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technology identi{fiable with items on the strategic embargo lists exciuded from
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! THE STRESS-CURRCSICN AND ACC

sz PRI 303 T O s,

ELERATED CRACK.PROPAGATICN BEMAVICR CF

TITANIUM AND TITANIUM ALLCYS [}
J. D. Jackson and W. K. Boyd
¥
SUMMARY this problem when titanium alloys were first con-
sidered as candidate materials in supersonic trans-
[his technical note summarizes infcrmation prort (SST) aircraft. A critical review of the data
which has become available to DMIC on the stress- available on this subject through the period of
corrosion cracking and crack propagation behavior July, 1964, r given by Boyd and Fink in a NASA
of titanium alloys in a variety of environments. publication. 2] In 1965, co s}dEIable interest
Much of this information, particularly that re=- was aroused from the finding 3) that several pre-
garding accelerated crack propagation in aqueous cracked titanium alloys were subject to accelerated
and liquid solutions, is preliminary and the con=- fallure when stressed in some environments. This
clusions offered hérein should be viewed as tenta- has since become a matter of concern to both the
tive and subject to change as additional information deep-diving submersible vehicle program {DDS) of
bcoomcs available. the Navy as well as Lo the SST program.
Almost all titanium alloys are susceptible It should be emphasized that neither of
to stress-corrosion cracking at elevated tempera- these phenomena are unique to titanium and its
tures in chloride salts. This reaction shows a alloys. Nonetheless, it does appear that, under
time~temperature-stress dependency in which the certain conditions, most titanium alloys are sus-
critical values of these three parameters vary ceptible to failure in either or both of these
significantly among the different titanium alloys environments. It is alcc quite clear that the
In general, most alloys show their greatest sus~ problems imposed by stress-corrosion cracking and
ceptibility at temperatures from 550 F through crack propagation in titanium alloys are not in=-
800 F although at !east one susceptible alloy has surmountable. Finelly, it should be recognized
shiown some degradation of properties after an ex- that much work is still in progress .0 completely
posure of 6400 hours at temperatures slightly define the critical parameters in the hot-salt
above 400 F and a stress of about 61 ksi. For stress-corrosion cracking and rrsck propagation of
exposure period of 100 hours, the threshold titanium alloys. These include programs with the
necessary to initiate saltecorrosion. ing full or partial support of the Air Force, Federal q
: varies from 20 to 100 ksi at 550 F to values from Aviation Agency, National Aeronautics Space Admini-
; less than 5 to 50 ksi at 800 F, depending on alloy stration, and Navy. Emphasis in the current work
: composition and hfif—;’éétme"t‘ is being devoted to determining which alloys and/ !
| : or specific forms and conditions of heat treatment » i
§ e mechanism of hot-salt stress-corrosion provide the least degree of susceptibility or j
| cracking apparently involves sodium chloride, highest degree of immunity to these forms of failure i
| oxygen, water, and reaction products of titaniua as well as to what mechanisms are involved. Until i
l dichloride, sodium hydroxide and titanium dioxide. these programs are complete, 1 full and fair §
Cyclic exposure from room temperature to test assessment of the hot-salt stress-corrosion cracking ‘
; temperature greatly reduces the susceptibility to and crack-propagation susceptibility of titanium
hot-salt stress-corrosion cracking. Silver and alloys in liquids will not be possible.
! silver compounds may cause stress-corrosion cracke-
ing of titanium alloys at 700 ¥ and above. A type Despite this qualification, interest in these
of stress-corrosion cracking has also been ob- problem areas is widespread, and IMIC continues to
{ served in liquid nitrogen tetroxide at 105 F. receive numerous requests for information on the
! Solutions of methyl alcohol containing hydrochloric subject of the stress-corrosion cracking behavior
or sulfuric acide ~'7» crack titanium as does con- of titanium. Consequently, this note was prepared
tact with liquid mercury and molten cadmium. Ti- to provide a brief summary of the reports and papers
tanium and its alloys also suffer severe stress- which have recently become available on this subject.
corrosion cracking and/or pyrophoric reaction in In addition to information on stress-corrosion
dry, red fuming nitric acid. cracking by hot salt, this ncte also summsri:zes
~ the available data on the stress-corrosion crecking
. Through the use of new expégrimertal tech- behavior of titanium and its allioys in other medias
i niques, accelerated crack propagat}ngof pre- such as methyl alcohols, red fuming nitric acid,
i cracked titanium specimens has been observed in silver, cadmium, and mercury,
! certain environments in which titaniumhad previ-
ously shown little or no corrosion. Thid technique In compiling this information, DMIC gratefully
in essence eliminates the initiation step 3pd pro~ acknowledgrs the permission of the Americen Society
vides a more rspid means of evaluating suscepti- for Testing Materials to use selected dat» from a
bility to stress-corrosion cracking under simulated collection of 14 papers which were presented at .
service conditions. the ASTM Pacific Area National Meeting in Seattle,
Washington, on Ncvember 1-2, 1965. The complete
I J ICN collection of these papers is scheduled for publie-
cation by the ASTM as Special Technical Publication M
While the susceptibility of titanium alloys No. 397 on or about May 1%, 1966.
to stress Cfrfosion by hot salt has veen known
since 1957, renewed gttention was fccused on
i e oo s it cimntion
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As noted previously, a review of the avail-
sble data and proposed mechanisms of hot-salt
ltrns-c?rfodon cracking were presented by Boyd
and Finkl2) {n 1964. The information reviewed here
is intended to supplement that report. However,
two related preliminary statements based on that re-
port merit repesting here. The first is that the
susceptibility of titanium alloys to stress-
corrosion cracking by hot salt has largely been
demonstrated through the use of a variety of lab-
oratory tests. The second is that, to dste, no
aircraft service failures from hot-salt stress-
corrosion cracking of titanium slloys have been
reported even though these have been used exten-
sively in air frames and jet engines at operating
temperatures as high as 900 F.

Susceptible Allo

it sppears that most titanium alloys are
susceptible to some degree to hot-salt stress-
corrosion cracking. The alpha-phase alloys, such as
Ti-5A1-2.55n, Ti-7A1-12Zr, and n-su-(f,sy-sz:, are
spparently most susceptible to attack. 4 The
alphe-beta alloys are less susceptible, and the de-
grn of susccptibuia may increase with increases
in aluminrum content. For example, the Ti-8Al-
1Mo-1V slloy (both as mill annealed and duplex
snnesled is very susceptible. However, the Ti-8Mn
slloy, which contains -no sluminum, is also sus-
ceptible.

Alloys with intermediate resistsnce are Ti-
SA1-5Sn=-8Zr-iMo-1V, Ti-6A1-4V, T{-6A1-6V-25n, Ti-
S5A1-2.75Cr-1.25Fe, and T{-3A1-11Cr-13V. Among the
most resistant slloys Ti=4Al=-Mo=-1V, Ti=-2,5Al1~-
1Mo-10Sn=-52r, (IMI 67 {: and an experimentsl
Ti-2A1~4Mo-4Z1 auoy

Eff f I ) I

Hot-salt stress-corrosion cracking of ti-
tanium alloys is a function of temperature, stress,
and time of exposure. In very general terms, hot-
sslt stress-corrosion cracking has not been ob-
served below about 500 F, The temperature range
of greatest susceptibility is 5% F to 800 F, and
within this range, time to feilure 1s decreased
as either the temperature or stress-level is in-
cresased. There also appears to be an upper
temperature limit at which genersl corrosion is so
rapid as to mask any stress corrosion cracking.
These limits are about 800 F, 900 F, and 1000 F for
the Tl-6A1-4V 1-8A1-n|o-lv, and Ti-7Al-12Zr alloys,
rnpcctivnly.

These general effects of temperature, stress,
and time are illustrated for the T{-8Al-1Mo~1V slloy
in Figure 1} ﬂ\i{h summarizes data reported prior
to April, 1965.(7) Some inconsistencies sre sp-
parent in this figure and probably arise from
differences in hest treatment and/or the test con-
ditions that were used by the various sources.

More recent information indicates, for example,
that stress-corrosion cracking, per se, of titsnium
slloys “does not occur at %00 F, at least within
8000 hours”, although it does (cfur at 325 F "under
high stresses and long times".!5) Figure 2 shows
some 1000 hour exposure data for several slloys
which agree with this premise. On the other hand,
other investigators have shown that some of the
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STRENGTH 100} © 1j-6-6-2 Mill Ann,
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FIGURE 2. RESIDUAL STRENGTH OF TITANIUM ALLOYS

AFTER EXPO?g?E TO SODIUM CHLORIDE FOR

more susceptible alloys display susceptibility at
temperatures below 500 F snd times of less than
8000 s. Specifically, Figure 3 from s NASA
uudyr9 shows the changes in room-tesperature
ductility that were observed on residusl stress
specimens of duplex annealed T{-8Al-iMo-1V after

T .
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FIGURE 3. STRESS-TEMPERATURE THRESHOLDS FOR DUPLEX
ANNEALED &Te.u-n!o-w RESIDUAL STRESS
SPECIKENS'

Samples previously bent through radii
shown, then salt costed and exposed at
temperatures from 400 F to 600 F for
times indicated, and bent to failure at
room temperature.

exposures of 3200 and 6400 hours st temperatures
down through 400 F. These results indicate that,
for exposures of 6400 hours, some dsmage has oc~
curred on the meterial exposed st temperatures
slightly above 400 F.

The threshold stress, or stress above which
hot-salt stress-corrosion cracking can occur, has
been reported for several slloys using various
time periods. For exsmple, the spproximate, short-
time {100 hours) threshold values are shown in
Table 1. Some discrepsncies can be noted in the
teble. These may occur because of variations in
experimental techniques, metallurgy, or heat treat-
ments. These dats aic presented for information
only, snd sre not necessarily indicative of service
results.

