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t AIBTRILCT

The relationship between quantity of AM sea salt, varying frcaS0.0002 to 0.02 gsq in., and thickness of anodized film--O, 2, and 8 micro-

inches--in elevated temperature stresu-eorrouion cracking of the titanium
alloys Ti..6AI-V and B-120VCh was Investigated. Exposure conditions were
BOOF-25,000 psi-190 hr for the former alloy and 6007F-100,O00 psi-190 hr for,
the latter. Damage was progressively greater with increasuin.g quantity of
salt. The anodized films appeared to be of no benefit to the Ti-6A1- 4V alloyi
however, it appeared that limited protection was afforded B-12OVCA.

The alloys, 2024-T86, 7075-T6, ZK-6OA-T5, 17-7 PH H 950, and
B-120VCA in two conditions of grain size and two conditions of surface treat-
ment were tested as follows: tensile test in air at room temperature, and in
distilled water and ASTH sea water at 32", 75', and 212"F; and statically
loaded at 90% of the yield strength in media of air, water, and ASTM sea water
at room temperature.

Other evaluations made were as follows: effect of surface cantamina-
tion on the susceptibility of B-12OVCA to premature failure in ASfl sea water$
effect of ion species on the susceptibility of ZK-6OA, 17-7 PH, and B-12OVCA
to stress corrosion or premature failure in static load tests; and behavior
of weldnents of B-12OVCA in tensile and static load testing in AM sea water*

The results indicate that B-12OVCA is more resistant to failure than
1.7-7 P1 under the conditions of these experiments. However, weldents of
B-12OVC& failed in the elastic region when tensile tested in A1M sea water.

PUBLICLTION REVIEW

This report has been reviewed and is approved.

FOR THE COMAWDER:

W. J * Trapp
Chief, Strength and Dynamics Branch
Metals and Ceramics Laboratozy
Directorate of Materials and Processes
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Is INTRODUCTION

In laboratory tests certain materials for aircraft and missile con-
struction were observed to fail prematurely when subjected to stress approx-
imating their yield strength in the presence of aqueous salt (ASTN sea water)
solution. The materials weres aluminum alloy 2024-T86, magnesium alloy
ZK-60A, precipitation hardenable stainless steel 17-7 PH, and titanium alloy
B-12OVCA (1). The fact that failures of this type have occurred on aircraft
structures indicates a problem in need of elucidation.

Another problem of consequence is the stress corrosion of titanium-
base alloys by chloride salts at elevated temperatures. Apparently there is
little cause for concern for titanium-base alloy parts incorporated in air-
planes presently flying. The upper temperature limit and the stress condi-

* tions for these applications are not within the critical zone as defined by
laboratory tests for the particular alloys involved. However, newer develop.
iments are cause for apprehension. Specifically, it is desired to push the
temperature limit for titanium application higher--that is, into the region
where salt stress corrosion proceeds at a high rate. Also, a newly developed
alloy, P-12OVCA, which shows promise of being widely used in aircraft and
missiles, has been shown in laboratory tests to have a lower temperature
limit for severe damage than alloys like Ti-6k1-4V. Since this heat-treat-
able alloy was tested in a high-strength condition, this may be a reflection
of the greater notch sensitivity.

It is known that the rate of stress-corrosion cracking is dependent
upon the amount of salt present. In laboratory tests applied salt concen-
trations have, for the most part, been greatly in excess of accumulations
that one might expect in service. One of the reasons why titanium alloys may
appear to perfoza better in service in marine atmosphere than one might suppose
based upon laboratory tests is that salt accumulations are smaller than the
amounts usually applied in tests. Also, it iS known that anodized films
afford some protection. Muportant questions which need quantitative answers
are: (1) what protection is given by an anodized film, and (2) what in the
influence of salt concentration?

In regard to premature failure in aqueous salt solution the objectives
of the current program are tot (1) define the conditions under which such
failures occur and (2) to develop information which will contribute to under-
standing the mechanism involved. Materials of this part of the program area
the aluminum alloys 2024-T86 and 7075-T6, ZK-60A, 17-7 PH, and E-120VCA, Test
methods consist of dynamic tensile and static load testing in air, distilled
water, and AS1K standard sea water. Dynamic tensile tests were conducted on
a "hard" machine capable of detecting the occurrence of cracks which cause a
drop in load of 20 pounds (equivalent to about 900 psi for the specimen

Manuscript released by author November 1961 for publication as an AM *1

Technical Report.
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geometry used). Dynamic tensile tests were conducted at nominal
temperatures of 32*, 75'. and 2120F for aqueous environments. static load
(tensile) tests were conducted at room temperature only. ALl materials were
evaluated an age-hardened sheet in two grain size conditions and-ti-i sface
conditions, freshly ground under the test medium and with a protective film
on the surface. Selection of these two surface conditions was based upon
current work in the area of fracture mechanics and the influence of test
environments. The work indicates that factors of importance are reproduci-
bility of the surface condition and the presence or absence of a surface
film, eg., the natural oxide. The first factor is important in order that
results of independent investigators may be mutually reproducible and corre-
lated. The second factor has been shown to have significant influence in
single crystal work, and in work on polycryetalline manganese bronze of the
author's experience (2).

In regard to elevated temperature salt stress corrosion of titanium-
base alloys, the objective is to define the relationship between thickness of
protective anodized film, quantity of salt present, and specimen life or
degree of damage after 190 hours' exposure. Evaluations were made at singl.
expopure temperatures of 6000 and 80O0F for sheet B-120VCA and Ti-6AI-4V
alloys, respectively.

IL. EUPERIMBTAL PROCEDURES

A. Materials

The materials of this investigation, their sources, gages, and nominal
or actual compositions are given in Table 1. The materials were evaluated in
the as-received condition with respect to microstructure and in a coarser
grain size condition with the exception of B-12OVCA. The second micro-
structural condition of this alloy was of finer grain size produced by cold
rolling and recrystallization. Grain coarsening of the other alloys was
accomplished by annealing at relatively high temperatures. Grain coarsening
temperature of the aluminum and the magnesium alloys was limited to 9007 due
to grain boundary melting. Treatments to produce the second grain size and
the grain size of the materials evaluated are given in Table 2. Grain
coarsening treatments were arrived at by trial. The materials initially were
relatively coarse grained and, except for ZK-6OA, were quite resistant to
grain growth.

The invoice acccmpaqying the B-12OVCA material indicated that it could
be aged to the desired strength level in 24 hours at 900F. However, after
such a treatment the tensile properties were little different from the as-
received or solution-treated properties. An aging study monitored by hardness
measurements indicated that aging should be for 40 hours at 90O*F. Aging heat

2



l treatments were carried out in a positive pressure, static argon gas atmos-
IL phere. Titanium sponge was placed in the hot zone between the test pieces

and the entrance end of the retort for gettering residual impurity aeen..
After heat treatment 0. 5, mil was pickled frm each surface.- -The-picke -batb& -
consisting of an aqueous solution of 3% HF, 30% HNO , and 5% H20 "-was
operated at 150*F. The finer grained material was ýroduced by c'ld rolling
0,090 in. material to 50% reduction, and recrystallizing at 1325"F for 1 hr
followed by air cooling. Because of the size of sheet the recrystallization
treatment was done in air. A total of 4 mile of surface was removed by
pickling in order to insure removal of contamination.

It was originally planned to evaluate the 17-PPH material in the TH
1050 condition. However, in this condition the material exhibited a yield
strength of only 140.,000 psi--about 40,000 psi below the desired level. There-
fore, the RH 950 treatment was employed.

The "ground" surface condition was prepared by abrading with 120-150T
Porter Cable abrasive under the test medium. For tests in aqueous media the
reduced section was not permitted to dry between grinding and testing. This
was to insure that the molecular species adsorbed on the surface would be
the test medium. The other surface condition evaluated was a protective film.
The aluminum alloys 2024 and 7075, were anodized according to the procedure
AMS specification 271 while the magnesium alloy, ZK-60A, was chromated
following the procedure AMS specification 2475A. The stainless steel, 17-7 PH,
was passivated by holding in a 25% HNO solution at 1200F for 30 minutes. The
titanium alloy, B-12OVCA, was anodized'to a film thickness of 8 microinches
as described below. All test specimens were longitudinal with respect to the
rolling direction.

B. Elevated Temperature Salt Stress Corrosion

The elevated temperature salt stress corrosion tests were conducted
in 2031 lever arm creep test stands. Sheet test specimens contained a 2 x 1/4
in. reduced section. The salt was applied by spreading 0.05 ml of salt solutions
of concentrations: 10, 1, and O01% ASTh sea salt (7 parts NaCi to 1 part MgCl)
over one side of the 1 in. center part of the reduced section. The solutions
were allowed to evaporate to dryness before the specimens were placed in the
test stands. Exposures were for 190 hours at temperatures of 6001F for B-120VCA
and 8007' for Ti-6A1-4V. The stresses applied were estimated to produce not
more than 0.2% creep deformation, and were 100,000 psi for B-12OVCA and 25,000
psi for Ti-6A1-WV. Specimens of each alloy were evaluated in three surface
conditions: freshly pickled, with 2-microinch anodized film, and with
8-mioroinch anodized film. Anodizing was carried out in a 1% KOH solution.
The thinner film was produced by anodizing for 30 sec at 18 volts; the thicker
film was produced by anodizing for 15 sec at 68 volts followed by 15 sec at
74 volts. The latter procedure resulted in a more uniform film than anodizing
for 30 see at 74 volts. After elevated temperature exposure, specimens were
tensile tested at room temperature.



