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-p1 REVIEW OF RKCENT DEVELOPMENTS

CORROSION AND COMPATIBILITY

W. E. Berry, E. L. Whi;*, and J. J. English

S."pfmber 7, 1966

•k O O Since all of the abovo factors may vary in
experimental work from laboratory to laboratory,

NJ1  This document is the first of a series to be the many anomalies observed in published data were
issued oa the latest develofments in the field of attributed to this combination of factors.
corrosion of metals included within the ic"pe of
the Defense Motois Information Center. I^ is in-
tended to convey the highltighti of the significant
results and conclusions of current research In Five theories for the mechanim of stress-
corrosion, The review is aimed primarily at pie- corrosion cracking have bpen discussed in a paper
%enting now and unusual results, although pertimnet. ... e hattelle-Coltmbue.(3r These theories have been
contributions in the field, such as detailed re- applied to aluainum-alloy systems, and it was shown
views, literature searches, and bibliographies, that the hydrogen-induced electrochemical mechanism
may also be includad. most nearly fitted experimental observations. In

turn, it was shton how the theoretical mechanism
STRF.SS-OM0SlON CHACKING 01: must be taken into account when designing expert-

m sental procedui'es.

lost Nethgl The mechanise of stress-corrosion cracking of
alslntn has been studied at t(atser with reference

It has been shown in work at Alcoa that to provously derived mode,, 4) Their results have
various accelerated laboratory stress-corrosion shown that the rate-deterrirting step in the stress-
cracking test methodp do not produce the resuios of corrosion cracking of 7C3, alloy i the anodic
natural exposures.ri Several test methods have dissolution of MgZn'. a' grai.n boundaries.
been compar- i using the 7079-T6 alloy. The best
correlation was obtained with an acidified 5 percent Fundamental studies of the nature of stre-'s-
NaCI intermittent spray test. Ic wat suqge.ted corris.or. cra.:.ing In aluminu&-zinc-magnesiu&-type
that the above test be backed up by a boiling aluminum alloys at Battelle-Columbus have indicated
6 percent NaCI test to provide a good correlation that stress-corrosion cracking susceptibility is a
with similar, but copper-free, alloys, function of the stress nordal to the grain boundaries,

rather then a function of the applied stress.(5)
Work carried out at the Reynolds Metals It wrc als) shown tha+ hydrogen tends to concentrate

Company has pointed up the importance oi testing at grain boundaries when these alloys are o•athodically
conditions in the evaluation of thE stress. Oarg!d under sLtress.
corrosion susceptibility of aluminum alloys.(2)
the factors that affect the stress-corrosion cracK- Miscellianeou
ing behavior were found to be as followss

An extensive study hati been conducted at
(1) The presence of even a trace -f noi'+,,re Alc'a o, th2 -tress-corrosion cracking of high-

was sufficient to cause cracking. strength aluminum alloys, with emphasis on methods
_oif test'rng, r.at'odb oi delaying failure of sus-

(2) The rate of stress-corrosion crecking ceptible alloys, and su-face treatments to prevent
was a straight-line functicn of I/T Atrtss-currvsion cracxiig.(6,7) After 2 years'
(the absolute temperature). exposure, three protective systems on highly stressed

2014-T651 and 7079-T651 alloys have performed wells
(3) Wide varlatlons of chloride contentra- (L) shot peened + paint, (2) metallized with 7072 +

tior, i'ad no effect on rate of rrackino. riint, and (3) metilli7ed Rlth 7072 without paint.
After 8 months' marine and industrial atmospheric

(4) Changes In the solution pH and contan- exposire, welded 7039-T6, 7002-T6, and 7139-T6 alloys
ination with copper altered the failure have shown high resistance to stress-corrosion
mechanism. crackinq at 75' percent of the yield strength.

Alternate immersion tests in '-1/2 perce. t salt solu-
(5) The manner of stressing arid specimen tion of' t!: s-rne miterial re'* 'teG insevere localized

configuration both affected the rate corrosion in the heat-affectea zone. A post-welding
of crack formation. Leal treatment prat..cý.lly eliminated the 1-calized

attack but •ntrtduceo stress-corrosion susceptibility.