Obviously, longer times at temperature will
tend to reduce the threshold stress values. For
eoxample, the threshold stress of Ti-8Al-lMo-lV {s
decreased by 50 percent at 8%0 { yhcn the time in-
creases from 100 to 1000 hours.\*’ Experiments
are presently being run for times of up to 30,000
hours, to duplicate anticipetad SST service 11€e.(12)
Results after times to 20,000 hours sre susmarized
in Table 2. Note that failures have also occurred
with specimens which were silver brazed but not salt
coated. This stress-corrosion cracking is caused
by silver snd silver salis, as discussed in snother
section. As indicated in Table 2, no hot-salt
failures have been observed for Ti-6A1-4V after
20,000 hours st 330 F and up to 58 ksl stress.

The combined effects of tise, temperature,
and stress f Gmul titenium alloys are shown
in Figure 4,110012) which represents date from
meny sources. These dats suggest the stress~
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FIGURE 4. APPLICATION OF LARSEN-MILLER PARAMETER [

FOR PREDICTING STRESS-CORROSION CRACK-
ING BY HOT SALT OF ANNEALED TITANIUM
ALLoys( 10,12

|
corrosion cracking thresholds for the various al- i
loys. This plot employs the empiricel Larsen- !
Miller parameter, or(ggsuuy used for generalizing

creep data in steel. Excellent agreement is

indicated for the data. From this plot, the esti-

mated threshold stress for hot-salt cracxing at

550 F and 30,000 hours is 45,000 psi for Ti-4A1-3Mo-

IV (annealed), 30,000 psi for Ti-8Al-1Mo-1V ( triplex

snnealed) and Ti-6A1-4V (annealed), 28,000 psi for
T{-5A1~-2,75Cr-1.25Fe {annealed) and 18,000 psi for

T1{-5A1~2.55n (annealed).

The ductility of titanium alloye is aleo re~
duced after long-time exposure to hot salt. Th’.o
hes bean shown, for exemple, in & NASA study(l4
where mill~annealed Ti-8Al-1Mo-1V sheet and various ~
other titanium alloy sheets were exposed at 5% F
for times up to 7000 hr st 30 and 100-ksi stress
levels. These were sslt coated, restrsined bend
specimens which after exposure were bent to smaller
radii until failure occurred { ses reference for
test details). For convenisnce of measurement,
chord length was messured at the point of specimen
feailure which was then compared with chord length
(1.0., as a measure of deformation) of salt-free
exposed semples. A summary of the results obtained .
in this study is given in Figure 5. The experi-
ments indicate the relatively high susceptibility
of milleannesled Ti-8Al-1Mo-1V alloy under these
conditions. A
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TABLE 1, APPRCXIMATE THRESHOLDS FUR SIRESS~CORROSION CRACKING OF
TITANIUM ALLOYS IN HOT SALT

100 Hr Threghold Otress. ksi

Copdition 590 600 690 700 750 800 850 900 950 Reference
Ti=4Al=-3Mo~1V Aged - 95 - 25 - 25 - - - 10

Annealed 84 78 - 28 - 15-49 - - - 10,
Ti=2.5A1=1Mo~10Sn-57¢ Aged - - - 70 - 40 - 3% - 4
Ti=5A1=55n-57 r=1Mo-1V &9 - - ~ - ) - - - S
Ti-6A1-4Y Aged - 95 65 25 30 12 15 - - 10, 4

Annesled 53 50 - 22 - 18-24 - - - 10, 5
Ti~-5A1=2,75Cr~1.25Fe Aged - 20 - 25 - 18 - - - 10

Annealed - 45 - - - S - - - 10
Ti-B8Al=1Mo-1V Aged - - - - 25 - 20 - 1% 4

Annealed 25 9 - 23 - 18 - - - 10, &
Ti=5A1-2.%Sn Annealed 28 30 - 15 - 10-20 - - - 10, 5
Ti-T7Al=12Zr - - - - - <5 - - - 4
Ti-5A1=-55n-5Zr - - - - - <5 - <5 - 4

TABLE 2. ROOM-TEMPERATURE TENSILE PROPERTIES OF TITANIUM ALLOYS AFTER 650 F Exposumel 1)
Number Number Yield

Exposure of of Strength, Elongation,

—Environment Iipe, Hrs Tests Failures ksi percent
841 1)
Air 20,000 3 None 126~-136 17-20
Snythetic Set §a1t(2) 2,600-10,000 3 3 129-140 15
Silver Brazel3 9,000-18,500 5 5 107-133 1-14
Braze and Salt 9,600-18,%0 " 3 3 5%5-123 0-9
Synthetic Sea Salt(4) 20,000 3 None 131-137 18-20
None - 2 - 133 13.6
_ 1)

Air 20,000 3 None 132-160 14-1%5
Synthetic Sea Salt 20,000 3 None 146-158 14-18
Silver Braze 5,500-10,000 4 4 118-131 8
Braze and Salt 7,000-1%,000 3 3 116-138 9-11
Synthetic Sea Salt(4) 20,000 3 None 132-153 14-15
None - 1 - 12% 1%

(1) Specimens are cantilever type: stress varies from 23-37 ksi for Ti-6A1-4V and 23~31 ksi for Ti-BAl-
IMo~1V when unnotched or 45-58 ksi for Ti~6A1-4V and 56-67 ksi for Ti-8Al-lMo~1V when notched.

(2) Six parts NaCl - 1 part MgClp.
(3) Dynabraze B - 94.8Ag-5A1-0,2Mn.
(4) Alternate exposures 2 weeks 6%0 F alr - 2 weeks; water saturated air at 100 F.
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Effect of Type of Sslt

In preliminary work on the hot~salt problem,
it was reported that the ASTM synthetic ses salt
consisting of 7 parts NaCl and 1 part of MgCl
pesred to be more agressive than sodium chlor de
in csusing hot~salt problems.(2,15) This was be-
lieved true because of the higher ionic conductivity
and lower melting point of the synthetic salt.
Recent studies have shown, however, that NaCl may
actually be slightly more severe and (hat *9012
content may not be & critical factor.t?s116)” The
indication that salts containing MgCl2-6HZ0 were
more severe could have been caused by the water
of hydration, since water is apparently necessary
for hot-salt cracking as discussed later. In addi-
tion, thin salt coatings are more damaging, because
the oxygen necessary for the attack can penetrste
thin coatings easier. To date, the salt coating
thicknesses have not been standardized among in-
vestigators.

The relative cracking effect of seve(al salts
on the Ti-BAl~IMo-1V is shown in Figure 6,

This shows the loss of ductility after exposure at
600 F of samples that were residually stressed (by
bending over a 1/4=inch radius) to 66 ksi, then
bent to failure after exposure. Sodium chloride
had the most severe effect followed by TNaCl-1MgCl,
and sea salt, in that nrder. MgCl,, v itself.
csused only & slight loss of ductl?l Y Qhese re-
sults lLave been confirmed by others.'™s

1.0 _
= — MgCl
\C.~ 2

e
®

~(-chcz2

/-Sea salt
\ 7 NuCl-IMgClz

Relative Deflection
©
a

e
'S

NaCl

0.2 . Residual stress specimen,
1/4-inch bend radius.

o(b) 1 L4 aid
100 500 1000
Exposure at 600 F, hr
FIGJRE 6. EFFECT OF TYPE OF SALT ON STRESS

QORROSION OF DUPLEX ANNEALE? {i-BAl-
1Mo-1V ALLOY SHEET AT 600 F\9

A number of titanium alloys were examined
for susceptibility to salt stress-corros(
cracking in a fairly comprehensive study 10) g4~
rected jointly by ASD, FAA, and NASA and conducted
at Douglas Aircraft Company, McDonnell Aircraft
Corporation and with support work elsewhere, In-
cluded in this work was sn evaluation of various
alloys to stress-corrosion attack by synthetic
sea salt in which the variables studied covered
alloy heat treatment, grsin direction, sheet
thickness, anodizing, and welding. Figure 7 is
a summary of the findings after creep-tension ex~
posures. Based on the maximum stress at which no
stress-corrosion cracking was apparent in 100 hr,
the alloys were rated in order of decreasing re-
sistance to stress corrosion as follows:

At 600 F

(1) Ti=-6A1-4V aged
Ti-4A1~3Mo~1V aged
Ti{-4A1~3Mo=-1V annealed

(2) Ti-5A1-4FeCr aged

(3) Ti-8Al-1Mo-1V triplex annesled
Ti=-6A1~4V annealed
Ti~-5A1-4FeCr annesled

(4) Ti-5A1~2.55n annealed

At 700 F

(1) Ti-4A1-3Mo-1V annealed
Ti=-4Al-3Mo~1V aged

(2) Ti-6A1-4V aged
Ti=5A)~4FeCr aged

(3) Ti-BAl-IMo~-1V triplex annealed
Ti=6A1-4V annesled

(4) Ti=-5A1-2.55n anncealed
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At BO0D F
V1) Ti-#A1=-3Mo-1V aged
(2} Ti=uAl-4FeCr aged

Ti-8Al-1Mo-1V triplex annealed
Ti~Cr1~aV annealed
Ti=-5Al-4TeTr arnealed
Ti-4Al-3Mo-1V annealed

(3) 1i-6A1-4V aged
11-9A1-2,%0n annealed.

Cther salts which have bLeen srnown tc cause

damage to titanium allcys at eievated tempfr?tures
(100 hours at 790 F) are shown in Table 3.
Nal and Nabr are less harmful than NaCl, as are
CaClp and MgClz. The sulfides are less harmful
than the chlorides. MNay(l3 and NaySC4 appeared
to have no effect.

TABLE 3. CHEMICALS CAUSING CRACKING OF TITANIUM
ALLOYS, 100 HOURS 750 F.