C. Tensile Testing in Aqueous Media

Sheet test specimens for tensile tests contained a 2 3/8 by 3/8 1A.

reduced sootion eve-vt the i-graIn•ed R-.2OVC and -the. -coarser-graled.
17-7 PH specimens. Since a number of the 3/8 in. width poW maenS 0 =e100
alloys in the as-received condition failed in the pin holes the materials
processed to change the grain siss of these two alloys were machined to 1/h
in. width. The tests were made on a Riehle machine of 20,000-lb capacity. A
constant cross-head speed of 0.2 Ln./min was used in all testing. For tests
in aqueous media at room temperature the medium was contained in a 1 in.
plastic tube surrounding the reduced section of the test specimen. The
container was sealed at the bottom by means of a rubber stopper slotted to
accommodate the test specimen. Dow Corning stopcock grease was used to
complete the seal between the specimen and the rubber base plug. Tests
conducted above or below room temperature had the medium contained in a
2 1/2-in. diameter Pyrex tube reduced at the base to 1 1/2-in. diameter. The
base was sealed by means of a rubber stopper with a hole in the center to
accommodate the lower pull arm, about which the seal was made. The lower
pull am pin was coated with Ray-Bond adhesive R-81001 (Rqybestos-Manhattan,
Inc.), in order to prevent electrochemical effects external to the test
speoimen. Thermocouples in contact with the specimen under the test medium
were also coated. For tests at 212OF a resistance heating coil wan wound
around the Pyrex tube; for tests at 320F crushed ice was added to the medium.
Load-strain curves were recorded autographically. A drop in load of 20 lb
was readily detectable.

D. Static Load Tests in Aqueous Media

Static load tests in aqueous media were conducted at rowm temperature
only. Test loads were equivalent to about 90% of the 0.2% off-set yield
strength, and test duration was 24O hr or rupture whichever occurred earlier.
The aqueous media were contained in 1 in. plastic tubes in the manner described
above for tensile tests. Specimena surviving the exposures were tensile
tested.

E. Evaluation of Weldments of B-120VCA

Since the grain sise of welduents in B-120VCA is usually much larger
than the parent grain size, an evaluation by the above means (tensile test and
to the rolling direction and were tested in the longitudinal direction. Bead

welds on 0,062 in. sheet were made by the tungsten inert gas process, operating
at 10 volts and 9-100 amps current. Wealds were made under three sets of
conditions: (1) normal conditions, (2) a 300 gauss magnetic field parallel to
the welding electrode imposed and field direction alternated at the rate of
10 opa, and (3) 250 gauss magnetic field imposed and field direction alter-
nated at the rate of 2 cps. The last two conditions were for the purpose of
refining the weld grain sise. Experiments exporing various means including
mechanical vibration and magnetic stirring for refining wold grain size of
B-12OVCA indicated magnetic stirring to be more effective (3). Aging of the
welded specimens was done at 900oF for 40 hr and was followed by a flash
anneal at 1000F for hO min to improve ductility.

UI
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I III. RESULTS AND DISCUSSIONU

A. Niorostruotuiv o Materi

Table 2 sunuariuea the heat treatments applied to the test materials
and the grain size measureaents. Representative microstructures awe shows in
Figs. 1 through 10. Only the 17-7PH in both grain size conditions and the
ZK-60A in the au-received condition were equiaxed. Therefore, grain measure.-
ments are given in terms of the average dimensions of the major and minor.ames
of the grains. The microstructure of the cold-rolled and recrystallized
B-120VCA alloy (see Fig. 10) was quite varied. Apparently much of the structure
recrystallized by secondary recryetallisation.

Be Elevated Temperature Salt Corrosion

All specimens of Ti-6Al-4V and B-12OVCA survived the stress-corrosion
exposures. A control specimen of Ti-6AI-4V alloy exhibited 0.17% creep under
the exposure conditions of 259000 psi stress at 800* for 190 hro while a
control specimen of B-12OVCA exhibited 0,055% creep under the conditions of
100,000 psi stress at 600eF for 190 hr. Post-exposure tensile properties for
the two alloys are given in Tables 3 and 4, respectively. Tensile elongation
as an indication of the extent of stress-corrosion damage is plotted in Figs.
11 and 12 versus the salt concentrations on the surface.

The T±-6AW-V alloy exhibited significant stress-corrosion effects
only at the highest salt level. Anodizing does not appear to have had any
effect under these exposure conditions.

Metallographic examination of specimens exposed to the heaviest salt
concentration all exhibited surface corrosion and occasional pits. The latter
are probably the loci of individual salt crystals. However, no cracks were
observed. This finding is essentially is agreement with those for accelerated
sodium chloride stress-corrosion testing carried out by the titanium prodacers.
The conditions of the current investigation represent borderline conditions
between cracking and no cracking defined by the earlier investigations of the
producers (4).

Figure 12 indicates that the B-12OVCA alloy is susceptible to som
extent even at the lowest salt level, and stress-corrosion damage increased
with increased quantity of salt. The data suggest that the anodizing treat-
ment may have been beneficial. However, the degree of protection afforded
under the conditions of this evaluation was not very great.

Metallographic examination of specimens exposed to the highest salt
concentration showed the presence of tranagranular stress-corrosion cracks in
the unanodised specimen and in 2-microinch oxide film specimen. Excluding the
crack from which the tensile fracture initiated, the metallographic sample
from the former specimen contained 5 cracks of length varying from 0.002 to
"0.004 in., while the sample from the latter specimen exhibited 17 cracks of
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lengths varying from 0,002 to 0.007 in. No cracks were observed In the sample
from the 8-microinch film specimen examned, Tbe. crackcvzibitAed ve9y -1t3Le
branching and appeared to follow along orystallographic-t iretions closest

, to being transverse to the stress axis. Examples of *trne-aorrosion cracks
observed in the ungnodized and in the 2-micro h anodized film specimens are
shown in Figs. 13 and 114, respectively.

It should be pointed out that applying salt solutions of different
concentrations as was done in this evaluation had the primary effect of
varying the size of the deposited salt crystals. The edge dimensions of the
salt crystals as observed on the B-120VCL specimens were 0.0O4, 0.005L, and
000009 to 0.00009 in., for thehighest, intermediate and lowest salt levels$
respectively. At the lowest level the O.O009 in. crystals were rare, while
the 0.00009 in. were common and concentrated in the grain boundaries. The
grain structure on the surface of the as-received B-120VCA could be readily
discerned at low magnification because of marked depression of the grain
boundaries. This is shown in Fig. 15. Apparently the last liquid to evaporate
resided in the grain boundary depressions, and the most dilute solution did
not become saturated until evaporation had reduced the liquid volume to that
in the grain boundaries, resulting in a concentration of the salt in these
locations. The cold-rolled, recrystallized and pickled material exhibited
this phenomenon to a much less marked extent, as shown by Figure L6.

C. Tensile Properties in Various Media

The data for tensile test in media of airs distilled waterp and AST(
sea water at room temperature, and for the two aqueous media at 32* and 212°F
are summarized in Tables 5 to 14. Tensile elongations as a function of
temperature are plotted for each of five basic materials in Figs. 17 to 21.
There was no significant change in the tensile properties of 2024-T86 for the
variables imposed in this investigation. The 7075-T6 alloy similarly exhibited
no tensile test property dependence on test medium, temperature or surface
condition. It may be noted, however, that the grain-coarsened material had
lower strength and higher ductility than the as-received material.

The two surface conditions of the ZK-60A behaved similarly in the
various media. Tests in air and water gave approximately the same results;
the average elongation was somewhat higher for tests in air compared to tests
in water. Tests in ASTM sea water resulted in lower elongation than testing
in the other media; and comparing the aqueous media this difference increased
with increasing temperature. The high elongations in water solution are due
to the occurrence of stress-corrosion cracks throughout the reduced section.
Chreaating leaves a very rough surface on ZK-60A alloy, and cracks originate
at the base of the deeper pits as shown by Fig. 22,which is a photomicrograph
of a specimen tensile tested in air, Five such cracks were observed in the
particular metallographic sample represented.
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Tlw graun-coareening heat treatment of 2000"F for 4 hours was very
detrimental to the tensile ductility of l7-7PH in the RH 950 condition, as
shon by_ Fig. 20.* This heat trestaout wio v a di. sair aprOn±l
caused grain boundary oxidation to a depth of about 0.001 in. as illustrated
by Fig. 23. However, surface grinding to remove 3 mile and consequently the
damaged layer from each surface produced a tensile elongation of 3.3% in one
specimen but only 0.8% in another. It in possible that due to distortion
3 mils were not removed over the entire surface of the latter. Therefore, it
appears that the damage was limited to the surface layers. In the as-
"received, fine-grain size condition the stainless steel exhibited somewhat
higher elongation in ASTM sea water at 32"F than in distilled water. At
room temperature this relationship is reversed but smaller in magnitude.
There does not appear to be a significant difference at 2127F. In the grain4-
coarsened condition all tests in aqueous media produced tensile elongations
of less than 1%, while tests in air at room temperature resulted in elonga-
tions of 1% or slightly more.

The fine-grained B-12OVCA alloy had somewhat lower strength and higher
ductility compared to the as-received coarse-grained material, as shown by
the data of Tables 13 and 14 and Fig. 21. Tensile elongation tended to
increase modestly with increasing test temperature for this alloy; this
increase was perhaps due to temperature, per s,, since the matrix is body-
centered cubic. In general, tensile elong-ation was slightly lower in ASTM
sea water than in water.