.. : . :• :i• :-• U t- ,



The Naval Marine Engineering Laboratory has
studied the stress-corrosion behavior of the follow-

I Lg aluninum alJoys in seawaters %63, 5086, 5154, ICA has completed a stdy on the amount of
5356, and 5456A18) The corrosion attack was charac- water that must be present in ;hlorine gas to pro-
torized by mild pitting. No stress-corrosion crack- d&ce passivity of titanium.(13) It was found that
ing was observed in the standard mill tempers. The the amount of water required was dependent uoon
5456404 alloy, aged At 212 F for I weel, cracked temperature, gas-flow rate, gas -omposition, and
witiron I year. In marine atmospheric expoure, gas pressure. At room temperature, C.93 percent
alualnum alloys with 6 anO 7 percent magnesium water in static chlorine suppressed the reaction
were more susceptible to cracking than those with with titanium. Somewhat less water was required
Lower magnesiam contents. Also, alloys in the H12 for the flowing gas. At 200 C (392 F), about 1.5
end 132 tempers were more likely to fail than those percent water was necessary to produce passivity.
In the 116 and U36 tempers. Time to failure appeared
to be a function of overall aging time rather than It has been shown by work at Kobe Steel that
exposure time. Small amounts of manganese and in chloride solutions the stability of the passivity
chromium reduced the susceptibility of these alloys of titanium decreases with an increase in chloride-
to stress-ccrcosion cracking. and hydrogen-ion concentrat ons as well as with an

increase in temperature.114) Also, passivation
Corrosion of Titanium Alloys becomes easier with an increase in the titanium-

ion concentration. Crevice corrosion occurred in
£treas-Corosion Crackin. neutral or slightly acidic solutions of over 20

percent chloride salt.
Because of the hot-salt-corrosion cracking

susceptibility of titanium alloys, a program has Corrosion of Alloys and Sunaralloys
been startUd at TO to determine whether stress-
corrosion cracking can also be caused by halogenated Lck-AU2o St.I
"sealants at temperatures up to 600 F.(01 Preliminary
information indicates that some of the sealants being Three types of precracked high-strength eteel
tested do produce stress-corrosion cracking of some specimens have been compared at NIL for evaluating
titar.lum alloys. The research is being continued, the reduction of fracture toughness caused by

stress-corrosion cracking in NsCI solutioni. 15)
A study has been conducted by the Langley The crack configuratons studied were center-

Research Center on the problem of hot-salt (NaC) cracked tension specimens, part-through-crack
cracking of t1ae TI-8A1-Io-IV alloy (duplex tenz.:on specimens, and edge-cracked cantilever
annealsd).1 lO) The effect of residual tensile ieam specimens of 4340 steel. It was found that
stress in the range of 25 to 65 ksi was investigated all three types of specimens can be used to de-
in a temperature range of 400 to 600 F. The speci- tfrmine the value of the plane-strain stress-
mwns were bent over dies of 0.25 to 2.5-in. radii intensity factor above which cracking will occur
to produce the residual bend stresses. No stress- in the presence of an aggressive environment.
corrosion cracking was found at 400 F regardless of
stress level. Severe stress corrosion was found to A number of organic coatings on steel have
occur after 20 hours'exposure at 600 F. Stress re- been exposed 13 months to deep-ocean environments
lieving in argon effectively prevented failures, at depths up to 6,800 feet by the Naval Engineering
but the effects of stress relieving in air were in- Laboratory.' 16  Generally the organic coatings
conclusivo. The most active salt in causing hot- performed better in shallow water than in deep
salt cracking was NaCl followed by seasalt, synthetic water, except for those which were highly cusceptible
adverylitt.(NIC~ 2), and ". MgdI2 by itself to barnacle damage. Zinc silicate coatings also

had very little effect. provided good protection in either shallow or deep
water, but were generally better in shallow water.