AgCl MgCl, NaBr H,S

BaClp  NaCl Nal MoS

CaClp NiClj NagS

CCly SnClgp

reCl3 ZnClp

HC1 Chlorinated hydrocarbons

KC1

LiCl

There is some evidence that sealing compounds
used ln aircraft construction may also cause stress-
corrusj on cracking at temperatures of the order of
50C F. 7 Many of these compounds contein chlo-
rices, and some decomposition might be expected to
cause stress—corrosion cracking.

Effect of Oxygen, Air Pressure, and Velocity

The necessity for oxygen in the hot-salt
stress—corrosion cracking of titanium alloys has
peen reported by several investigators. For
example, hot-salt stress-corrosion cracking of
Ti=5A1-2.55n was readily observed at 800 and 900 F
at an air pressure as low as 10 microns Hg.
However, when the pressure waf feduced to 1 micron
Hg, no cracking was observed.

The loss cf ductility of stressed titanium
specimens exposed to hot salt is lessened as th
oxygen content or air pressure is reduced. 2,18
This is shown in Figure 8. At an air pressure
equivalent to 77 feet altitude, 34 mm Hg, a
decrease in < "lity is indicated over that
at atmospheric e for the Ti~BAl-iMo-1V
alloy at 550 F.

.| percen,

o

(a) Oxygen.
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Uxygen present in the oxide fllm mFy also be
sufficient to prumete b t-salt cracki +19) For
example, ‘we hcles were drilled in a ?1- hle2.05Nn
block. NaZl. 7.F. was placed intc Lot files,
TiCp was alse put intc one hole. Trne hiules were
closed and wolded shut 1 3 vacuum arc furnace.
The specimern was rclled at 180 F and then held at
90 F fcr 10D tours. Mo reactivity was observed
in the cavity ~taining Na'’l slcoe, and white
crystals remain.d. The other cavity, however, had
reacted to form a black hygroscupic cerrusion pro-
duct.

The necessity fcr oxygen probably acemn s
for the fact that cracking cccurs at the edges cf
salt depoFits, a?d is more severe for thi.. salt
coatings.

Exposure of salt-coated, bent Ti-BAl IMc=1V
specimens ‘s 21 mph air flow for 48 hours a% 550 F
showed no discernable effec* of air veloc .v.‘\7/
Similar specimens, heavily salt-cocted, were ex-
posed at 450 F to Mach 3 ai1 for two 25~second
runs. Some salt was blown « ff, but enough remained
to cause cracking in subseguent exposure of the
self-stressed samples after 95 hours at 60” F in
an oven.l9) Further studies are required.

Effect of Water

The role of water in the hot-salt stress—
corrcsion cracking of titanium alloys is not
clearly known. For example, the moisture content
of air in the dewpoint range of =40 tc 60 F appears
to have little effect on the loss of ductility of
the Ti-B8Al-1Mo-1V alloy at 550 F using NaCl. +18)
When extra dry oxygen is used in baked out and
evacuated equipment, no hot-salt cracking is re-
norted after 2 hours at 800 F with NaCl (<0.01
percent MgCl2) .(2) A similar semple with humid
air was severely cracked.

In the absence of oxygen, water by itself is
not sufficient to promote cracking. For example,
when ice was sublimed in an evacuated system free
of oxygen, no stiress corrosion was found after 2
hours at 800 F.(5)

In other experiments, moistvre was reported
to exert a strong influence.!19- In one study,
the equipment used was nearly closed. and the flow
of air could be regulated {rom an air compressor.
Moist air was maintained at 1.8 to 2.8 percent
water. Dry air was obtasined by passing it at 20
to 40 ml/min through Drierite t¢ give an estimated
dewpoint of -100 F(<10 ppm). Cracking of the Ti-
BAl-iMo-1V alloy at 6% F an? 50,000 psi stress
when exposed to sea salt. required 150 hours

25"'(’45 mm Hg Glass

tube

(b) Air pressure.

URE (N SALT STRESS ZCRRUSICH CF DUPLEX ANNEALED

Ti=BAl=lMo=1V ALLLY 34E:T AT 550 F(?)  (See also Figure )
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in dry air versus 10 hours for moiet ’1r. A simi-
» lar result was obtained by others. 19

In experiments using a mixed salt of NaCl

and MgCl;-6Ho0, severe cracking was reported when

3 using dry oxygen. 15} The water of hydration of
the MgCl, is apparently sufficient to promote the
cracking. However, when "a small amount of excess
water” is added to the system, longer specimen
life was found. This apparently indicates a criti-
cal moisture level.

On the basis of these results, it appears
that water is a necessary requirement, and must be
cunsidered in any mechanism study. When the amount
of water present is very low, as with baked-out
equipment or dry air, the severity of the test may
vary with water content. This could cause the
apparent variation in results with different salts
in early work. At intermediate water levels, no
variation in the severity of attack is noted. At
high water levels, the reaction products might be
diluted, causing a decline in severity of the at-
tack.

Effect of Chlorine and HCl

Moist chlorine gas was found to cause rapid
stress-corrosion cracking of clean, bent Ti-8Al~
iMo~1V specimens at 550 F within %00 hours.(9:18)
A dark, purple corrosion product similar in ap-
pearance to TiCl3 was formed.

HC1 also caused stress-corrosion cracking
of polished fnd stressed samples of Ti-8Al-1Mo-1V
at 650 F.U16) Some samples failed within 1%

. minutes. In one case, no cracks were observed on
a specimen after 6 hours. Failure, however, oc-
curred within another half hour. The cracking
was intergranular and similar to hot-salt cracks.
Electron fractographs indicated fracture was
rapid and mechanical. Cleavage of fracture faces
was indicated.

Cyclic Exposure

Cyclic exposure to hot salt i{s apparently
less severe even when total time at temperature
is the same. Two heats of Ti-8Al-1Mo-1V { duplex
annesled) were exposed to alternate dip in 3-1/2
percent NaCl water for 10 minutes and 5% F for
2-1/2 hours at thesses of 50 to 90 percent of
yield strength.t8) After 2000 hours (667 cycles)
no effects of stress-corrosion cracking were ob-
served, and almost no degradation of physical
properties was detected. This can be compared
with the 1000~hour degradation as shown in
Figure 2.

In other studies, Ehg cycle time and
temperature were varied.!9) A salt dip was em-
ployed only prior to the exposure. Figure 9
shows the results of this work. Note that the
curves indicate time at temperature. Only slight
degradation of the ductility of the Ti-8Al-1Mo=-1V
alloy occurs at 550 F when the cycle time is 2
hours at temperature. The degradation increasses
as the time at tempersture increases. However,
even with 16~hour cycle time, the amount of de=~
gradation did not appear to be as severe a&s con-
tinuous exposure.

The above studies indicate that sn incuba~
tion period may be required for stress-corrosion
cracking to be initisted. It may be that one of
the reactants necessary for cracking is destroyed
by the room-temperature exposure. See the section
on mechanism for further discussion.

Fatlgue

Fatigue does not appear to have much effect
on the hot-salt susceptibility ff Tost titanium
alloys at elevated temperaturc.!10) Ti-4A1-3Mo-1V
(annealed or aged), Ti-5A1-2.5Sn (annealed),
Ti{-6A1-4V {annealed or aged), Ti-5A1-2.5Cr-1.25Fe
(annealed), and Ti-8Al-1Mo~-1V (triplex annealed)
were not susceptible to salt-corrosion fatigue
st 600 F using synthetic sea salt. The Ti-4A1-3Mo-
1V (annealed), Ti-6A1-4V (annealed or aged), and
11~5A1-2.75Cr-1.25Fe (annealed) were not affected
by salt when tested at 800 F. Only Ti-8Al~1Mo-~1V
showed reduced fatigue life, but oniy when exposed
‘to synthetic sea salt at 800 F. At 60,000 psi,
the cycles to failure were reduced from 109 to
about 104 cycles, at 100 cpm. These results are
shown in Figures 10 and 11.

Heat Treatment

The hot-salt stress-corrosion cracking
susceptibility of titanium alloys can be alter~d
by heat treatment. For example, Ti-8Al-1Mo-1lV is
very susceptible in the mill annealed condition,
and slightly less in the duplex annealed condition.
However, when in the triplex annealed condition,
its resistance is much improved, as evidenctd ?y
the number of cracks formed on the surface.ll7
Thus, at 500 F and 90,000 psi stress after 1000
hours, no cracks (by dye penetration method) were
found in the triplex condition while about 10 for i
the duplex annealed and 1000 for the single an-
nesled condition were found.

The microstructure of alloys also seems to
be important. Often, some heats of a psrticular
mater a§ are characterized by coarse grain struc-
ture.!6) However, even fine grain structure heats
were made less resistant PX lyng-term heat treat-
ment at high temperature. 36} “The grain structure
of Ti-6A1-4V was found to change with solution
trestment plus aging {24 hours at 1050 F, 1/2 hr
1650 WQ + 8 hr 950 F AC, or 1/2 hr 1700 F wWQ +
1/2 hr 1400 F AC). Less beta-phase or more nglaxed
structure was observed in the aged material.
Long rolling and annealing times were also found
to increase the sufcgptibility of Ti=7Al-12Z2r tu
hot-salt cracking. 6

Cracking seems to occur both intergranularly
and transgranularly although failure was primarily
intcrg(ayular, in material which was largely alpha-
phase.l4

Heating Ti-6A1-12Zr above its beta-transus
(~182% F) changed the mode of failure from inter-
granular to transgranular.(6é) A similir transi-
tion was also found with Ti=-%A1-2.5%5n, i{.e.,
heating ?bove 1925 F produced transgranular
fatlure,(6)

s
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FIGURE 10. CORROSION FATIGUE AND AlR-FATIGUE S-M
CURVES, FOR Ti-8Al-1Mo-1V TRIPLEX AN-
NEALEDL 10

Tested at 800 F with or without salt
coating.