D. Stress-Corrosion Susceptibility in Various Media

The results of subjecting the test materials to loads of 90% yield
strength (0.2% offset) in the presence of air, distilled water, and ASTM sea
water for 240 hours are summarized in Tables 15 to 21, and Figs. 24 to 26.
Occasionally there was a leak which necessitated interrupting the test in
order to stop it. In such cases failure frequently occurred very soon after
the reapplication of the load. Also, failures in the lower pin hole were
very often associated with a leak condition. Tests in which leak conditions
prevailed upon initial loading are so indicated in the tables. The term
"interface" in the last column of some of the tables from No. 19 through 25
refers to the air/aqueous solution interface. All of the aluminum alloys
specimens survived the exposures as shown by Fig. 24. Post-exposure tensile
testing indicated that the fine-grained surface specimens and coarse-grained,
anodized specimens of 2024-T86, and a coarse-grainedp surface-ground specimen
of 7075-T6 suffered damage as a result of the exposure in ASTM sea water.
The coarse-grained 7075 alloy was inadvertently loaded to 118% of the yield
strength rather than the intended 90%.

0

* In plotting the elongation data for 17-7 PH and B-12OVCA, single values
are used in cases where one of the duplicate specimens failed in a pin
hole, except in the case where in spite of the fact that failure occurred
in a pin hole the elongation was greater than for the duplicate specimen
which failed in the gage length.
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Figure 25 and Tables 19 and 20 smmarize the results for static load
exposure in various media for ZK-60A alloy, The coarse-grained material in
the surface-ground condition was inadvertently stressed to 106% of the ylld
strength rather than the intended 90%. The data suggest that the fine-griain
surface-ground condition is more resistant to Stress-corrositn icrkin•- ..-..

the aqueous media than the fine-grain, film condition; and the coarse-grain,
fili condition is more resistant to stress-corrosion cracking than either.
The position of the coarse-grain, surface-ground condition is somewhat uncer-
tain because of the unequivalent load; however, it appears to be on a par with
the coarse-grain, film condition. Figure 27 shows a stress corrosion crack
in a fine-grain, film condition specimen exposed to ASTH sea water.

Static load exposure results for 17-7PH are given in Fig* 26 and
Tables 21 and 22. Failures during exposure occurred in water and ASTM sea
water@ Failures were more numerous in the coarse-grain material, and they
occurred in much shorter times. The most frequent site of fracture waa at
the base of the container suggesting a concentration cell effect* Similar
behavior was reported by Ault for AM-350 alloy (5). However, fracture at the
air/solution interface was almost as frequent, The poorer performance of the
coarse-grain material was very likely related to the surface condition discussed
above*

Static load results for B-12OVCA are summarized in Fig. 26 and Tables
23 and 24. A number of specimens in the as-received (coarse grain) condition
fractured in the pin hole, either during exposure or during subsequent tensile
testing. Consequently when the fine grain material was machined to test
specimens at some later time the width of the reduced section was changed from
3/8 to 1/4 in, The theoretical stress concentration of the pin hole was 2.0ý
Pin hole fractures during exposure were associated with the presence of aqueous
solution. In the case of the surface-ground condition, specimens were entirely
innersed in the medium for the grinding, and undoubtedly traces of solution
remained in the pin holes. In the case of the film condition specimen
(specimen No. 12), the container developed a leak which probably led to wetting
of the lower pin hole where fracture occurred.

None of the fine-grain specimens failed during exposure,and none gave
unequivocal indications of having suffered damage during exposure in subsequent
tensile testing. In comparison to the performance of the coarse-grain material,
this may be the result of a lower stress at the pin hole because of the more
favorable geometry of the fine-grain specimens. It appears that B-120VCA
performs much more favorably under these conditions than 17-7 PH.

gI
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Be Effect of Ion Species on Stress Corrosion Cracking

The three materialse ZK-60A, 17-7 PH.,and. Ba2VA# -which gave
indications of being susceptible to premature failure or stress corrosion

Scracking in ASIN sea water under static load conditions were further evaluated
to determine the effect of ion species on their behavior. The ASTK sea water
has a molarity of 0.60 assuming 3.5% aCi in place of the actual 3% NaCl-0.5%
MgCl e Specimens of the three alloys were exposed under static loads of 90%
of t;e 0.2% offset yield strength in 0.60 molar solutions of the following
salts: NaC, KC11, CuC1, NaBr, and NaL. In testing performed up to this poiut
failure either occurred in less than 60 hr, or there was no failure for the
240 hr exposure. Therefore, in these tests exposure times were at least ý6 hr
but did not exceed 175 hr. Specimens word evaluated in the surface conditoma:
freshly ground under the test medium*

The results of these tests are summarised in Table 26. All of the
B-120VCA specimens survived the exposures and in subsequent tensile test
evaluation exhibited no deterioration of mechanical properties. For the
other two materials molar conductance versus time to failure is plotted in
Fig. 28. The molar conductances at 180C (64*F) were taken from the
International Critical Tables for 0.5 molar solutions--data were not complete
for a temperature of 250C (77*F) (6). Considering the sodium salts of the
halide series it appears that time to failure is longer for increasing molar
conductance. Also considering the behavior of 17-7 PH in the series of
chloride salts it again appears from these very limited data that time to
failure tends to increase with increasing molar conductance. It may be noted
that with a single exception the ZK-60A specimens failed either in a pin hole
or at the base of the cup. Similarly three of the four 17-7 PH failures
occurred in a pin hole or at the base of the cup. Under the conditions of
these tests there is a decided preference for crevice, or concentration cells
corrosion.

A single specimen of the ZK-60A alloy survived for more than an order
of magnitude longer than the other magnesium alloy specimens. This speomen
was exposed to an aqueous solution of K01. Specimens exposed to the dC01
solution exhibited many transverse cracks in the test sectione while all of
the other magnesium alloy specimens either had no cracks observable at 30X
or only a few small cracks (about 0.04 in. long) within 1/16 in. of the
fracture.

Consideration of the ionic conductance and the effect of ionic con-
ductance on the changes in composition In the anode and cathode areas of an
electrolytic system suggests that the apparent correlation exhibited by Fig. 28
is merely superficial and the relationship between species of anion, cation,
test material, and stress corrosion behavior is, needless to say, very complex.
It is especially interesting that the CsCa solution did not produce stress-
corrosion failure in 17-7 PH although the other two chloride salts did. Of
course, an uncontrolled variable of considerable importance in these tests was
oxygen content. This is especially important because of high proportion of
failures at crevice sites.
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. Behavior of B-12OVCA Welicente Under
Tensile Stress in AM Sea Water

Longitudinal weld specimens of B-120VCA In the aged condition were
tensile tested in air and in ASIR sea water and eviuated for premature
failure under static load equal to 90% of the yield strength In air and A87M
sea water. Weldments were bright and shiny in appearance, and there was no
evidence of contamination. The aging treatment was 900"F for 40 hr followed
by a flash anneal of 10006F for 40 min. The specimens were then pickled to
remove a total of 1 min. The results are given in Table 27.

The weldments were of lower strength and ductility than the parent
metal (see Table 114). Tensile testing in ASTM sea water resulted in failures
in the elastic region for all welded specimens. Under statie load conditions
at 150,OO0 pei, specimens tested in air environment survived 96 hr exposure
and exhibited no deterioration of mechanical properties in subsequent tensile
testing. However, in AST sea water all specimens failed within 1 minote of
the application of a load of llOO000 psi. Thus the behavior of the welded
structure is in marked contrast to that of the base metal, but is similar to
the behavior experienced with specimens which were intentionally contaminated
during heat treatment (refer to Table 25) and with the behavior of base metal
evaluated in a similar manner in a prior program. In the prior work, aged
material failed on loading to the 0.2% offset yield strength in a somewhat
different environment--the specimen was wetted by a wick system fed by a 10%
aqueous solution of ASTH sea salt (7 parts NaCi, 1 part Mg2•Cl) (1).

The surface appearance of the bead-on-plate weld indicated that both
conditions of magnetic stirring reduced the grain dimension by a factor of
two as measured along a line parallel to the weld and displaced 1/32 in. from
the centerline. However, microexamination of transverse sections of the welded
specimens indicated that only the 2 cps-250 gauss condition produced refine-
ment in depth, and this refinement was limited to about 30% reduction in the
grain dimension measured perpendicular to the plane of the sheet. The weld
grain structures are indicated by the fractographs shown in Fig. 28 which
shows specimens that failed under static load in the ASTM sea water environ-
ment. In all cases failure appears to have initiated at the center of the
front face of the weld.

IV. SUM•(R1 AND CONCLUSIONS

The effect of quantity of salt present and thickness of oxide film
(applied by anodizing) on hot salt stress corrosion was evaluated for
B-12OVCA at 600*F under 100,OOO psi and Ti-6A1-4V at 807OF under 25,000 psi.
All test specimens survived the 190 hr exposure. There was a definite effect
due to salt quantity. There was significant damage (amounting to an average
40% loss in tensile elongation) to Ti-6A1-4V alloy only at the highest salt con-
centration of 0.02 g/sq in. Under these test conditions anodizing appeared to
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have no effect. The B-120VCA alloy exhibited stress corrosion damage even at
the lowest salt concentration of 0.0002 g/sq in. Ui this Gaie it did appear
that the anodized films were somewhat beneficial; however, the degree of pro.
tection afforded left much to be desired, .

