-in determining the overall oxidation rate. Al-
loying with rhodium roduced the oxidation rate of
iridiums The high-temperature oxidation f iridium-
rhodium alloys was characterized by the formation of
internsl porosity at the grain boundaries. It was
concluded that the porosity was the result of solid-
state difusion snd subsequent oxidation of rhodium
in the grain boundaries. The penetration of por-
osity decreased with time, thus indicating that as
oxidation proceeded the tendency for individual volds
to grow larger was more predominant than the tendency
for the pores to penetrate deeper into the metal.

» Various compositions of fused-sili-
cide coatings for ~olumbium alloys have been
studied by Sylvania, 24 Twenty-five compositions
in the §i-Cr-Ti-Fe-V system were investigated in
1-hour cyclic-oxidation tests in air ar 800 to 2500 F,
Optimum compositions were found to be $i-20Cr-20Fe-
10VSis and S1-20Cr-20Fe. These compositions dis-
played the longest lives, about 30 and S0 cycles,
respectively.

An evalustion of the oxidatlon resistance of
silicide coatings on columbium and tantalum has n
sade st Lockheed Palo Alto Research Laboratury.(2S!
TaSi, on tantalum esd USip on columbium oxidized
uniformly to form a two-phase oxide layer that was
not as protective as that of MoSi2 on molybdernm
which oxidized selectively to form only $i0p. The
additisn L) giuminue to the silicide costings moder-
stely improved their oxidation by promoting selective
oxidation.

Oxidation-resistant coatings for Cb-1Zr alloy
have hrm investigated by the Jet Propulsion Labor~
atory.' 26) Exposure conditions were 500 hours in
2000 F argon containing 1 to 3 ppm oxygen and 1 to
10 ppm wavrer vapor. Of the cosiings tested, molyb-
derum disilicide spplied over s molybdenum subcoat-
ing sppeared to be the most effective, A tin alumi-
num coating alsc appesred promising. Chromium-
polybenum silicides were unprotective, as chromium
diffused into the substrate. Several proprietary
coatings allowed some oxidation of the substrete.
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