The mechanism of ,..;t-salt stress-ccrrosion
cracking of titanium alloys has b~en studied at An investigation of the compatibility of mild
Materials Research Laboratory.ill) It was concluded steel, chrome steel, chrome-nickel steel, and
th;a cracking was not cauoed by a gas evolved from tantalum with the molten cadmium-magnesium-zinc
the salt, but was the result either of a lowering system has been conducted by Argonne Hational
of surfac- *nergy due to a creeping solid corrosion Laboratory fpr the room-temperature to 750 C (1382
product or of nydrogen ions enteritig the metal dur- F) range.)17) This study has shown that carbon
ing the course of the reaction. Electrochemical steels and chromium steels can be considered good
studies in,..cated that cracking occurred only at the candidates for containing this liqtid metal system
cathode of an oxygen differential cell and that an at low concentrations of zinc (0-30 at.%). Tantalum
anudic polarization prevented cracking, possesses good resistance up to 95 wt.% zinc. The

18-8 materials exhibited heavy attack because of
Crack-growth rates of titanium allo-s during the high solubility of nickel in molten zinc.

low-cycle fatigue in air and 3.5 percent salt-water
solution have been studied at the Navy Research
Laboratory.(12) An increase in crack-growth rate Stainless Steels
at all strain ranges was noted for Ti-7A1-2Cb-lTa
alloys in the salt-water environment. On the other The effect of residual elements on the stress-
hand, Ti-6AI-4V alloys did not appear sensitive to corrosion cracking behavior of austenitic taenless
the aqueous environment. Fractographic studies steels has been summarized by U. S. Steel.N18) It
revealed that the increase in crack-growth rate was pointed out that controlling the level of re-
was accompanied by a change from the ductile mode sidual elements in AISI grades of austenitic steels
of fatlgue fracture to a brittle quasi-cleavage mode is not a fruitful approach to improving resistance to
of fracture indicative of stress-corrosion cracking. stress-corrosion •racking. Rather, a better approach



would appear to be the development of new alloys The corrosion problem in turbine engines
outside the present AISI grcdes, based on the con- resulting from the combined effects of the sulfur
trol of the total alloy composition including re- content of JP-5 fuels and the presence of sea
sidual elements, salt in the air haý bpen studied by Phillips

Petroleutm Company.t23) Previous work has indicated

The beneficial effect of silicon additions on that a reduction of the allowable sulfur level in
the oxidation resistance of stainless steels in the fuel from 0.4 to 0.04 wt.% would not reduce the
steam has been shown in experiments conducted in corrosion of the suFpralloys, but would in same
France.(19) High-purity 18Cr-lONi stainless steels cases aggravate the problem. It was shown that an
exhibited the weight gains indicated below after aluminum diffusion coating (MiscoNDC-l) provided
854 hours' exposure to steam at 500 C (932 F) and considerable protection to Inco 713C in short-time
45 kg/cm2 (640 lb/in. 2 ), tests. In longer tests, the coating gave better

protection with high-sulfur fuel (0.4 wt.%) than
Silicon, Weight Gain, with low-sulfur fuel (0.0002 wý.%). An in situ

a2 application of an aluminum coating (spray of aluminum
nitrate in water) significantly reduced attack on

None added 196 Inco 713C, but increased the attack on cotblt alloy
1 93 0l-52. There was no effect on ;;x, following alloyst
2 65 U-500, IN-100, Si-200, and MDC-I coated Inco 713C.

An Injustrial-grade 18Cr-lONi alloy gained 130 Molten-Salt Corrosion
mg/dm4 under similar conditions. This relatively
low weight gain was attributed to 0.51 wt.% silicon A ccmpatitility study has been made by TRW(24)
in this alloy, of a number of iron-, nicxel-, and cobalt-base

alloys with lithium fluoride at tomperatures of 1500
Parabolic reaction rates and marked tempera- to 1850 F. The application is for containing the

ture dependence have been observed for the reaction molten salt (heat-sink material) of solar-energy
of stain est steel with steam in research conducted power systems for orbiting satellites. Hayna 25
at GEMP. 2O I Parabolic rate constants varied from appeared to be the most suitable material of the
0.6 to 114 mg2 /cm 4 -min over the temperature range following allwys that were evaluateds Type 3Ld
of 1000 to 1250 C (1832 to 2282 F). The corrosion stainless at, , Haynes 56, Incoloy 800, Hastelloys
product was identified as FeV03 with a surface N and 0, Inco.el 750, Reono 41, Volimet 500, Waspaloy,
coating of alpha Fe 20 3. TD Nickel, " Haynes 25.