The alloys 2024-T86j 7O75-T6, ZK-60A T;, 17-7 PH., and B-12OVCA were

tensile tested in air at room temperature, and in distilled water and in AS%1
sea water at 320, room temperature, and 2121F. The materials were tested in
two grain size conditions and two surface conditions. One surface condition
was freshly ground under the test medium, and the other was a protective film
condition. The latter was an anodized film for the two aluminum alloys and
B-12OVCA titanium alloy; chromate film for the magnesium alloy, ZK-60A; and
a thin oxide film by passivation for the stainless steel, 17-7 PH.

There was no significant effect on the tensile properties of the two
aluminum alloys due to the variables imposed in this investigation. Except
for slightly lowered tensile elongation for the ooarser-grained material for
tests conducted in air, there was no significant difference in tensile elonga-
tion for the two surface conditions and the two grain sizes for the magnesium
alloy. Tensile elongations were lower in ASTM sea water than in distilled
water, and this difference increased with increasing temperature. Tests in
distilled water at 212PF resulted in very high elongations of 17 to 36% due
to multiple cracking throughout the test section.

The grain-coarsening treatment of 2000OF for 4 hr was very detrimental
to the tensile ductility of 17-7 PH in the RH 950 conrdits on due to grain
boundary oxidation to a depth of about 1 mil. It appears that this is corrected
if sufficient material is removed from the surface. Considering the finer
grain size (as-received) material there was very little effect of temperature
for tests in water; however, there was a progressive decrease in tensile
elongation with increasing temperature for tests in ASTM sea water--this was
true for both surface conditions. Tensile elongation for the coarser grain
condition was less than 1% for all tests in aqueous media, and was less than
1.5% for tests in air.

The finer grain size condition of the B-12OVCA alloy was of lower
strength and higher elongation than the coarser grain (as-received) material.
This was true for all test conditions. With a single exception tensile elonga-
tion increased with increasing test temperature. The exception was the fine-
grain, ground-surface specimens tested in ASTH sea water in the temperature
range from 320F to room temperature. This increase was perhaps due to
temperature per se since the matrix of B-12OVCA alloy is body-centered cubic.
Tensile elongation was always lower in ASTM sea water than in distilled water
for the fine-grain size material and for the coarse-grain material in the
anodized condition; but this was not true of the coarse-grain material in the
ground condition.

Static load exposures for 240 hr in test media of air, distilled water,
and ASTM sea water at room temperature were applied to the five alloys in
the two grain size conditions and two surface conditions as discussed above.
All specimens of the aluminum alloys survived the expoware. Post-exposure
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tensile testing indicated damage, i.e., some loss of tensile elongation, from' AWT. sea water to the following material conditions: (1) fine-grains, imirfaoe
ground 2024-T86, (2) coarse-grain, anodized 2024-T86, and coarwe-grain, mr-
face ground 7075-T6 perham_. (The oousrs,-griin 7075 was inadvertently loaded
to 118% of the yield strength rather than intended 90%.)

In ASIM sea water, material conditions of ZK-60A had increasing life
In the order: fine-grain, surface film; fine-grain, ground; and coarse-grain,
surface film. Although the coarse-grain, ground conditicn had the longest
life of all, i.e., 0.2-0.5 hr, it was not tested under comparable conditions--
a load of 106% of the yield strength was inadverently applied.

A single magnesium specimen survived the 240 hr exposure to distilled
water. It was in the coarse-grain, film condition. Post-exposure tensile
testing showed a 95% decrease in the tensile elongation. The duplicate test
specimen failed in 5.6 hr in an upper pin hole.

All material conditions except the coarse-grain, surface film
exhibited loss of tensile ductility after the 240 hr exposure in air. Duc-
tility losses were in the range from 48 to 58% of the tensile elongation.

Considering 17-7 PH, the fine-grain material was less susceptible
to failure in the aqueous media than the coarse-grain material, and the
passivated condition was less susceptible than the ground condition except for
the coarse-grain condition in sea water. The AS7 sea water was the most
severe medium with earliest failures occurring in 8.2 hr (in the upper pin
hole) for the finegrain ground material and 2 min for the coarse-grain,
passivated condition.

All specimens of the fine-grain B-12OVCA alloy survived the 240 hr
exposures in the various media. There were no unequivocal indications of lose
of ductility in post-exposure tensile tests. Material in the coarse-grain
(as-received) condition was very susceptible to failure through the pin holes.
All three specimens which failed during static load exposure (in ASTM sea
water) fractured through a pin hole, while half of all specimens tensile tested
after exposure fractured through a pin hole. The theoretical stress concen-
tration of the pin hole was 2.4. The applied load in the case of the fine-
grain material was only 67% of that for the coarse-grain material since after
the experience with the coarse-grain material the reduced section was made
narrower on the fine-grain specimens. No failures of B-12OVCA occurred during
static load exposures in air or water. It appears that B-12OVCA performs
much more favorably under these conditions than 17-7 PH.

The effect of surface contamination on the behavior of B-12OVCA
under static load in an environment of ASTM sea water was evaluated. Contam-
ination was effected by aging in air at 900*F for 40 hr. Various amounts of
material up to 2 mile were removed from the surface by pickling in 3% HF-30%
M03-5% H2 02 aqueous solution at 1500F. Two out of four as-contaminated
specimens failed within I min of loading to 90% of the yield strength. All
other specimens survived exposures of 240 hr. The best ductility for duplicate
specimens was obtained for those pickled just to the point of removal of the
surface discoloration; this amounted to 0.15 and 0.25 mils total reductions in
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a thickness. The ductility In this case was, in fact, superior to that of
material aged in argon ataosphere and subsequently pickled to remove 1 an
total thickness. Thus, it appears that surface contamination Is an important
factor in the premature flilure of B-I2OVOA itbssed If the preuince of silt• solution,

Three mIaterials ZK-60A, 17-7PH, and B-12OVCA in the as-received,
ground surface condition were statically loaded at 90% of their respective
yield strengths in aqueous environments of 0.6 molar concentrations of the
following saltss NaCl, KCl, CsCi, NaBr, and halo Exposure times ranged
from 96 hr to 175 hr. All of the B-12OVCA specimens survived, and no loss
of mechanical properties was experienced in subsequent tensile testing. With
a single exception, all magnesium alloy specimens failed in 0.12 hr or less.
The excepted specimen failed in 2.3 hr of exposure in KCI solutionj however,
its duplicate failed in 0.03 hr. The reason for this is unknown. Specimens
of I-7PH exposed to solutions of NaCi and KC1 failed in times of 19.2 to
57.0 hr; while all other specimens survived and gave no evidence of damage
in subsequent tensile testing. Attempts to correlate these results with the
characteristics of the electrolytes were unrewarding, although molar conductance
may be a factor.

Longitudinal weld specimens of B-12OVCA in the aged condition were
tensile tested in air and in AS= sea water, and also statically loaded in
these media. Two-thirds of the specimens were magnetically stirred during
welding in a mostly unsuccessful effort to refine the grain site. specimens
tensile tested in air exhibited tensile yield strengths from 159JO00 W
18#, O00 psi and elongations from 1.2 to 2.6%. However, fracture initiated in
the elastic region of specimens tensile tested in AM sea water. Specimens
statically loaded in air at lsO,000 psi survived the 96 hr exposure and gave
no evidence of loss in mechanical properties upon subsequent tensile testing.
Srecimens statically loaded in ASTh! sea water at 110,000 psi failed in 1 min
or less.

The behavior of the welded B-120VCA was in marked contrast to that
of the parent material, but was similar to that of the material intentionally
contaminated during the aging heat treatment. Also, in prior work a different
heat of aged material failed on loading to the 0.2% offset yield strength in
a somewhat different envirorment--the specimen was wetted by a wick system fed
by a 10% aqueous solution of ASM! sea salt. Care was taken to keep the welds
free of contamination (weldments were bright and shiny in appearance), and
after the post-weld aging treatment I rol total thickness was removed by
pickling. It is not known whether to lay this behavior at the door of con-
tamination, or coarse grain size, or to yet another cause at present
undefined.
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To recapitulate the findings of this investigation:

(1) QMtIty of salt is a factor in the elevated temperature chloride
salt stress corrosion of the titanium alloys B0-120CA and Ti._6AI'4V. The
former alloy was exposed at 600bF and the latter at 800F under stresses to
produce approximately 0.2% creep deformation in 190 hr. Anodized films were
of no benefit to the Ti-6A1-4V alloy; and were of limited benefit to B-120VVA.

(2) Tensile properties of the aluminum alloys 2024-T86 and 7075-T6
were not significantly changed for tests conducted in media of water or ASTN
sea water at temperatures of 320, 76,1 and 212*F.

(3) Tensile properties of ZK-60A were markedly influenced by the test
media: water and ASTM sea water, apparently reflecting a competition between
plastic straining and stress-corrosion cracking.

(4) Tensile properties of 17-7 PH at room temperature were not
significantly different for tests in media of air, water, and ASTM sea water.
There was a trend towards lower tensile elongation with increasing temperature
of the aqueous media.

(5) The B-12OVCA alloy exhibited decreasing tensile elongation at
room temperature for the various test media in the order: air, water, and
ASTM sea water. Also tensile elongation increased gradually with increasing
temperature of the aqueous media.

(6) Considering the test materials in the as-received microstructural
condition, exposures in air under loads of 90% of the tensile yield strength
for 240 hr were not detrimental to tensile properties.