Segregation of aluminum and vanadium in
Ti-6A1-4V and of molybdenum in Ti-8Al-1Mo-1V has
been observed in the areas of hot-salt failures.(Ql)
In addition. a distinct change In appearance hus
been reported in the immediate vicinity of the
crack.

Heat treatments at 1450 F, 165 F, and 18% F
of brake-formed Ti~8Al-1Mo-1V samples apparently
provided some rcsistance to heot-salt cragking at
5% F for short term (30-hour) exposure.\si

Cycles to Failure, N

FIGURE 11. CORROSION FATIGUE OR AIR FATIGYE Ssme)
S-N CURVES FOR TITANIUM ALLoysl16

Tested at 600 F, with and without salt
coating.

However, long term ( 1000=hour) exposure at 600 F
of bent Ti-BAl-1lMo-1V specimens showed only minor
improvement when stress relieved in alr at 14% F
for 1/2 hour. Stress relinf in argon was much
more effective than in air.(?

Surface Trestment and Coatings

No difference was observed between Ti=8Al-
Mo~1V specimens in the as-received or highly
polished consition with (egyect to hot-salt
cracking susceptibility. 1




The use of shot peening and vibratory clean- lo

ing apparently increased the resistance of Ti-BAl-
1Mo~1V alloys to hot-salt cracking by creating a
compressive surface layer.(9,18,2

The use of certain coatings on a titanium
surface shows promise of protection. Surface
coatings of nickel plate, aluminum plate and zinc
plate show promise of delaying attack, when the
coating ls nun-porous.{6,9,22) In one study,
flame-sprayed aluminum and nickel and electroless
nicke. were porous and not very effective while
hot-dipped aluminum gave good protection.l6) In
other work at TMCA,( 3) promising results were
obtained with a duplex nickel coating. This was
applied to bar samples of Ti-BAl-lMo-1V by plating
0.°01 in. (0.0005 in. per side) of nickel on a
specimen, withdrawing the piece from the bath,
rinsing, then activating the piece electrolytically
in a proprietary solution (C-12, Puma Coxporation).
The specimen was then thoroughly rinsed and plated
with an additional 0.00! in. of nickel. Seversl
electroplating baths, including Watts B-3,
Sulfamate B~28, and Modified Watts-Sulfamate B-39a
and b. have been used to apply the duplex coating.
Details on the bath compositions and procedures
for operating these are given elsewhere. Some
test results on the duplex-nickel-coated Ti-8Al-
1Mo-1V alloy are given in Table 4.

An organic aromatic polyimide, 1/2 to 1 mil
thick, protected Ti-8Al-1Mo-1V from cracking up to
1000 hourf yt 600 F, before spalling of the coatiny
occurred.(9

The effect of anodized films on titanium 1sg
not comgletely clear. ?old-anodized (100 to 200 A)
and blue-anodized (600 A) films did not prtxgyt
the degradation of Ti-8Al-1Mo-1V at 550 F.
Specimens of both Ti-8Al-1Mo-1V and Ti-6Al-4V
anodized by the aquecus hydrogen phosphate tefh-
nique were not protected in long term tests.l10,12)
In short-term tests, some protection of Ti-8 1-}"0—
1V was obtained by NaNH,-HPO, anodized film.!23
In view of the role of oxygen (even as TiOp) on the
hot-salt cracking, it is not believed that anodized
films will offer satisfactory protection.

Fostulated Mechanisms

Laboratory studies on the mechanism of hot-
salt stress-corrosion cracking of titanium alloys
have included such factors as type of salt, effect
of oxygen and water, type of reaction (whether
solid, liquid, or gaseous), and identification of
corrosion products., Studies to date have indi~
cated that several types of chloride salts will
initiate failure. However, NaCl now appears to
be most reactive.

The role of oxygen and water asppears more
clear. Oxygen or a reducible oxide (TiO2) must
be present for cracking to occur, although the
critical concentration of oxygen is low (1 to 10
microns Hg pressure). Water may slso enter into
the reaction and appears to be necessary, although
its critical concentration is low {on the order of
10 ppm) .

Until recently, the type of reaction was
believed to be a gas or liquid phase reaction,
although failure could not be induced in & speci-
men separated from the salt by an air gap. This
seemed to indicate that a solid phase reaction or
a low melting point liquid was required. It was
curious, however, that damage around a salt de-
posit usually flared out ubO(e the deposit, indi~
cating a gas phase reaction. 6)

Recent work has indicated that a gas phase
reaction can occur.(6) Stressed titanium specimens
were placeu above, but not touching, {1) NaCl,

(2) NaCl + TiOp, and (3) NaCl + TiOy + Ti. After
24 hours at 1200 F or 65 hours at F, cracking
was obtained with samples placed above (2) and
(3), but not with (1). Also, a U-bend specimen
of Ti-6A1-4V stress cracked at 750 F after 20
hours when placed in a tube furnace containing
NaCl on Ti chips.

Recently, tentative identification has been
made of some of the products of the reaction,
X~ray stydies have indicated the presence of
NaOH,(21) TiC15,(9418) and possibly 110259.15.18.19)

and T10{9518) in corrosion products. X-ray peaks,

TABLE 4. HOT-SALT STRESS-CORROSION DATA ON NICKEL-COATED Ti-8Al-IMo-1V ALLCY specIMens( 23)

Jensile Properties After Exposure

Yield
Strength,
Salt Exposure Total Creep Tensile at 0.2 ¥ Elongation,
Temp, Time, Stress, Deformation, Strength, Of fset, (In./In.)
Nickel Bath E hr ksi ksi ksi X
Sulfamate B-28 850 150 55 0.49 155 132 18
Ditto 850 150 55 0.7% 154 130 20
Modified Watts 850 150 55 0.91 159 134 12
Sulfamate B-39 a and b 850 150 55 1.00 157 133 12
Sulfamate B-28 850 2000 37 0.27 154 132 19
Ditto 850 2000 37 0.39 155 133 21
" 850 2000 37 0.41 154 131 22
" 850 2000 37 0.41 152 133 19
Modified Watts 850 2000 37 0.44 161 - 140 13
Sulfamate B~39 8 and b 8%0 2000 37 2.22 158 138 8
Ditto 8%0 2000 37 1.18 160 141 16
" 850 2000 37 0.76 157 138 12




identified as TiClp, decreased with time. When
the corrosion products were dissolved in water,

a gas bubbled off and the solution became acidic,
as would be expected if TiCl2 were present.

The presence of Cl2 or HCl gas was also indicated
when gases from NaCl-Ti mixture at 1200 F wFrg
passed through a potassium iodide solution. 6

A gas sample analyzed by a mass spectrograrh was
found to contain air, water, and chlorine.l6)

On the basis of the above resulte, £he
mechanism apparently invelves NaCl, Cp, Hp0, and
reaction piuducts of TiClp, NaOH and TiO2. A
possible reaction is:

2NaCl + Ti + 1/205 + Hg0 = TiCl, + 2NaOH.
(AF -40 Kcal at 600 K)

That an unstable intermediate such as TiClp
is involved, is further indicated by the cyclic
studies (room temperature to operating temperature)
in which reduced susceptibility is found.

Studies have shown that aluminum and vana-
dium may be selectively attacked, since their
concentrations are felatively higher in the cor-
rosion products. 16) NaOH by itself will also
give selective attack, but no cracking. Inhibi-
tion of stress cracking was obtained by a pre-
treatment in NaOH at 650 F for 7 days before salt
exposure.

A more recent theory proposes that NaCl and
water react to form NaOH and HC1.(16) The HC1
reacts with the protective oxides on the surface,
forming unprotective chlorides. The hydrogen re-
leased by the attack of the exposed titanium is
then believed to diffuse into the metal to cause
subsequent hydrogen embrittlement.

This mechanism does not entlirely account
for the apparent need for oxygen, but indicates
the Fee for water. The HCl detected in this
work! 16) might come from decomposition of TiCl2
with water, as suggested in Reference 5.

STRESS~CORROSION CRACKING BY STLVER
AND SILVER COMPOUNDS

At high temperature, silver, silver chloride,
and silver braze have been shown to have a defi-
nite, detrimental effect on titanium alloys, and
appear to cause a form of stress-corrosion crack-
ing.

A silver braze coating (Dynabraze "B", con=
sisting nominally of 94.8Ag-5A1-0.2Mn) on titanium
alloys Ti-8Al-1Mo~1V and Ti-6A1-4V caused rapid
surface deterioration, loss of adhesion between
braze and metal, snd stress-cor os?on cracking
after exposure in air at 650 F, (See Table 2.)
Of the failed titanium specimens, only slight
differences in failure time were noted between
brszed specimens with or without sait and in the
notched or unnotched condition. For the Ti~-6Al-4V

alloy, notched specimens were stressed to 45 or 58
ksi and unnotched specimens to 23 to 37 ksi.
Failure times ranged from 5%C0 to 15, 000 hr. For
the Ti<8Al-1Mo-1V alloy, notched specimen stiress
was 56 to 67 ksi and unnotched specimen stress
was 23 to 31 ksi.
to 18,%00 hr.

Fajlures occurred after 9000

11

An investigation of failure of a titanium
alloy engine compressor wheel opersted at high
temperature showed the rcle of silver and silver
chlorid 19 stress-corresion cracking of titanium
alloyse. 24) previous compressor tests below 700 F
showed no failures. Tensile specimens of Ti~7Al=-
Mo and Ti-5A1-2,55n, uncoated and coated with
silver chloride, silver plate, vacuum deposited
silver, and/or F5C hydraulic oil and salt were
used. The results are shown in Tatle 5. Both
silver ind silver cl.loride caused stress-corrosion
failure of the alloys at 700 F and higher. No
reduction of room-temperature properties was found
after short-term exposures of Ti~7Al-4Mo at 600 F.
As a result of this work, the use of silver plating
these parts was discontinued. Instead, organic
bonded dry film lubricants or graphite greases
were adopted in place of silver thread lubricants
and molybdenum disulfide was selected over silver

. anti-fretting agents.