Exhaust-Gas Corrosion Corrosion of Refracto•-•yret.IL

A study at General Electric has been directed The Bureau of Mines has published taýa results
towa:d the development of nickel and cobalt alloys of an extensive investigation of the corrosion .e-
,c" qas turbincs that will powet Navy surface craft havior of molybdenum, tungsten, and vanadium in
and be -nosei to exhaust products containing sulfur numerous enronmonts. 2 5J These metals were found
and sea salt. 21) The te:•perature range being to possess generally superior chemical and galvanic
considered is 1750 to 1900 F. The foli;ving alloy- corrosion properties in many aqueous corrosive media
ing additions improved the corrosion resistance of at temperatures up to the boiling points. With few
the nickel system! cnromium greater than 15 percent, exceptions, molybdenum, tungsten, and vinedium were
cobalt iO to 25 pescent, molybdenum less than 4 not adversely affected when coupled with dissimilar
percent, small additions of lanthanum, ti'a"'m to metals In galvanic corrosion experiments.
at least 4 percent, high titanium-to-aluminum ratio,
and tungsten up to 8 percent for 1900 F service. Argonne has studied the reaction of rhenium

the co~jlt-alloy system, additives of yttrium and tungsten with flowing steam at I atmosphere
reduced penetration. Additions of tantalum, ir pressure.( 2 6) Onen rhenium reacts with steam at 850
cr.eas^d ca-bon from 0.25 to 0.45 percent, lowered to 1700 C (15W to 3090 F), the rate of evolution of
tungsten levul, and copper additions had little or hydrogen is constant with time, and the metal re-
no effect on the corrosion behavi-r. The alloys mains bright. Sublimation of Re207 was suggested as
thus far developed, thouqh having acceptable corro- the rate-determining step. The mechanism of the
sion resistance, fall short c' the destred mechanical reaction of tuugsten with steam over the temperature
properties such as rupture strength. range of 1000 to 1450 C (1832 to 2642 F) is similar

to that of molybdenum. The rate-determining step
A study 'ýas also beon conducted at General consists of the oxidation of 00 to the volatile

Electric t.o determine the mechani sq of corrosion of MD2(C*) 2 and MD3 and its polymeni./ Above 1450 C,
materia' by hot exhaust gases.(22) The results of the tungsten reactior is complicated by the forma-
the investigation have shown that nickel alloys can tion of a liquid phase on the surface of the metal.
react oirectly with either solid -r liquid N82904without a need for any reducing agent. A low- Rorkotdyne has conducted a program to ascer-
melting-point Ni3S2 -Ni eutectic is believed to be tain the feasibility of using the B-66 columbius
tormed. The grain boundaries are penetrated by alloy (Cb-%o-5V-lZr) and Ta-IOU alloy as regenra-
diffusion of this eutectic jiquid, and thus sulfur tively too~ed nozzle materials in a hydrogen-fueled
is transported Into the metal. In turn, these engine. 27  Tensile tests conducted on spectiens
sulfur-rich areas oxidize rapidly. In the case of in a hydrogen atmosphere indicated that the auc-
NI-2OCr and In some jet-enaine alloys, this sulfur- tilittes of B-66 and Ta-IOU were reduced at tempera-
rich eutectic is not produced, and only CrS is tures up to 800 and 400 F, respectively. Exposure
formed. of 8-66 or Ta-IOI to hydrogen at room temlperature



9ureslted in continuous disintegration of the alloys REPJhT ON THE THI4i JINa&TIO!AL
.undler ertain conditions. C.lpletoly clean or newly 2 OION gay"
md. surfaces were especially susceptible to this
gros "fragmentatiorW phnom1non. The Third International Congress on Metallic