The same conditions except for water as the teat environment were
detrimental to ZK-60A and, apparently, to 17-7 PH. Surface-ground specimens
of ZK-60A exhibited an order of magnitude longer life than chromated specimens.
The single specimen of 17-7 PH which failed during the exposure was a surface-
ground one.

The ASTM sea water environment, static load tests resulted in damage
to the following material conditions: 2024-T86 surface-ground; ZK-60A surface-
ground, and chromated; 17-7 PH surface-ground, and passivated; and B-12OVCA
surface-ground, and anodized.

The effect on B-12OVCA was aggravated by the notch-sensitivity of this
material in the high-strength condition. The three (of four) test specimens
which failed prematurely fractured through a pin hole. Similarly, a number of
these specimens failed through the pin hole in tensile tests.

(7) Under the conditions of this investigation B-12OVCA was more
resistant to deterioration of tensile properties and to failure than 17-7 PH.
However, weldments of B-12OVCA tensile tested in ASM sea water failed in the
elastic region. Weldments of 17-7 PH were not evaluated.
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(8) Surface contamination of B-12OVCA due to exposre to the atmosphere
during aging at 9000 F was damaging to tensile properties in sea water en'ltob-
ment. It appears that properties are best restored by pickling off the least

amount of material necessary to effect removal of the contaminated layers.

In view of the limited testing for each set of conditions these findirkgs
should be regarded as tentative.
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TABL11 3

Posr-maosuRE ToNsim PRoPERTiEs OF Ti-.-h smnws

STRESS CORROSION TESTED AT 80007 IN PRESNCE OF ASTH SEA SALT

0.2% No. of Max. Depth
Offset Cracks of stress

Oxide Fi3A Salt Yield Elong., in Corrosion
Spec. Thickness, Concn., Strength, UTS, (in 2 in.) Fracture Penetration,
No. Microin. gin. 2  ket kei % Surface in.

C1 None None 136 140 11.4 0
1 2 . 134 iIO 311.2 --
2 2 . 136 141 13.1 --
3 8 * 136 14 12.0 --

4 8 . 135 14o 15. --
C2 8 None 135 138 9.6 --

07 None 0.0002 136 142 10.6 0
C8 None 0.0002 136 lUj2 11.0 0
C5 None 0.002 137 141 11.5 0
06 None 0.002 139 1h3 10.2 0
03 None 0.02 137 122 9.7 a
04 None 0.02 132 136 5.6 a

C13 2 0.0002 138 143 10.8 0
C14 2 0.0002 1111 145 10.9 0
Co 2 0.002 135 111. 10.8 0
012 2 0.002 135 14o0 .110 0
C9 2 0.02 134 138 9.7 1 0.006
CIO 2 0.02 132 136 4.9 3 0.007

C19 8 0.0002 137 143 1.J3 0
020 a 0.0002 139 143 n.4 0
Cl? 8 0.002 142 143 I0.4 0
018 8 0.002 138 144 7.2 1 0.o06
c15 8 0.02 138 142 5.5 1 o.oo7
016 8 0.02 139 143 5.5 4 0.007

* Not exposed to elevated temperature stress corrosion

a Not determinable at X30
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POST-EXPOSURE TENSILE PROPERTIES OF B-12OVCA SPECD•SN
STRESS CORROSION TESTED AT 600oF IN THE PRESENCE OF AST( SWA SALT

0.2%
Offset

Oxide Film Salt Yield Elong. ,
Spec. Thickness, Conont, Strength, UTS, (in 2 in.)
No. Microin. g/in, ksi ksi %

Base properties of unexposed specimens* 191 208 3.2
C1 None None 142 186 1.3+
C2 8 None 196 206 3.5
C13 None 0.0002 198 205 2.0
M14 None 0.0002 3.3

C5 None 0.002 196 197 1.1
C12 None 0.002 170 170 O.14
C3 None 0.02 196 196 o.14
c4 None 0.02 192 197 0.6
ClO 2 0.0002 195 201 2.0
Cli 2 0.0002 20o 210 3.7
c8 2 0.002 205 23.4 2.8
C9 2 0.002 145 160 0.2+
C6 2 0.02 185 189 1.1
C7 2 0.02 192 197 1.1
019 8 0.0002 186 190 1.5
C20 8 0.0002 200 209 4.2
C17 8 0.002 193 193 o.14
018 8 0.002 186 195 1.3
C15 8 0.02 195 201 1.3
C16 8 0.02 191 198 o.4

, Average for 2 specimens

+ Fractured through pin hole
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TAB12

TENN311 PROPRT3318 OF FINEGELINID 20214-?86 AwxENUK ALLOY

IN VARIOUS NEDIA

Test Yield Strength liteuts Tensile -longo,
Temp# Speo. (0.2% Offset), Strength, (in 2 In.)

Test Medi=u OF No. kul kni %

Ground Surface

Air 75 13 71.7 77.1 4.4
114 73.2 7Vu. 174.3

Water 32 17 71.3 73.7 14,4
18 69.6 74h3 14.0

75 15 73.5 76.2 4.0
16 71.9 7?.3 3.9

210 19 68.5 70.5 3.7
20 67.5 69.0 4.7

ASTM Sea Water 32 23 75.3 78.0 4.2
214 75.1 7?.8 1"2

75 21 73.5 76.1 3.9
22 73.8 76.6 4.2

210 25 69.2 70.7 4.5
26 68.0 70.6 4.4

Filmed Surface
Air 75 31 71.6 75.8 3.9

32 71.5 75.2 3.5
Water 32 35 73.7 77.4 3.14

36 74.9 78.1 3.7
75 33 72.5 75.5 4,2

34 69.14 76.0 3,7
fo 37 67.9 69,2 4.7

38 65.9 70.1 14.4

.814 Sesa Water 32 41 72,7 76.14 3,9
42 67.6 78.1 3,9

75 39 73.0 76a1 1.5
S72.1 75.7 4.2

210 43 67.2 69.2 3.0
44 67.9 69.5 4.5
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TABLE 6

TUWILS PRoP IS,, C COARS&ZRIUU 202h1T86 MOM AIWY
IN VARIOUS MI

Test Yield Strength Ultimate Tensile Elong.I
Trip, Speo. (0.2% Offset), strength, (in 2 in*)

Test Medium or No. kul -ii%

Ground Surf ac e

Air 75 83 66.9 69.3 3.2
84 63.8 70.1 5.0

Water 32 91 67.9 70.8 5.0
92 68.4 7o.6 4.4

75 89 67.2 70.O 4.790 56.9 64.o 3.0
210 93 64.1 66.1 3.14

94 63.8 66.4 4.4
ASTM Sea Water 32 97 68.9 72,0 h.9

98 67.6 72.0 3.5
75 95 68.2 70.4 3.7

96 67.8 69.7 3.0
210 99 62.6 65.9 4.5

100 60.3 64.7 4.2

Filmed Surface

Air 75 101 67.8 70.8 4.9
102 66.14 71.4 14.2

Water 32 109 70.3 73.6 4.4
110 69.7 74.8 4.0

75 107 - 70.7 4.4
108 65.4 68.8 3.7

210 111 62.0 65.9 2.5
112 62.4 65.6 14.0

ASTK Sea Water 32 103 66.4 69.9 2.4
1014 63.7 72.3 4.4

75 113 71.7 73.9 4.2
114 70.7 73.3 3.9

210 105 63.0 67.4 3.7
106 61.4 67.1 4.2
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TABLE ,

I

TINSILE 2ROPNT113 O? FMIW-QRWUD 17L7-T6 AlUMONM ALLOY
iU

IN VA.-0USWME:XA

Test Yield ftrength Ultizate Tensile Blon go,
Tamp, Spec. (0.2% Offset), Strength, (in 2 in-)

Test Medium or No. kai ksL %

Ground Surface
Air 75 13 71.6 79.1 9.1

114 72.5 80.8 9.0
Water 32 17 71.3 79.4 8.4

18 67.14 79.6 8.6
75 15 71.9 79.6 7.1

16 71.1 79.1 6.7
210 19 65.6 70.2 9.2

20 66.4 69.8 9.6
ASTM Sea Water 32 23 72.4 82.7 7.9

24 74.3 82.7 7.6
75 21 73.1 80.4 7.7

22 73.2 80.1 7.1
210 25 67.5 70.4 8.14

26 68.0 71.1 7.4

Filmed Surface
Air 75 31 70.6 77.9 7.1

32 65.1 75.2 7.1
Water 32 35 73.6 82.0 8.6

36 73.1 81.9 7.7
75 33 71.5 80.6 7.9

314 70.7 80.7 8.4
210 37 60.5 72.1 8.2

38 67.6 72.5 9.2
ASTM Sea Water 32 41 75.2 82.8 7.4

142 72.8 82.1 8.1
75 39 72.2 81.9 7.2

4o 70.9 81.7 7.4
43 66.8 71.1 9.2
44 65.7 70.3 10.4
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TABLE 8

ILITENSILE RPERTPIES CP OOAIWR-RAINfl 7075.46 A1MXNUI( ALLOY

IN VARIOU MIA

Test Yield Strength Ultimate Tensile "long,
Tern, Spec. (0.2% Offset), Strengthj (in 2 in.)