Before other silver compounds are applied
to titanium, a complete evaluation of the effects
of stress and temperature on the stress-corrosion
cracking by silver is recommended.

E. 10| ACK] CAl

In the period of 1956-19%57, experiences
confirmed that both the Ti-4Al-4Mn and Ti-8Mn
alloys were susceptible to stress-corrosion crack-
ing by molten cadmium, i.e., at temperstures above
about 610 F. Details of these experiences hgve
been summarized in an earlier DMIC report.(l
In general, it is believed that for attack to
occurs

1. Fissures must exist in the TiO,
surface so that unprotected titanium
will be exposed.

2. The temperature must be high enough
to permit the cadmium to flow into
the fissures.

However, no stress-corrosion cracking is anti-~
cipated when using cadmium in contact with titanium
below 610 F.

STRESS-CORROSION CRACKING IN
RER FUMING NITRIC ACID

Titanium has low corrosion rates in both
white and red fuming nitric acid.® See References
2% and 26. However, titanium suffers severe
stress-corrosion cracking and/or pyrophoric re-
action in dry red fuming nitric acid. Water
addition of 1.5 to 2 percent inhibits this re-
sction. The current military specification of
2.5 £ 0.5 percent water in red fuming nitric acid
is safe for use with titanium. The 0.6 percent
addition of HF added to inhibit attsck of stainless
steels and aluminum increases the corrosion attack
of fuming nitric acids on titanium.

* Military Specification:

White fuming HNOZ = 97% Min HND3, 0-.01% ¥ NOg,
2% Max Ho0

- 82-85% HNC3, 14 & 1% NOg,
2.5 2 0,5% Hg0.

Red fuming HNC3
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TABLE 5. RESULTS CF STRESS-OLRRUSION STUDIES CF TITANIUM
ALLCYS WITH SILVER AND SILVER HL(RIDE(24)
o Falilure
Temperature, Stress, Time,
F ksi Coating hours
Ii-7Al-4Mo
800 100 Bare 40=396
800 100 NaCl 1.4=2.6
800 50 NaCl NF a; 260( b)
800 50( ¢) NaCl Nrla 260(b)
800 25 NaC1 NF 260
800 N 100 AgCl 0, 0.06
600 T 110 Bare NF 110{4d)
600 110 AgCl NF 110(d)
875 70 an 146, 182
875 70 Fo(e) NF 112
87% 70 Ag plate 18.5
875 70 Ag plate + Fsole) 20
875 70 Ag plate + NaCl 4.8
87% 70 Ag plated e:d then stripped 120
875 o 70 Ag (Vac. Dep.) 8, 9
875 7€ Ag plated bolt (NaCl coated and washed) 33
875 70 Ag plated bolt from service 41
875 70 Ag plated bolt 26
Ij-§A1_2|=§n
900 a8 Bare NF 100
900 a8 AgCl 0.03, 0.06
800 58 Bare NF 100
800 58 AgCl 0.8
700 - 64 Bare NF 100
700 64 AgCl 19.5
500 71 Bare NF 100
500 7 AgCl 145
8715 %0 snz; 17%, 447
875 50 Feole) 394, 659
87% 50 Ag plate 0.4, 0.6
875 - 50 Ag plate + Fsole) 0.3, 1.8
" 815 %0 Bare 184, 304
875 %0 NaC: 36, 40
87% 50 Ag (vacuum deposit) 15
87% %0 Ag (vacuum deposit) + NaCl 1.3
87% 30 Au ( vacuum deposit) 156, 241
87% 50 Au ( vacuum deposit) + NaCl 1.5
87% L") Ni (vacuum deposit) 210
87% L o] Ni (vacuum deposit) + NaCl 23
875 %0 Ag plated bolt 117

L - .. . ...~ . 3
NF means no failure.

(a)
()
(c)
(d)
(e)

Severely cracked.

Notched specimen.
Room~temperature properties after testy yield 1%0-153 ksi, El 10-11 percent.
Hydrsulic o}l.




T ) N _IN METHYL AL X.HCY ) CN3
Titanium (as well as zirconium) has been

found to suffer stress-corrosion gracking in

methanol containing HCl or HpS04.027)  U-bend

specimens were exposed to varicus concentrations

of HCl or HpSO4 in methancl. Cracking of titanium

occurred within about an hour in methanol with

0.4 percent HCl, and in about a day with 1 percent

HoSO,. The cracking time decreased with increasing

concentration of HCl. A concentration as low as

0.005 percent caused cracking within 24 hours.

The cracking time decreased as the solution tempera-

ture was raised.

The presence of water in the rmethanol=0.4
percent HCl solution increases the time required
for fallure. With an addition of 1.5 percent
water, no failure of titanium was observed.

When the titanium U-bend specimens were an-
nealed at 930 F for 10 minutes or at 840 F for
1 hour, no stress-corrosio cyacking was then
found in the HC! solution.(27

Studies have shown that solutions of methyl
alcohol with additions of bromine are extreme}y
corrosive to titanium and titanium alloys.(28
Corrosion data are presented in Table 6. Severe
intergranular attack of titanium was also observed
in the dilute bromine solution. As a measure of
the susceptibility to localized attack, a "tendency”
to intergranular attack was calculated as the in-
crease in ohmic resistance divided by the weight
loss of the specimen. As shown in Table 6, unal-
loyed titanium has a high tendency to intergranular
attack in 1 percent bromine. This tendency de-
creases with higher bromine content, as the cor-
rosion rate increases.

TABLE 6. CORROSION OF SEVERAL RUSSIAN ALLOYS IN
METHYL ALCOHOL~-BROMINE SOLUTIONS(28)
Corrosion, mpy, for Bromine
Content indi
Alloy( 1) 1 2 3 4 5
VT1 (Unalloyed grade) 180 290 480 650 810
VI5 (5A1) 130 220 320 410 530
VT3 (4.7A1-2.5Cr) 70 140 . 210 280 360
VI3~1 (4.4A1-2Cr~1Mo) 65 120 140 190 -
Iodide titanium 70 140 180 240 290
Intezgranular Attack, Tendency!?)
VTl 19 11 5 4 3
(1) Iodide, VIl and VI5 are alpha alloys. VI3 and

V13-l are alpha-beta alloys.
See text.

(2)

The corrosion rate of titanium is substan-
tially lowered by additions of water to methyl
alcohol-bromine solutions. See Table 7, With the
first additions of water, the severity of inter-
granular attack increases, and reaches a maximum
at 5 percent water. This tendency to localized
attack then decreases with further water additions
and becomes nil at 30 percent w.ier.

The attack of titanium in methyl alcohol-
bromine solulions is electrochemical in nature.
Protection of titanium {n water-free solutions

can be accemplished by cathodic polarization to
about 0.350 volt.

TABLE 7, EFFZCT GF WATER ON (XRRCSION OF VT-1
UNALLLYED TITANIUM IN METHYL ALOOHOL-2
PERCENT BROMINE SCLUTIONS(28)
Water, percent
0 2.5 5 10 20 30
Corrosion, mils per vear
290 250 210 80 %0 Nil
Interaranular Attack, tendencytl)
11 28 55 17 5 N{l
(1) See text.
RESS-CORROSION CRACKING IN NITROGEN TETROX1

Mounting unpublished evidence has been ac-
cumulated since the summer of 1965 which indicates
that the Ti-6A1-4V alloy is susceptible to stress-
corrosion cracking in liquid Ny04. While much of
information is still tentative, it has been shown
that failures can occur in solution-treated and
annealed Ti=-6A1-4V sheet at stresses and tempera-
tures as low as 90,000 psi and 105 F in times ss
short as 40 hours. The various parameters which
may enter into this reaction (e.g., NoO4 purity,
alloy condition, temperature, stress level, time,
etc.) are now under intensive evaluation in several
coordinated programs being monitored by Bell Aero-
systems for NASA. It is anticipsted that a pre-
liminary summary of the findings from these in-
vestigations will be released for dissemination by
DMIC in the near future.

STRESS~CORROSION CRACKING IN MERCURY

n 1y reference {29) reported that the Ti-
13V-11Cr-3A1 beta alloy suffered unusually sgvere
cracking attack in both the liquid and vapor phase
of mercury at 700 F, Also, embrittlement of titen-
$um scrap and alloys T{-75A and Ti-6A1-4V has been
observed when titanium was deformed while immersed
in mercury.(30) Wetting of unstressed titanium by
mercury requires a temperature of 750 F in vacuum,
while reexposure to air causes dewetting,{30) These
reports indicate that stress-corrosion cracking of
titanium and its alloys can occur in mercury, Con-
sequently, additional studies in this area are re-
commended before committing titanium or its alloys
to use in contact with mercury,

A D _Cf AGH
PRECRACKED MATERIALS

Recent studies have shown that many materials
including titanium alloys have a susceptibility to
stress-corrosion cracking in environments in which
susceptibllity was not previously known. These
studies use special techniques which reduce the
time-to-failure of a conventional stress-ccvrosion
cracking specimen. These techniques emplo' pre~
cracked specimens snd are about the same as those
used currently on high-strength allfgs for the
determingtion of fracture-toughnessl31) and delsyed
fatlure.{32) Thus, calculations for fracture
toughness are made which assume conditions of plasne
strain. Susceptibility to cracking is then measured
by comparing the stress intensity factor, X, in
psi /in., obtained in air with the K value obtained
in the liquid medis, In environments in which




stress-corrosion cracking is a factor, the fatigue
crack propagates to produce rapid fallure.