Corrosion was held in Moscow, USSR, on May 16-25,
Tungsten alloys contli ting additions of 1966. The Congress was attended by approximately

refractory-oxde particles or %ittallic elam.ot* 1,000 scientists repressa.ting some 30 countries.
which form refractory oxides wea found to I iv ia-' The Soviet delegation, which numbered more than 600,
Proved oxidation resistance in the I2O to JW.s aporoxisately one-half women. The languages
(2900 to 5430 F) temperature range (Oxidation used eiring the Congress were Russian and English,
roststance was evaluated by measuring the surface end simultaneous translation of all lectures and
retsslon of resistance-heated i/4-inch-diamet.r, paeprs were arrangd.
pcsder-metallurgy-producad bars in an air flow up
to 136 fps.) A1203 containing alloys (up to 10
vol.% A1203) exhibited the best oxidation resistance, In general, the organization of the Congress
with the mount of surface recession being nearly was satisfactory, although quite different from that
an order of magnitude less than that of pure tung- found in most Western countries. Practically absent
stan up V) 2500 C (4530 F). Tungsten alloys con- were the hallway discussions and private bull sessions
taining Tb.)2 and KI were not so effective in in- in which Western scientists participate. Only a few
hibiting oxidation because of a fluxing action be- of the Soviet delegation wore badges, and most did
tmeen these oxides and tungsten oxides, not identify themselves during the discussion of the

papers which practically eliminated any further dis-
In a program conducted at Lewis Research cussions after meetings.

Center, a number of refractory metals, refractory
compounds, graphites, and reinforced plastics were . Technica essios
evaluated in three solid-propellant exhsust gases.(29)
These exhaust products had different oxidizing The Congress was organized into a number of
characteristics and different erosion characteristics, concurrent sessions including such topics as (1)
No one material performed be(t under all three con- basic resa rch, (2) stress-corrosion cracking and
ditions. The refractory metals showed the best intergra.,uiar corrosion. (3) passivity and anodic
resistance to erosion and thermal shock. The films, (4) Inhibitors, (5) metallic coatings, (6)
graphite performed well in the least oxidizing nonmetallic coatings, (7) underground corrosion,
conditions. The refractory compounds were erosion (8) marine corrosion, (9) high-temperature oxidation,
resistant but failed by thermal cracking. The (10) atmospheric corrosion, and (11) corrosion in
plastics suffered most from erosion. the power industry. In addition, each dty's sessions

were opened with a Plenary Lecture by an inter-
nationally recognized corrosion scientist.

In general, the papers were of high caliber,
i'- shock sensitivity of several materials dealing with corrosion mechanisms and passivation

in OF2 has been investigated by Douglas Aircraft studies rather than engineering and practical as-
using a modified .,ap test with explosive donor.(30) pects of corrosion problems. As might be expected,
At -110 F, it was found that Teflon (TEP) and the great majority of the Russian papers were con-
graphite could be ignited at 120,000-psi shock, but cernnd with kinetics and mechanisms of electrode
not at 90,000 psi. Very slight reactions were cb- reactions, the nature of passivation, and potentio-
served with Ti IIOAT, tantalum, columbium, and Kel-F static 'nvestigations. Their papers also reflected
grease at 90,000 or 120,000 psi, but the reactions a lack of any use of X-ray diffraction, thin-section
did not propagate. transmission electron microscopy, and related

metallurgical tools to complement their electro-
A preliminary report has been prepared by chemica. studies of corrosion mechanisms. Such use

Subcommittee VI, ASTM Committee G-1 on s. s- of combinations of experimental techniques arx
Corrosion Test Environments and Test Durationý.( 31 common in the United States, Canada, United Kingdom,
The object of the report was to compile data on the and most Western countries, For the most part, the
presently acceptawJ atmospheres and test periods used papers did not involve any basically new information
for the purpose of investigating and testing of or investigations. They presented no papers deaeing
various metals for susceptibility to stress-corrosion with the stress-corrosion cracking of titanium alloys
cracking, with the end purpose of standardizing in aqueous salt solutions or nitrogen tetroxide. In
test methods. aact, discussion with the Russians revealed they
tetwere not aware of the recent problems encountered

The Bureau of Naval ueapons(32) has published in the United States with the stress-ccrrosion
a Jocument entitled "Corrosion Control for Aircraft" cracking susceptibility of some titanium alloys. It
which Includes limited discussions of many tcpics, also appeered that they were not studying the hot-
such as (I) theory and practice of corrosion control, s*lt titanium craf,'ng problem to any extent.