Test Medium or No. kei kei %

Ground Surface
Air 75 83 62.5 77.6 10.9

84 63.8 77.3 11.9
Water 32 91 63.5 78.8 11.6

92 67.2 77.4 10.9
75 89 61.2 74.9 10.9

90 63.3 76.5 11.3
210 93 62.7 70.0 12.8

94 61.2 69.9 13.1
ASTM Sea Waler 32 97 68.6 78.6 10.6

98 67.8 79.14 11.6
75 95 614.9 77.7 11.9

96 65.0 77.5 10.9
210 99 62.1 69.0 10.1

100 62.8 68.6 5.7

Filmed Surface
Air 75 101 64.0 77.4 10.1

102 64a1 76.8 10.9

Water 32 109 68.8 81.0 u.6
110 69.6 80.6 11.7

75 107 65.5 76.3 11.1
108 64.9 76.6 11.3

210 85 64.0 71.0 n13
111 59.3 68.6 1O.6

ASTN Sea Water 32 103 69.4i 80.6 11.6
104 71.3 81.4 11.6

75 105 69.0 80.6 11.3
106 68.2 79.7 10.7

210 86 63.2 70.9 7.9
87 63.6 70.8 8.2
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TABLE 9

S•8'~~E~ na. PHoF•Iurizs OF FDm.owwtNE zK.-60A T5 MAGNESIUM ALLOY.
IN VARIOUS MEDIA

Test Yield Strength Ultimate Tensile hang.,
Temps Spec. (0.2% Offset), Strength (in 2 in.)

Test Medium al No@ kui kni %

Ground Surface

Air 75 13 40.8 48.4 8.2
14 38.4 48.3 9.5

Water 32 17 L0.0 47.6 5.0
18 42.6 149.9 5.5

75 15 36.4 46.1 5.4
16 39.2 46.0 6.5

210 19 28.5 33.0 28.00
20 28.0 33.0 30.00

AST1 Sea Water 32 23 43.0 h6.4 3.ob
24 35.8 46.6 2.6b

75 21 141.0 43.6 2.00
22 140.14 42.6 2.7.c

210 25 27.6 33.5 8.026 27.4 33.1 8. lb

FiPad Surface

Air 75 31 39.8 47.8 9.1
32 42.7 50.3 6.2

Water 32 35 40.6 5o.3 5.0
36 45.1 53.2 4.o

75 33 32.3 47.2 7.1
34 40.2 46.6 6.6

210 37 25.5 32.3 140.00
38 27.7 32.3 32,00

ASIM Sea Water 32 14 30.2 44.1 3 0-
42 34.2 8.9 3 39b

75 39 10.4 42.8 2.9a
40 4o.9 43.6 2.7a

210 43 28.6 32.8 8 •4a
44 26.2 33.0 7 . 3a

* - Fracture at pin hole* b - Sun cracks near fracture.
a - Deep cracks near fracture. a - Cracks throughout section exposed to

medium.
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TAML 10

t ~~~TINS=1 PROPIRTIES OF COARSE-GRAINED ZKC-60A NAN3LMO A=LS• Io
IR VARI0U3 MEDIA

Test Yield Strength Ultimate Tensile Elong..
Tempt spec. (0.2% Offset), Strength, (in 2 in.)

Test Medium OF No. kui ku%

Ground Surface

Air 75 83 34.8 44.7 5.7
84 32.8 44.6 7.7

Water 32 91 36.6 T47.2 7.1
92 37.5 45.6 1.8

75 89 36.3 44.2 6.1
90 37.0 4.6 5.4

210 93 28.8 32.0 14.8a
94 25.8 29.6 20.1&

ASTM Sea Water 32 97 140.8 144.1 1.8
98 41.7 45.2 2.3

75 95 37.5 41.9 2.0
96 o.0 Ai.3 2.0

210 99 26.8 30.6 5.4
100 26.7 29.9 6.9

Filmd Surfaoe

Air 75 101 o40.9 45.7 6.2
102 42.6 45.9 5.2

Water 32 109 44.o 48.9 5.9
no 44.4 48.6 5.4

75 107 41.8 45.2 5.9
108 39.8 16.8 6.2

210 11 28.14 32.1 19.2
112 29,6 33.3 19.8

ASTM Sea Water 32 115 43.1 147.8 1.7
116 41.2 h6.5 1.7

75 113 38.2 141.8 2,7
114z ho.9 143. 1 1.8

210 117 27.4 33.0 5.2
118 23.7 31.9 8.1

a - Cracks throughout section exposed to medium.
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TABLE 1l

TENS= PROPMRTES OF FMI-0RAflD IM-7PH RH 950 STAIMESS STML

IN VAR=58 MDIA

Test Yield Strength Ultimate Tensile Elong.,
Twep, Spec. (0.2% Offset), Strength, (in 2 in,)

Test Medium er No. kui ksl %

Ground Surf ace

Air 75 16 208 212 4.1

Water 32 54 209 213 4.4
18 201 206 1.7

75 52 203 216 4.4
53 214 221 3.2

210 19 182 2.02 3.4
20 188 197 1.9

ASTM Sea Water 32 23 211 222 8.7
24 212 218 4.8

75 21 212 215 3.1
22 209 214 3.4

210 25 185 202 2.1
26 187 203 3.4

Filmed Surface

Air 75 31 204 233 4.1
32 194 211 3.8

Water 32 35 207 -- 3.1
36 195 221 53.1

75 33 201 2134 5.6
34 209 219 5.0

210 37 194 202 1.7
38 180 202 4.3

ASTK Sea Water 32 41 220 221 4.1
42 212 220 7.3

75 39 209 214 3.8
40 202 210 4.4

210 43 180 201 3.2
44 196 201 1.0
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* TABLI 12II
TWISIE PI0P3WM O? COARSEGRAflWE 17-7PH MAO STARMLS STEM

IN VARIOUS NEZA

Test Yield Strength Ultimate Tensile E.ong.,
Temps Spec. (0.2% Offset), Strength, (in 2 in.)

Test Medium or No. kAi kel %

Ground Surface

Air 75 83 178 181 1.3
84 172 177 1.3

Water 32 91 180 188 0.9
92 166 182 0.7

75 89 176 178 0.7
90 14~0 14 .I4

210 93 - 113 0.2
94 106 107 0.0*

ASTM Sea Water 32 97 170 177 0.5
98 179 182 0.7

75 95 168 168 0.4,
96 175 175 0.o4

210 99 111 113 0.2
100 109 112 0.2

Filmed Surface
Air 75 101 172 176 1.1

102 181 183 0.9
Water 32 109 179 181 0.7

110 172 174 0.5
75 107 181 182 0.7

108 158 181 0.7
210 111 -- 98 0.0*

112 109 no o.4
ASrM Sea Water 32 103 174 183 0.7

104 167 170 o.4
75 87 180 180 o.4

88 177 177 0.4
210 105 112 113 0.2

106 114 )14 0.2

Fractured at pin hole.
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5

TENSIrI PROpKRTjES OF F••-GRA.NED B-120VOA TITANIUM AILO,

DI VARIOUS MEDIA

Test yield Strength Ultimate Tensile Elong.,
Temps Spec. (0.2% Offset), Strength, (in 2 in.)

Test Medium OF No. kui lcei

Oround Surface

Air 75 83 173 192 4.6
84 183 199 6.6

Water 32 91 198 215 3.9
92 179 195 3.4

75 89 176 193 4.8
90 169 192 4"Lh

210 93 161 187 4.8
94 172 192 5.5

ASTM Sea Water 32 97 187 198 3.3
98 3914 210 5.8

75 95 186 205 5.9
96 201 210 2.0

210 99 174 198 6.4
100 164 185 6.14

Filmed Surface

Air 75 101 175 189 5.3
102 180 196 5.5

Water 32 109 196 208 4.3
.10 190 --- 2.5

75 107 175 186 3.5
108 184 198 4.6

210 111 157 177 4.6
112 160 183 6.1

ASTM Sea Water 32 116 192 200 2.4
75 113 180 195 3.5

114 191 206 4.2
210 1317 180 199 4.4

118 178 194 3.7
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STABL 1

TENS=L PROPERTIES OF COA~eRSEOINED 9-120MC TITANIW4 ALlOY_

IN VARIOUS-MEDIA

Test Yield Strength Ultimate Tensile Bloang,
TeMp, Speo. (0.2% Offset), 8trength, (in 2 In.)

Test Medium or No. ksi. k:l

Ground Surfaoe

Air 75 13 194 210 3.5
14 188 206 2.9

Water 32 17 193 203 3.2*
18 185 199 2.2

75 15 187 2014 3.14
16 175 184 0.2*

210 19 171 191 5.1
20 170 188 4.1

ASTM Sea Water 32 23 194 200 0.2*
24 194 202 17.

75 21 194 207 2.9w
22 190 199 1,0

210 25 165 185 4.4
26 161 180 4a.

Filmed Surface

Air 75 31 183 199 4a.
32 169 189 4.3

Water 32 35 194 205 2.1
36 189 202 2.2

75 33 18M 196 2.6
34 240 2140 0.0*

210 37 151 189 5.1
38 153 191 4.8

ASTM Sea Water 32 41 161 161 0.0*
42 186 199 1.2

75 39 182 190 0.9*
40 186 195 2.1
43 149 150 0.0*
44 168 188 3.4

Fractuemd through pin hole.
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TABE 15
I

POS-Ma'SUR wsnz PROPm'TzE

OF FINre-GRAINMD 202I4-T86.- AZUMNh~wK ALLOT S09pECK

WHICH SRVIVED SUSTAINED LOAD TEST

Yield Strength Ultimate Tensile Elang.,
Exposure Medida Spec. (0.2 Offset), Strength., (in 2 In.)