The sccelerated crack.propagation technique
differs from ordinary stress-corrcsion cracking
evaluations in that by the use of a notch or crack
the {ncubation period is essentially eliminated,

Experipental Technigues

The basis of these techniques lies with the
use of 8 fatigue-cracked specimen in which a stress
riser already exists and to which a stress and a
selected environment are applied. The specimens
are prepared by sawing or machining a notch into
one edge or the center of the sample and then
fatiguing the specimen so that a crack is ini-
tiated to give a total crack length (including
the notch depth) of 20 to 30 percent. of the speci-
men width. This fatigue crack thus acts as a
stress riser in the specimen in much the same man-
ner as a pit, or other natural stress concentrator
that results from corrosion of the specimen.

Stress can be spplied to the specimen either
by tensile loading, multiple-point bending or
cantilever loading. A plastic container placed
around the specimen contains the environment,
or the test medium is dripped onto the cracked
area. The specimen is loaded to a given value and
the time to fallure noted. An alternate method
is to step-load the specimen to a higher load
level if fallure does not occur within a fixed
time. Additional details of this procedure are
given in References 3 and 33.

When precracked titanium specimens dre
loaded rapidly in an environment such as dry air.
failure usually occurs by plane strain at high
stresses. This point is sometimes used as a
reference point to compare with stress-cortosion
cracking fallures (see Figure 12). However, if
longer times at constant load are used, failure
will occur at lower values in air as shown in
Figure 12. True base~line deta in vacuum are
not presently available. When an environment
such as salt water is used, the fatigue crack may
propagate at lower stresses, causing failure at
reduced stress values as shown in Figure 12,

The appearance of fasiled specimens is shown
in Figure 13. The initial fatigue crack is the
fan-shaped crack at the bottom. In air, failure
occurs by plane strain and is often marked by
shear lips. In sea or salt water, the crack
propagates slowly by a stress-corrosion cracking
mechanism, 85 shown by the ares in the center
of the specimen. This has a brittle appearsnce
ususlly associated with stress-corrosion cracking.
When the specimen will no longer withstand the
stress, rapid failure occurs by plane strain.

The degree of susceptibility of a material
to stress~corrosion cracking is measured by com=
paring its air fallure stress intensity factor, K,
in ksi /in. to its value in salt water ss shown
in Figure 14. The stress intensity factor for
stress-corrosion cracking, Kre o is that value
sbove which faiiure occurs as fftastxated in
Figure 14, Note that this value is essentially
reached after 8 short time and that this time
perlod can vary from one material to another.
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2alt Water

Most of the current research on stress-
corrosion cracking of titanium alloys employs salt
water or seawater. This emphasis is due to the
current consideration of titanium for service in
undersea vehicles and structures and for alrcraft
operating in seacoast atmospheres.

Susceptible Allovs

Alloys which have shown some degree of sus-
ceptibility are listed below but not necessarily
in order of susceptibility:

Unalloyed Ti (with high oxygen content,
i.e., 0.317 percent)

Ti=-8Mn

Ti-2.5A1-1Mo~10Sn=5Zr ( IMI-679)

T{=3A1-11Cr~13V

Ti-4Al-4Mn

T{=-5A1-2,%5n

Ti=6A1-2.%5n

Ti=6A1=-4V

Ti{~6A1~3Cb=25n

Ti~6A1-4V=-15n

Ti~6A1-4V=2Co

Ti=6A1-6V=-2,5Sn

Ti=7A1-2Cb~1Ta

T1-7A1-3Cb (as received and beta anneaied)

Ti=7A1=-3M0

Ti{=7A1-3Cb=2Sn

T1=-8A1=1Mo-1V

Ti=8A1-3Cb~2Sn

Preliminary screening tests indicate the
following alloys to be Insensitive to seawater
crack propagation for the condition used:

Ti=2A)~4Mo~4Zr

Ti=4A1=3Mo-1V

Ti=3A1=25n=-2Mo=2V

Ti-6Al=Mo

Ti~6A1=25n~1Mo~1V

Ti=6A1=2Sn«1Mo=3V

Ti=6A1~2Chb=1Ta=0 .8M0

Ti~6.5A1=5Zr=1V

Ti-7Al1-2.%M0 (as received and beta an-
nealed + WQ + 110 F -
aged for 2 hr)

Table 8 presents some approximeste values of
the stress-intensity threshold factor, KIgeee for
several susceptible alloys. Each value was obh-
tained from constant loading to failvie of 2 to 6
specimens. Note that considerable variation is
evident in Kigee in different conditions of the
same alloy. Heat treatment, composition, and size
of specimen can also affect the results (see dis-
cussion in later sections).

Table 9 presents rosults from s study using
precracked Charpy specimens.(37) A constant load
was applied by 3-point beam losding. The data in
Table 9 also show different susceptibilities -
between heat trestments for s given alloy. Some
heat treatments of Ti=6Al~4V, Ti«7Al=2Cb~1Ta, and
Ti=3A1=11Cr=~13V show low susceptibility., Ti=7%A
does not appear to be susceptible. Ti=4Al-dMn
has poor fracture toughness but does not seem to
be susceptible to cracking in the conditlon shown.
Table 10 shows representative values for two alumi-
num alloys which do not show susceptibility.
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TABLE 8, APPROXIMATE STRESS INTENSITY THRESHOLD VALUES FOR TITANIUM ALLOYS
SUSCEPTIBLE TO STRESS-CORROSION CRACKING IN 3-1/2% SALT WATER(36)

Stress Intensity Stress Intensity

Specimen For Instantsneous For Stress~Corrosion
Cross Section,(}) Yield Strength, Air Feilure, Cracking, Kigees
Alloy Condition in. ksl ksi /in. ksiZin,
Ti-7Al-2Cb=-1Ta As Received 1 x 11/16 102 100-11% 40
1x 1/2 100-110 63

Ti-7A1-2Cb-1Ta  As Received 7/8 x 1/2 105-110 100 35
T1=7A1-2Cb-1Ta  As Received 1 x 11/16 106 105 43

; T1-7A1=2Cb=1Ta  As Received /2 x 1/2 113 40 ©

i T1-TAl-2Cb-1Ta As Received 1x 1/2(2) 131 130 88

! Ti-8Al-1Mo-1V  182% F/1 hr/AC 1x 1/2 108 110 28

i Ti-8Al=-1Mo-1V 1700 F/1 hr/AC 1x 1/2 120 90 23

! + 1200 F/2hr/mQ

; Ti-8Al-1Mo~1V  As Received 1/8 sheet 130 55 18

T1-6A1-4V As Received 1 x 11/16(3) 18 9 67

; Ti=6A1-4V As Received 1/2 x 1/2 124 115 95

‘{ Ti-6A)~4V As Received 3/4 x 1/10 165 65 55

1)

. T{~5A1~2.55n As Received 1 plate 113 130 72

i T1=8A1-2.55n As Received /2 x V/2 114 110 39

i

| T1-6A1-4V-15n 1825 F/1 hr/wQ 1 x 11/16(3) 131 115 42

i + 1100 F/2 hr/

] AC .

! Ti-6A1-6V-2.55n 15%0 F/1 hr/wQ 1x 3/4 183 55 21

: + 900 F/4 hr/ :

; AC -

] T1-6A1-20 175 F/1 he/AC 1/2 x 1/2 124 115 76

f + 1100 F/2 hr/

: m _
T1-6A1-Mo Same as above 1 x 11/1503) 125 120 102

; Ti=-7A1-Mo As Received 1 plate 107 130 4%

i A-70(4) As Received 1/2 x 1/4 80 65 aa

(1) Specimen cracked through longest dimension.
: (2) side grooved to 3/8 inch.

(3) Side grooved to 1/2 inch.

(4) High interstitials.
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TABLE 9. APPRUXIMATE STRESS INTENSITY VALUES FCR TITANIUM ALLOYS
BY CHARPY SPECIMENS IN LIQUID ENVIRCNMENT! 1)

»”~

e ]
Apparent Fracture Tough-

Plate K ne Pl
Thick, Grain 3-1/2 %

Alloy_ Cundition Inches. Direction Air(z) Alr _ NaCl
Ti-8Al-1Mo-1V Duplex Anneal 2.5 T 8 55 28(3)
TieBAl~1Mo-1V Duplex Anneal 0.5 L 48 a6* 35
Ti-8Al~1Mo-1V Mill Anneal 0.5 L 49 4t 27
Ti-8A1=1Mo-1V Hot Roll above B transus 0.5 T 48 25
Ti-8Al~1Mo-1V 1450 F/1 nr/AC + 1100 F/8 hr/AC 0.5 L 48 4% 28( 4)
Ti-8Al~1Mo-1V 14% F/1 hr/wQ + 1100 F/B hr/AC 0.5 L 48 32(4)
Ti~8Al-1Mo-1V 1650 F/1 hr/AC + 1100 F/8 hr/AC 0.5 L 97 43 27
Ti~8Al~1Mo-1V 1650 F/1 hr/WQ + 1100 F/8 hr/AC 0.5 L 45 41 26
Ti~8A1~1Mo-1V 1850 F/1 hr/AC + 1100 F/8 hr/AC 0.5 L 55 51 3l
Ti~-BAl=1Mo=-1V 1850 F/1 hr/wWQ + 1100 F/8 hr/AC 0.5 L 37 24l 5)

Ti~6Al-4V M{1l Annealed 0.5 T a5 37

Ti~6A1-4V Mill Annealed 0.5 T 59 51 41(6)

Ti~6Al-4V 1725 F/1/2 hr/MQ + 1250 F/4 hr/AC 0.5 T 59 53

Ti~6A1=4V 1550 E/1/2 hr/wQ + 1250 F/4 hr/AC 0.5 T 52 50

Ti~6AlwaV 1850/1/2 hr/WQ 0.5 T 58 55 56

Ti~6A1-4V 1550 F/6 hr/wQ 0.5 T 68 69 67

Ti~-6A1-4V=-2Co 1600 F/2 hr/AC 0.5 T 65 55 32

Ti=7A1-2Cb-1Ta 1650 F/1 hr/wQ 0.5 T 84 73

Ti~7A1-2Cb-1Ta 1650 F/1 hr/WQ + 1300 F/1/2 hr/AC 0.5 T 83 48

Ti~4Al-aMn Heat Treated(7) 0.375 T 22 15 14 .
Ti~6A1-6V-25n 1300 F/2 hr/AC - T 44 33

Ti-6Al 1550 F/2 hx/AC 0.5(8) L 84 29 !
Ti-3A1-11Cr-13V 1425 F/1/2 hr/WQ 0.12(9) T 55 45 4] v
Ti~3A1-11Cr-13V 1425 F/1/2 hr/mQ + 1300 F/1/2 hr/Ac  0.12A9) T 88 28

Ti-75A 1300 F/2 hr/AC 0.1(9) T 69 51 61

T1~75A 15%0 F/1/2 hr/mQ 0.1(9) T 64 58 62

— e ————

(1) Cross~section 0.394 x plate thickness, specimen cracked through 0.394 dimension.
(2) Loaded to failure.
(3) Ky1 in water is 32; 50% HNO3, 32: 2% HF, 30 ksi /in.
(4) Kpq In kerosene is 41 ksi /in.
{5) Kii in kerosene is 31 ksi /in.
(6) Kii in tap water is 57 ksi /in.
; (7) Estimated yleld sirength - 140,000 psi.
| (8) Rod.
(9) Sheet.