(2) materials used in corrosion control, (3) pre-
ventive maintenance, (4) treatment of corroded
arpos, (5) restoration of paint finishes, (6) con-
sumable materials, and (7) plating and surface Notiotes prepared by W. K. Boyd, Battelle Me*-rial
treatments. This supersedes NAV.PS 0O-IA-509 Institute, Columbus, Ohio, who attended the Third

I Dec 1961). Interna'.lonal Corrosion Congress.



On the other hand, the Russians appear to be (4) Hlelfrich. V. J.* *Influ*evce of Stress and
studying the influence of alloy additions o" the TomperetAuse on Short-Trarsvvrso Stress-
corrosion behavior of titanium in acid solut...ns. Corrosion Cracking of ,n Al-1-2%U-2.5% MgtParticular attention was focused on alloys contain- Alloy", Kaiser Aluminum& 0 '-aical Cornora-
ing up to 2D percent of chromium, 40 percent of tion, Spoken*# Nash., Pt,- , %,
molybdenum, or Q0 percent of columium with and presented at the 69th W, ,. t . the WIN.
without additions of palladium up to about 5 or 10 June 27-July 1. 1966, IX1C No. 640M.
percent. Same studies also were made on titanium
alloys containing tantalum, aluminum# and zirconium (5) Preliminary information reported by Battelle
additions. In general, chromium and aluminum were Memorial Institute, Columbus$ 0., under an
reported too reduce significantly the corrosion Air Force contract.
resistance of titanium in nonoxidizing media such as
sulfuric and auisitic acids. Molybdenum was detri- (6) Lifks, B. W., King, U., e nd Shumaker #. M3.,
mental in concentrated nitric acid. Palladium *notgtc ftefrt-orsoadditions to coluibium-oontaining alloys wete found Crckn o f HiýSrnthe AluminaCorrsion
to reduce the amount of columbium necessary to ob- Summry Reports Alcoa Research Laboratories,
tain passivation in sulfuric acid solutions. VhiLe New Kensington, Pa., Contract MM 8-5W4
this work Is interesting, it would appear that the (August 1, 196) 1KWC Mo. 63979.
highly alloyed titanium systems haew little practical
use at this time. (7) Preliminary infomation reported by Alcoa

Research Laboratories, Mew Kensington, Pa.,
One of the significant papers presented on under a NASA contract.

titaniume-alloy corrosion was concerned with the
mechanism by which palladium improved corrosion (8) Niederberger, R. B., Basil, J. Los and
behavior. These sbtudies, conducted by Joseph Bedford, G. T., OCorrosion and Stress
Cotton at the ICI Labs, England, indicated that Corrosion of 5000-Series Al Alloys in
the palladium goes Into solution &An then plates Marine Environments', Corrosion, ~ 3),
out on the surface, providing a protective film. 66-73 (March. 1966).
Using this concept, additions of palladium to the
corrosive media were found to plate out on the () Peiiayifrain"otdb, Rsurf ace of unalloyed titanium affording passiva-(9 Prlmnyifo atnreredbT
tion. Thi; observation is In contrast to resarch Equipment Laboratories, Cleveland, 0., under
of Tomashov who reported some time ago that the an Air Force contract.
preferential dissolution of titanium eventually(1)Dxe,.B, slStssCroinfresulted in leaving a layer of palladium on th ( R)Dxeridua B., S altse Stress10- Coroson Sof t

titanum suface.After Exposure at Elevated Tameraturees'
A number of the Russian papers involved NASA-Langley Research Center, Techeical Note

intergranular corrosion of austenitic stainless TM D-3299 (March, 1966) WSIC No. 63752.
steels. Much of the research reported was similar (01) Ripling, E. J., et al, OElevated-Tomperature
to that done in the United States as long ago as Stress Corrosion of High-Strength Sheet20 years. MaterialsintePeecofSrs nCn

trators', Final Report, USAEC Reports N66-
16193. 066-16194, and 066-16195, Materials

Research Lab., Inc.(November, 19615).I
minim (12) Judy. Rt. W., Jr., *t al, 'Fractographic

(1) Lifka, B. It., and $prowls. D. 0.9 "Stress- Analysis of TI-7A1-2Cb-lTa and Ti-6A1-4V
Corrosion Testing of Aluminum Alloy 707'9-T6 Fractures Developed In 'let' Fatigue,.
in Various Environments", Aluminum Comany Report iM.-633D, U. S. Naval Research Labor&-
of Americat Mow Kensington, Pa., Paper No. tory, Nsahington, 1). C. (January 14. 1966)
102, presented at the 69th Meeting Of the 1XIC No. 63728.
ASTN, June 27-July 1, 1966, DNXC No. 64900.