(Load go% 79, 2140 hr) Noe. kei e%

Ground Surface

No exposure* 72.4 75.9 4.4
Air 1 73.6 76.2 4.•4

4 73.2 75.9 3.8

Water 2 71.8 74.6 3.4
5 69.6 74.? 3.4

AST!( Sea Water 3 74.1 75.6 1.8
6 71.2 72.0 0

Filmed Surface
No exposure* 71.6 75.5 3.7

Air 7 72.9 76.0 3.5
8 74.2 76.4 3.14

Water 9 75.1 77.1 4.2
10 72.5 75.2 4.0

ASTM Sea Water 11 72.9 75.3 3.5
12 73.2 75.9 3.4

* Average for two specimens.

Fractured at pin hole.
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TABLE 16

POST-EXPOSURE TEMILM PROPMUIE

OF COASI GRAINED 2024-T86 AENINUM ALLOY SPECIZ
WHICH SURVIVED SUSTAINE LOAD TESTS

Yield Strength Ultimate Tensile Elonges
Eposure Medium Spec. (0.2% Offset), Strength, (in 2 in.)

(Load 90 73j, 24o hr) No. ksi kai

Ground Surface

No exposure* 65.Li 69.7 4.0
Air 85 67.7 72.0 4.O

86 69.5 72.5 4.2

Water 87 70.4 73.11 4.2
88 67.7 72.5 2.7

ASTM Sea Water 117 68.3 71.9 4.0

Filmed Surface

No exposure* 67.1 71.1 4.5

Air 77 65.9 71.9 3.0
78 69.9 72.4 3.5

Water 79 70.7 73.0 1.8
80 70.2 72.4 3.9

ASTM Sea Water 81 67.0 71.9 2.4
82 69.0 71.0 1.8

* Average for two specimens.
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iI TABLE 17

POST-EPOSMR TUSMSZLK PRDTI3$

cr InmEoR&!nz 7M5--T6 ELrnf#Wx AO bPED0IS

WHICH SURV1VX) SUSTAINE) WAD TIMS

YeldA Strength Ultimate Tensile Rlong.o

Exposure Medium Spec. (0.2% Offset), Strength (in 2 in,)
(Load 90 Us 240 br) No. kul ksel%

Ground Surface

No exposure* 72.0 80.0 9.0

Air 1 73.6 79.0 8.6
4 71.7 78.2 7.0

Water 2 73.0 79.8 8.0
73.14 79.8 6.7

ASTM Sea Water 3 72.8 79.5 8.0
6 72.8 79.3 9.0

IP11d Surf ace
No e *ol 67.8 78.8 7.1

Air 7 71.S 79.5 7.1
8 70.B 78.2 7.4

Water 9 72.6 79.4 8.1
10 72.2 79.7 6.7

ASTM Sea Water 11 73.7 80.0 7.1
12 73.3 80.0 7.9

Average for two speomens.
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TABLE 18

=OS-NPo=U TUS3h3 MpRDP .Im
or AMSI4RMMN 7075-T6 MMSVWUM ALLT8~3

WHICH Suiiv *8UMTXR -7M TEfS

Yield Strength Ultimate Tensile Slong.,
kspoeur. Medium Spec. (0.2% Offset), Strength, (in 2 in.)

(LoadB118 75 240 " r) No. in i 1 %.

Ground Surface

No exposure* 63.2 77.4 11.6

Air 71 72.7 80.2 10.2
72 71.0 79.8 10.2

Water 73 71.9 80.3 11.1
74l 72.6 79.7 10.6

ASM Sea Water 75 72.1 79,9 10.4
76 69.6 77.2 4.7

Filmed Surfae e

No exposure *6.o 77,1 10.4

Air 77 72.8 79.6 8.1
78 72.6 80.0 10.2

Water 79 70.5 79.9 10.6
80 71.5 80.1 10.7

ASTM Sea Water+ 81 69.3 79.1 10.6
82 72.9 79.6 10.9

Average for two specimens.

90% yield strength.
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TABLE 19

POST-EXPOSURE TEMSILY PROPERTIES

OF FINE ORAINED ZK-60A wGsSIUM ALLY SPEIEN
WHICH SURVIVED SUSTAINED LOAD TESTS

Yield
Strength Ultimate

Exposure Medium (0.2% Tensile along. Failed During Exposure
(Load 90% YS, Sp, Offset)* Strength, (in 2 in) TIM,

24O hr No. ksi kai % hr Location

Ground Surface

No expsure* 39.6 48. h 8.8

Air 1 36.1 45.8 5.7
6 46.o .9.2 3.4

Water 2 10.7 Base of cup
5 ..... -2J- 4.4 Interface

AST1 Sea Water 3 0.1 Pin hole
4 ........... <0 Interface

Filmed Surface

No exposure* 41.2 h9.0 7.?

Air 9 46.5 49.2 2.0
10 45.4 4S.4 5.2

Water 7 ...---- - 2.0 Gage length
8 ---- 0.2 Gage length

ASTM Sea Water 11 ..... 0.02 Interface
12 ----.--- 0.02 Gage length

* Average for two specimens.

+ Fractured at pin hole.
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TABLE 20

POST-E[POSURR TENS=LE PROPERTIES

WHICH SURVIVED SUSTAINED LOAD TESTS

Yield
Strength Ultimate

(0.2% Tensile Elong.e Failed During Exposure
Exposure Medium Spec. Offset), Strength, (in 2 in.) Time,

(240 hr) No. ksi ksi % hr Location

Ground Surface (Load 106% YS)

No expomure* 33.8 44.6 6.7

Air 72 46.7 46.7 2.8
Water 73 --- 27.2 1/h in. above

interface
74 - --- 27.1 Interface

ASTM Sea Water 75 -- o.5 Bottom pin hole
76 --- 0.27 Gage langth

Filmed %irface (Load 90% YS)

No exposure* U..8 45.8 5.7

Air 77 141.1 146.5 .
78 36.6 ?47.l 6.2

Water 79 39.6 44.7 O.3*
so ---- -. 6 Upper pin hole

ASTM Sea Water 81 ---- 0.2 Top fillet
82 ---- 0.2 Interface

Average for two specimens.
+ Fractured at pin hole.

Notet Pin holes of filmed specimens were too small and were opened up after
application of chromate coating. Therefore, surfaces of pin holes were
not chromated.
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TABLE, 21

POST-EIPOSURE TENSNIM PROPERT33S

OF FINC-GRAIKED 17-7PH STAINLESS STEEL SPECDWS

WHICH SURVIVED SUSTAINED LOAD TESTS
I

Yield
Strength Ultimate

Exposure Mediai (0.2% Tensile Elonges Failed Durin Exposure
(Load 90% TS, Spec. Offset), Strength, (in 2 in.e) TSF,

240 hi') No. kic. kil % hr Location

Ground Surface

No exposure* 208 212 14.1

Air 4 184 215 3.6
5 210 217 5.0

Water 6 ......--- 19.7 Interface
7 213 218 4.4

ASIM Sea Water 8 ......-- 16.7 Base of cup
9 --- 8.2 Top pin hole

Fl1med Surface

No exposure* 199 212 3.9
Air 10 213 219 3.8

11 209 213 4.8

Water 12 209 215 3.2
49 212 217 4.1

ASTM Sea Water 50 206 210 3.4
51 -...- --- 26.6 Interface

* Average for tvo specimens.
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TABLE 29

PQST-UP5J T=Sna M MINS

OF COARSE-OAMD 17-.7PH STAIMSS 8171" SPECIMENS
WHIM SfllVIME SJSTANOE LDAD TESTS

Yield
Strength Ultimate

Exposure Medium (0.2% Tensile Elong. Failed During Expo.r.e
(Load 90% YS, Spec. Offset), Strength, (in 2 in,) Vie

2140 hr) No. ksi ksi % hr Location

Ground Surf ace

No exposure* 175 179 1.3

Air 71 172 172 0.2
72 1149 154 0.2

Water 73 o. 0.45 Base of cup
74. O.50 Base of cup+

ASTM Sea Hater 75 --- 0.20 Interface
76 -- 0.10 interface

Filmed Surface

No exposure 176 180 1.0

Air 77 169 178 0.8
81 176 184 0.7

Water 79 .. 0.10 Lover pin hole
80 0.05 Base of cup

AST1 Sea Water 78 --- 0.05 Top of gage length
82 0.03 Base of cup

Average for two specimens

+ Leak
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TABLE 23

POST-NKPOSUM TERSILX oPWTIU
OF FIR-G3AINUD B-120VCA TITANIUM PMM~0 SPECIMES

WHICH SUE717M SUSTAINED AD TETS

Yield
Stre th Ultimate

Exposure Medium (0.9 Tensile
(Load 90% !S, Spec. Offset), Strength, (in 2 in.)