TABLE 10, APPROXIMATE STRESS IN’{%%!TY VALUES FOR OTHER ALLOYS BY CHARPY SPECIMENS( e

IN LIQUID ENVIRONMENT

i )

Plate Thickness, Grain
Alloy Condition Inches Direction Alx Nacl, ‘
Al 2024 T 351 0.% T 3i 28+ 1
Al 707% T 651 0.% T 23 22+ (

(a) Cross section 0.394 x plate thickness. Specimen cracked through 0.394 dimension.
{b) Loaded to failur:.
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Preliminary datas as shown in Tables 11 and
12 indicate the unalloyed titanium with high
oxygen, as well as several alpha and near-alphs
alloys, are susceptible. These data compare nomi-
nal bending stresses 2t fallure in air with faile
ure in seawater, All specimens thst failed in
seswater had a typical sppearance of brittle
fracture. Several non-susceptible alloys are also
shown.

The susceptibility of pre-cracked titanium
alloys to stress~corrosion cracking in salt water
appears to be affected by the aluminum and tin
content and 1somorphous beta stabilizers.(38,39)
Data compiled in Table 11 38) {ndicate that the
susceptibility occurs with higher aluminum or
sluminum-tin contents. A notable exception to
this general trend is the susceptibility of the
Ti-8dn alloy.

In the system Ti-6A1-2Cb-1Ta, almost no
susceptibility was found for alloys with an
aluminum content of 6 percent, while sensitivity
was found at aluminum levels of 6.5 and 7 per~
cent\ 39} (gee Figure 15). Ti-6A1-3Cb is almost
completely resistant to cracking, rhile Ti=7A1-3Cb
and Ti~6A1-3Cb~2Sn were sensitive.l38) Ti-6Al-
2Cb-1Ta alloy was less sensitive than Ti=7Al=2Cb-
1Ta, which agrees with Figure 15.

The presence of isomorphous beta-
stabllizers ~ molybdenum, vanadium, and columbium
- tends to reduce the sensitivity of titanium
alloys. Titsnium alloys containing 5 to 7 per—
cent aluminum plus 1 to 4 percent vanadium and/or
molybdenum were found to be insensitive. The
addition of molybdenum to Ti~7Al-2Cb~1Ta or Ti-
7A1-3Cb tended to reduce thelr susceptibility to
cracking,38,39) as shown in Figure 16. The addi-
tion of molybdenum is currently being considered
as a8 compositional improvement for certain alloys,
in order to reduce their cracking potential in
salt water, For example, the Navy is currently
testing a Ti-6A1-2Cb~1Ta~0.8M0 modification of the
Ti-7A1-2Cb-1Ta alloy.

Eifect of Heat Treatment

The degree of susceptibility of some ti~
tanium alloys to stress-corrosion cracking can be
changed by the heat treatment given the material.
The cooling rate from temperatures above the beta
transus and the times and temperature of aging
in the 900 to 1300 F range are among the factors
which have been identified as important.(37'35’39)

Ii-Al-Cbk Svstem. The titanium system Ti-
7A1-3Cb, with and without molybdenum, was found
to be completely free from stress-cracking when
water-quenched sfter an anneal of 1 hour at
1950 F. Air cooling frcm this temperature, how-
ever, resulted in susceptibility. Also, quenching
of Ti=7A1-2Cb-1Ta from above the bets transus
resulted in (mgfoved resistance for this suscep-
tible alloy. 3 See Table 13.

An aging treatment at 1100 F for 2 hours
resuited in renewed sensitivity of the Ti-7A1-3Cb
and Ti-7TA1l=3Cb=0.Mo alloys. With an increase
of molybdenum to Ti-7A1-3Cb-0.8Mo, complete re-
sistance to cracking in salt water was obtasined
when the alloy was water~-quenched or air-cooled,
but not when it was furnace-cooled. The alr~
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cooled alloy was made sensiti{ve when {t was hested
2 hours at 1100 F.(3B) (See Table 13.) Thus, to
obtsin resistance to cracking for susceptible
aslloys of the Ti=-Al-Cb svetim, it is apparent that
hest-treatment modificaticns may be as important
as composition changes.

1j-8Al-]Mo=-1V. Table 14 and Figure 17,
present the results of a similar study to explore
the relationship between time and temperasture
on the susceptibility of the Ti8Al-lMo-1V all.y.(39)
The results show that the susceptibility is de-
creased and eventually eliminated when the annesling
temperature is increased. The lowest temperatures
for no susceptibility were 1800 F for the air-
cooled condition and 1550 F for the water-quenched
condition, As shown earlier by the data of Table
9, this alloy is quite susceptible in the mill-
annealed and duplex-~annealed conditions., However,
the triplex-anneal heat treatment was found to
give good resistance to salt-water cracking for
0.8 inch plate, provided a short (15 minute) anneal
at 1375 F followed by air cooling was used, with
no subsequent heating in this temperature range.(ag)

Ii-6Al-4V. Mill annealed Ti-6Al-4V is
susceptible to salt-water cracking, but proper
heat treatment can reduce or eliminate this sus-
ceptibility.(37,39) Table 15 shows the effect of
annealing temperatures and cooling rates for Ti-
6A1-4V, The susceptibility was determined by the
appearance of the fracture face. Annealing
temperatures above 1700 F with an air cool or
above 1550 F with a water quench resulted in no
appearance of cracking in seawater for 0.7%-inch
plate,

Since Ti-6A1-4V is a mildly beta-stabilized
alloy, heat treatment above 1400 F with air cooling
could result in metallurgical Instability in ser-
vice. Thgreiore, a duplex anneal was investi-
gated.(39) Tnis annesl consists of heating
1700 F to 1850 F for 1 hour and air cooling (AC)
followed by a low-temperature stabilizing treat-
ment (1200 to 1500 F for 1/2 hour, AC). This
treatment is reported to result in an over-sll
improvement in fracture toughness, with on(g
slight sensitivity to salt-water cracking.\39)
See Table 16.

Effects of Opdering and Microstructure. The
susceptibility of high aluminum~bearing titanium
alloys to salt-water cracking is belie{ed to be
due to ordering of the microstructure. 38,39)

This ordering is believed to be the result of the
formation of TizAl. It has previopsly been shown
that 6 to 10 percent sluminum in titanium can
cause embrittlement by ordering when the b nafy
alloy is aged in the 900 to 1300 F region.\40

This coincides perfectly with the stress-corrosion
cracking susceptibility found for certain high
aluminum-bearing titanium siloys heat treated in
this temperature range.