(2) omas, H G. wW rai, H.L.,OF~cors(13) Millaway, E. E., and Kleinman, N. H., "Water
(2) omas, .S. an CrigII. ., FacorsContent of Chlorine for Titanium Passivation',

Affecting the Rate Of Stress-Corrosion Titanium Metals Corporation of Americae
Cracking in an Aluminum-Zinc-Magnesium Alloy'. Henderson, Nov., paper presented at 22nd
Reynolds Metals Comany, Richeond, V& National Conference of MAC, April 16-22,
Paper No. 99. prosentod at the 69th Meeting 1966, INIC Noe. 6422-1.
of the ASMh, Jun- 27-July 1, 1966. VNIC
No.- 64698. (14) Shimos. T., and Takamjr.-, A., "Corrosion

Resistance of Titanium and Titaniump-Pelladlum i
(3) H~aynie. F. H . 'The Effect of Theory on Alloy In Acid and Chloride Solutive.n' Kobe

the Choice of Test Methods for Determining Steel. Ltd., Kobe, Japan, (December, 1965)
the Stress-Corrosionv-Cracking SutcePtibilitY ENIC No. 64366.
of Aluminum Alloye. WI fatale M rial
Instit~ut*, Columbs. 0.. paper presen'tAH at 05 Bechm C. D.. and Broun. S. F., 'A C~marison
the 69th Meeing of the *5Th, Jun 27- of Three Specimens f cw Evaluating the Susco-p-
July 1. 1966, LMIC Wo. 64906. tibility of High-Strength Stee to Stress-

Corrosion Cracking', U. S. Noval Research
Laboratory, paper presented at dw~ 69th
Meeting of the ASTS. June 27-July It 1966,
WuzC No. fS902.



(16) &Mlllette, C. V., Drisko,. A. We and (25) Achexman, U. L., et &l, "Corrosion Properties
Altbouh, It. L., *Protective CoatiUVs in of Molybdenum. Tungsten, Vanadium, and Some
Shellom and Deep Ocean Environments". U. S Vanadium Alloys", Report I-RlI-6715, Bureau
Kaval Civil Engineering Laboratory, Port ; of Mines, Boulder City, Nov. (April, 1965))
Huenhme, Calif., Technical Note 11-767 UIXC No. 64839.(A•ut 2D. 1965) D.zC No. 64244.

((26) Kilpatrick, I., and Lott, S. K., "Reaction of
(17) Kyle. N. L., Nelson, P. A., and " . L.. flowing Stom With RtfroctoryI/etals, II.

Jr., "Corrosion of Steels and Tantalum by Rhenlum, III. Tungste". J. Electsochem. Soc.,
Molton Cadium4-agnesiumo-Zinc Systems'. 3 (1l), 15-18 (January, 1966).
Electrochemical Technology, j (9-10). 256-262
(Septeober-October, 1965). (27) Molter, R. J., and Chandler, N. T., "Campati-

bility of Tantalum and Columtium Alloys With
(18) Phelps. E. H., -Effect of Rlesidual Elements Hydroge , AIAA. 4 (2). 302-307 (February,

on Stross-Corrosion Cracking of Austenitic 1966).
Stainless Steelse, Applied Research Laboratory,
U. S. Steel Corporation. Monr•eville, Pa., (26) Meite, 3. 5o, kDewlopmnt of Oxidtion-
Paper Mo. 17, presented at the 69th Meeting Resistant Tungsteon-Base Alloys", AIMA, 4 (2),
of the ASlE. June 27-July 1, 19,6, OIIC No. 307-312 (February, 1966).

.5 64903.
(29) Johnston, J. R., Signorell1, R, A., and

(19) Chaudron, G., *Quarterly Report Sc. 11 (On Freche, J. C., *Performance of Rocket NoZzle
Stainless Steel) July I - September 30. 196 , Materials With Several Solid Propellants",
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