240 hr) No. kil ksu

Ground Surfaoe

No exposmuer 178 196 5.6
Air 71 164 193 3.8

72 181 198 3.9
Water 73 188 201 5.2

74 183 198 6.5
ASTM Sea Water 75 1142 179 1.7

76 178 !9h 4.5

Filmed Sur'ac a

No exposure 178 192 5.4
Air 77 184 199 5.1

78 214 2114 1.8
Water 79 181 196 7.4

80 190 204 3.9
ASTM Sea Water 81 194 205 3.0

82 175 181 3.0

Average for two specimens.
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I TABLE 2 4SI

POST-EXPOSURE TENSILE PROPERTIES

OF COARSE-ORAINED B-12OVCA TITANIUM ALLO SPECMENS

WHICH SURVIVED SUSTAINED LOAD TESTS

Yield
Strength Ultimate

Exposure Medium (0.2% Tensile Elong., Failed During Exposure
(Load 90% YS, Spec. Offset), Strengthj (in 2 in.) TIMe*

240 hr) No. ksi kai % hr Location

Ground Surface

No exposure* 191 208 3.2

Air 3 193 204 2.7+

Water 4 193 194 0.0+
5 191 203 2.1

AST¶ Sea Water 6 ..-- -- 6.3 Pin hole*
7 .. 0.02 Pin hole

Filmed %rface

No exposure* 176 194 1l

Air 8 --- 120 0.0+

Water 9 189 192 O.0+
10 189 200 3.2

ASTM Sea Water 11 195 205 3.6
12 --- --- - 55. Pin hole**

* Average for two specimens

Leak

* Tensile test fracture through pin hole.
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TABIZ 25

UITECT OF SURFACE CONITAMINATION OF D-120VCA TITA~NIUM ALLOM

ON SUSCEPTIBILITY TO STRESS-CORROSION CRACKING

Post-Expoeure
Tensile Properties*

Surface Removal Elong.,
Spec, by Pickling, S, M UTS, (in 2 In.) Failed During .Expsure

No, mile kel ksi % TERR, IHr Lcation

S1 None 179 180 0.6

S3 None --- On loading Interface

SIO None ... .. .. 0.017 Interface

811+ None 191 197 0.9
S13 0 o5a 193 205. 4.9
314  0.15a 195 ?08 4.0

s0.25 193 205 3.5

S5 0.25 194 197 0.8

S6 1 190 193 1.6

87 1 193 197 1.2

58 2 186 199 4.9

89 2 --- 190 0.9

. Exposure time was 240 hr except -where indicated to be otherwise.

Exposure stress 70% of yield strength mhile all others stressed to 90% of
yield strength.

a Discoloration only.
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STABLE 26

I EFFECT OF lO WHEQI5 ON STRESS CORROSIOW cORALCX

IN AQUEOUS MEDIUM

Salt Failure Post--Exposure Tensile Properties
Medium (Load .0 Yield Strengtb) of 96 hr Survivors
(0.6) Tme (ar) Localon, IS (kel) UTS (kei) 7=64S. (S

zK-60A

NaCI 0.O5 Upper pin hole
0.05 Upper pin hole
2.3 Base of cup.....
2I.3 Base of cup

0.03 Base of cupNaBr 0.07 Base of cup ....

0.08 Lower pin hole ..
Nal 0.07 Upper pin hole

0.12 Upper pin hole ---

17-7 PH RH 950

NaCl 31.0 Base of cup ---
24.2 Base of cup ---

KC1 57.0 Top fillet
19.2 Lover pin hole ........

C801 NF 142* 207 219 3.6
NF 142 215 217 3.1

NaBr NY 96 201 216 4.6
NF 96 214 217 5.1

Nal NF 120 216 219 4.8
NF 120 197 217 5.8

B-12OVCA
NaCl NF 175 195 206 3.3

17 120 196 208 4.2
KCI NF 96 198 211 3.7

w? 96 194 207 5.2
Cscl F 142 193 203 3.8

NF 142 190 202 4.1
NaBr NF 96 202" 206 3.7

NF 96 193 205 4.5
Nal NF 120 192 205 4.2

IF 120 194 205 4.3

* NF - no failure in the time given.
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Neg No. 217 -5.e. o 17 5

Fig I Fig." 2

2024-TB6,~~~~~~~~ asrcie.22-8,gancasnn nelo
S0*13 hrIQ codrled6,ae

376- h-C

202b-B6, 20s-received. 20%hT6 grc H0, aain creniglycerne.lo

900-3 hrW~ cod olld %,4ge

Ne.N.288X20 Ng No 21877 25

Fig 3 Fig 4_

Ethnt ela'
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Neg. No. 21874 Pi. 250 Neg. No* 21873 Fi. 250

ZK-6A-T5, au-received. ZK-60Aý grain coarsening anneal of
900"?-i hr-WQV aged 2751'F-48 hr-AC.

Etchant: 60% ethyrlene glycol, 20% glacial
acetic acid, 1% cone. HNO3x balance
distilled water.

- ..- I

Ay .'

Fig 7 . Fig.8

1.-7 PH asrcie plsR 5U77P rincasnn nelo
tramn:15*-1 min-AC, -10*' 200Ct C R *90tetet

8hro950*-lh-AC.1750F-1 minAC,,-10*F-8rp 906F
~.-:~** .j ~ - ~ g., -.- w. c.

Ethat elcroyi bat of~~ 5* choi *
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Neg. No. 21869 X 250
Fig. 9

B-12OVCAs as-rec-eived plus 900OF-40hr-AC.

Neg. No. 21870 1 250
Fig. 10

B.12OVCA, grain refinement treatment of
5o cold rolls 1325*F-lhr-Ac,, 900O?-i8hr-Ac.

Etchantt 20% cono. HP, 20% cone. mo03 balance glycerine,
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Nieg. No. 21866 X 250
Fig. 13

B-120VCA specimen No. C3, strees-corroeion
crack due to exposure to 0,02 &gvq in.
ASTH sea salt concentration at 600OF under
100$000 psi stress for* 190 hr.

Neg. N9. 21866 1 250
Fig. i14

B-120VCA specimen No, 06 with 2 m~icro-
inch anodized filmu. Stre sm-corroaion
cracks due to exposure to 0.02 &/sq in.
ASTK sea salt concentration at 600OF
under 100,,000 psi stress for 190 hr.

Itchants 2C% cone* HF, 20% cone. 310,,. balance glycerine.

48
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Neg. No. 21879 X 250
Fig. I1

Surface of as-received B-12OVCA showing
grain boundary depressions.

Neg. No. 21880 X 250
Fig. 16

Surface of grain-refined B-IOVCA shoving
that grain bmandary depressions ore much less
marked than in as-received material.

4t9



2024-T86
SURFACE GROUND CONDITION

6-

5

3

TEST • GRAIN SIZE
z MEDIUM_MEDIUM FINE COARSE

AIR A A
w WATER 0 0

0 ASTM SEA 13
2 WATER
O ANODIZED JDATA AVERAGE, TWOTEST5

z
0
J
U.J

w-J 6--

z
w

0
4

3

2

o0 I ,,I I I .. . ,...,.. .
0 20 40 60 80 100 120 140 160 180 200 220

TEMPERATURE, *F

Fig. 17 - Tensile Elongation of 2024-T86 Aluminum Alloy for
Tests in Various Media.
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7075 -T6

ISURFACE GROUND CONDITION

14

12

00

z
w
U

0:4TEST GRAIN SIZE

9EIU FINE COARSE
. 2 AIR A Az
0 WATER 0 0

0 1 1 1 ASTM SEA o
WATER

ANDIE DATA AVERAGE, TWO TESTSn
-j

w

-- 12
U,

S10 E3

B -

6-

4

2

0 20 40 60 80 100 120 140 160 180 200 220
Fig.18 Tenile TEMPERATURE, *F

.rig 18TenileElongation of 7075-T6 Aluminum Alloy for~
Tests in Various Media.



ZK-60A
SURFACE GROUND CONDITION

TEST GRAIN SIZETO2
"MEDIUM FINE COARSE

AIR A A TO 17'
WATER 0 0

12 ASTM SEA o
WATER

!DATA AVERAGE, TWO TESTS

•_6

z

I0w

4

0.

1 2

Z CHROMATED TO 36
0
w TO 20

"-J 12
U,J

w
1- 10

8- A

6-

4

2-

o I 1 I I I I I I " II

0 20 40 60 80 100 120 140 160 180 200 220
TEMPERATURE, -F

Fig. 19 - Tensile Elongation of ZK-60A Magnesium Alloy for
Tests in Various Media.
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17-7PH RH950I SURFACE GROUND CONDITION
TEST GRAIN SIZE

MEDIUM FINE COARSE

I-I

AI MWATER 
0

6S

ASTM SEA C0
WATER
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w
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B-120 VCA
SURFACE GROUND CONDITION

5

w

LU MEDIUM FIECAS

IAIR AA
0 WATER 0

'-0 1 ASTM SEA o
WATER

z NDIE DATA AVERAGE, TWO TESTS
-j
LU

2

01
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Neg. No. 21867 X 250
Fig. 22

ZK-60A chromated specimen tensile tested
in air. Crack initiated at a pit produced
by the chromating process.

Etchant: 60% ethylene glycol, 20% glacial acetic acids 1% conc. WN03s
balance distilled water.

Seg. No, 21799 X 500
Fig. 23

S17-7PH., apparently grain boundary oxidation
wK-hich occurred during grain coarsening anneal
of 2000rF-. hr in air. Unetahed.

tca55
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Neg. No. 21864 X 250
Fig. 27

ZK-60A streau-corrosion cracks in fine-
grain chromated specimen which failed in
ASTH sea water under a load of 90% of the
yield strength in about 1 min.

Etchant: 60% ethylene glycol, 20 glacial
acetic acid, 1% cone. HNO,3
balance distilled water.
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Neg. No. 22006 1 18
Fig. 29

Fracture surfaces of B-12OVCA weldments which failed within 1 rain of
loading to 110,000 psi in ASTM sea water. Top--normal weld. Middle--
magnetically stirred by 300 gauss field under conditions of polarity
reversal at the rate of 10 cap. Bottom--magnetically stirred by 250
gauss field under conditions of polarity reversal at the rate of 2 cps.
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