A correlation is believed to exist between
microstructure and seswater crackjing for several
sluminum-bearing titanium alloys. In these
experiments, materials with a matrix of coarse,
long platelets in the microstructure were the
most susceptible. Materiasls with fine platelets
and alpha dispersions were not susceptible.
Normally, susceptible material was improved by
water=quenching from s high temperature bets-anneal.
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TABLE 4. EFFECT OF SEAWATER ON TITANIUM ALLOYs!(38)
|
-
Bominal sending Stress
Bominal Bending Stress in Seswater
in Air Static-load Cantilever Test
8low-Notch Static-Load FPracture
Bend Test | Cantilever Test Appearance
Titanium sn 8n Time ; Sn Time Sea-Water
Alloy Condition kei ksi min | ksi min | Babrittled?
Al s
T4 Gnal. Alpha Rolled 182 157 45 64 { 3 Yes
( »s-70) Alpha Bolled + 400 F,
16-Hr AC - 104 1 Yes
:%% ES Beta Rolled T &1 = Yes
. Beta Rolled 181 110 3 Yes
Alpha-Beta Rolled 221 166 760 ] 109 | 6 Yes
Near-Alj hi )
8AL-2Ch-1Ta  |Beta Bolled 186 129 | Immed Yes
Beta Rolled 232 110 10 Yes
{0.06 00) Al Seta Rolled 1%5 166 70 125 3 Yes
TAL-3Ch Beta Bolled 184 Immed Yes
0.1 On) Alpha-Beta Rolled 256 131 L Yes
Al- Beta Rolled 200 1L | 1 Yes
2. Beta Rolled 213 114 Yes
n Beta Ro 220 Yes
n Beta Ro 233 158 Imned Yes
n Beta Ro. 110 126 | Ismed Yes
X iv_|Alpha-Beta Rolled | 222 186 180 | 1B | 200 So
Alphs-Bei~ Alloys "
6AL1-28n- 2Mo- 1V Beta Rolled 209 - 196 9 180 1430 ¥o
v ) A Beta Rolled 180 Immed ¥o
Low
v Alpha-Beta Folled 101 155 i5 | 103 150 o
| (Righ 0p)
Alpha-Beta Rolled 165 180 3
6al-20 Alpha-Beta Rolled + 1750 P, 191 1 so
L-Br AC + 1100 F, 2-Hr AC —
Alpha-Beta Rolled T 500 | Tamed ¥o
Alpha-Beta Rolled + 1735 »,| 216 192 150 o
TAL-2.500 1-Hr WQ
Alpha-Beta Rolled + 1735 ¢,| 205 166 25 135 13 o
1-Er wQ + 1100 F, 2-ué
" BA1-28n6- 240~ 1V] Beta Foll 5‘5185 190 B 1~TI o
Alpha-Beta Bolled 171 1 143 110 wo
—BA1-28n- 3V~ 1lio| Beta Bolled 211 15 iBh5 | 120 o
Alpha-Beta Rolled 192 106 1780 140 2 Mo
1 specimens were fatigue cracked to a total notch depth of 25 to 35 percent. -
Immed - Immediate
: .
-
L. - e e - [
assliaten sailithnan. T o—
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TABLE 12. FRACTURE STRESS OF SEVERAL TITANIUM-BASE ALLOYS IN AIR AND SEMATER(”) '
Fracture Stress it i
o Crack Root, ksl
Heat Treated  Specimen Sea  Percent of
—Alloy :
. Ti-5A1-2.5Sn (Normal) 14%0 F-1 Hr-AC  0.734 287 192 67.0 Definite Corrosion )
T1-5A1-2.5Sn (ELI) 1450 F-1 Hr-AC 0.786 320 14} 44.1 Definite corrosion '
Ti-4Al-Mo-1V 13%0 F=2 Hr-FC 0.930 257 179 69.6 No corrosion - rough frac-
ture in both sir and ses-
water
Ti-4Al-3Mo-1V 1650 F-1 Hr-wQ; 0.932 158 144 91.2 No corrosion - rough frac-
9%0 €-8 Hr-AC ture in both sair and sea-
water
Ti=13V=11Cr~3A1 1450 F-1 Hr=AC 0.980 264 139 52.6 Definite corrosinn
Ti=13V=11Cr=3A1 1450 F=1 Hxr-WQ; 0.994 89 9% 107.0 No corrosion
900 F=40 Hr-AC
IMI-679 16%0 ‘F-1 Hr=-AC; 1.00 141 117 83.0 Possible light corrosion
950 F-24 Hr-AC
Ti-6A1-2Cb-1Ta~0.8M0 1930 F~1 Hr~AC 0.993 246 244 99.2 No corrosion
Sheet Teat Regults
Ti=4Al-3Mo-1V 13%0 F-2 Hr-FC 0.114 145.4 139.1 95.6 No corrosion
Ti-8Mn 1300 F-1 Hr-FC 0.081 159.6 110.3 69.2 Definite corrosion
- 100 | - |
10T | B v T T T ¥ LI ‘
g0 L - *®
. »R > .
. S100) [ J —— -
€ o | 4 " (o}
ot g sl -
5 70 L - 8
8 sol -
i s 70 O 7A1-3Cb-1Ts  _|
§% 1 & @ 7A1-3¢b
B Z
(] -
jol 1 $%e
8 50
z o | 4 5 B 7]
40 L Ll i 4 L4 1
20 | O TI-XAl-3Cb-1Ta - h 0.5 1.0 1.5 2.0 i
@ Ti-XAl-3Cb Molybdenum Content, % ;
4 10 L - ‘
FIGURE 16. EFFECT OF MOLYBDENUM CONTENT ON THE
o N 1 ra SEANATER T0 AIR FAI SIRBS RATIO
) LX) 6.5 7.0 OF BETA-ANMEALED PLATE\39
Content, %
. FIGURE 13, EPFECT OF ALUMINUM CONTENT ON THE SEA-
oF

::_}ETOAIIFMAIL%:S}'RBSMTID
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Bai-aco-ite | Gai-%o g
Sensi- Sensl- |Sensi-
tive? tive? tive?
(rrec- (rrac- {Prac-
ture ture ture
Beat sn |Time|Appeaz-~| 8n |Time]Appear- Appear-
Treatment [ksi|min | ance) [ksijmin | ance ance
As-Beceived [131] 9| ves f[208] - | (&) %o
1950 7, L-Br | 47| 3| Yes 215/ <1 | we 135 ¥o
ac
19502, Lre [278) 1| ves |(5}] 6| mo 97| 3| o (20| 3| wo (252 | 2| m
w
1920 7, 1-Er 97| 2| ves | 80| 3| ves |(5) - | ves
»
1920 #, 1-Br 96} 10 Yeos 88| 9 Yos 81 2 Yes
T+ 1100 P,
2-Hr AC
1920 7, 1-Br 05| 6 Yes 80| 12 Yes 83 15 Yes
A+ 1100 p,
2-Hr AC
1920 », L-Exr 7] 3] ves | 99] 6] ves |142(5% 3| me '
wQ + 1100 »,
2-Hx AC
\J
pecimens 1/2 x 1/2 x A inches were notched to a depth of 10 percent at their mid-length with a saw
cut snd statically loaded in » environmsnt. The specimens wers initially stressed to
50,000 psi, and the st was i 4 by i of 6000 psi every 5 to 10 minutes until fail-

ure,
2variation in the notch acuity of the 0.2- and 0.8-percent alloys, in the 1920 P, 1-hr AC heat treated
condition gave the following results:

ﬂ.-%.;&o 5 ) Ti-TAl-3ch-0. 80
[T Sens n Tims Sensi-

ksi min tivity? Xsi min_ tivity?
Machined Notch (208 a/d) o r:. b - n:
Patigue Crack (25-30% o/d4) W3 3 ¥ 176 3 o

32 materisl is considersd "sensitive® when the fractursd speciman contains a sone charactesristic of
sea-water smbrittlement,
pecimen did not fail.

5lp.ehn failed cutaide the notch.
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Sea Water Stress
“H - - x 100
1600 F O E1%* Afr Stress i
usso-r-mr-w& O ™%
1500 b o (ee%H .
ome o2%
1400 L (100 h
O (100%) @ %
1300 L
n ©1% ® (4% 1
g‘”" - 100% O (@ 0% ® ¢™H -
%1100 F . B3% -
& No
1000 | ® 0% O No Susoeptibility |
%00 | @ Susceptibility A
Qs i
o O goom  ~._ - |
700 O (100 1800°F-1Hr-AC + -
L 1Br, 2 nr.( ® 650°F -‘“'530) ,
600 L 1 q ’
10 100 1000
Time, Minute
FIGURE 17. EFFECT OF EXPOSURE TEMPERATURE AND TIME ON THE smss-mm()gg CRACKING OF
T1-8A1-1M0-1V PLATE IN ROOM TEMPERATURE SYNTHETIC SEAMATER

TABLE 14. EFFECT OF ANNEALING TEMPERATURE AND QUENCH]NG ON
SALT-WATER SUSCEPTIBILITY OF Ti-8A1-1Mo-1V(39)

_Eailure Stress at Crack Root. ksi
Alr Cool —
Ireatmsnt{a) _Alx Seawater  Ratio, X Aix
140 F-1hr 267 23% a8 2% 250 96
130 F - 1 248 223 90 257 %8 100
1675 F - 1 hr 267 247 92 256 254 99
1700 F = 1 hr 222 235 93
I™0 F =1hr 2% 229 92
1800 F - 1 hr 230 7 2100
1850 F - 1 hr 258 258 100
1950 F = 1 hr 219 214 98

(a) When as received a failure stress of 246 ksi in air and 174 ksi in seswater for a ratio of 71 percent
is reported.
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TABLE 15, EFFECT OF ANNEALING TEMPERATURE AND COOLING RATE ON THE F RE
APPEARANCE OF Ti-6Al~4V PLATE TESTED IN SYNTHETIC SEAWATER(a)(39)

Heat Treatment F A ()

Asgpexature ond Time Eor Water Quench For Air Cool
1300 F = 1 hr Yes
14%0 F = 1 hr Yes
1550 F = 1 he V.S, -
166C ¥ - 1 hr Yes
1650 F -~ 1 hr Yes
1700 F = 1 hr V.S,
17% F = 1 hr No No
1800 F - 1 hr No
18% F -~ 1 hr - No

a) Ht. 21149, 0.75 in. thick; 3ll specimens tested by step loading in three point bend.

(b) Yes indicates a change in fracture texture adjacent to fatigue crack,
No indicates no change in fracture texture adjacent to fatigue crack,
V.S. indicates very slight change in fracture texture adjscent to fatigue crack.

TABLE 16. EFFECT OF HEAT TREATMENT OR THE FRACTURE STRESS OF Ti-6A1-4V IN AIR AND SEAWATER(39)

Nominal Fracture

~-3%ress at Crack Root Fracture(2)
Heat Thick, In Air, In Sea Water, gg_,_'_,_;x 100 Surface
No, in. feat Ireatment ksi ksi_ 2ir
292030(b)  0.75%0 1450 F - 1 hr - FC 212 170 80% Yes
292030(b)  0.7% 17 F -2 hr - AC 287 335 >100% No
21149(b)  0.7%  14%0 F - 1 hr - FC 183 143 78% Yes
Ditto Ditto 1730 F -1 hr - AC + 248 228 92% v.s.
1200 F = 1/2 hr - AC
" " 175 F = 1 hr - AC+ 260 235 89% Ditto
1300 F = 1/2 hr = AC
. " 173 F - 1 hr - AC + 266 25 91% .
. 1400 F - 1/2 hr - AC
- " IT0F-1lhr-AC+ 243 241 100% .
v 1300 F - 1/2 hr - AC
- " 1I7% F - 1 hr - AC + 27 263 97% "

16% F =« 1/2 hr = AC

—~

a) V. S. = Very slight evidence of seawster sttack.
Yes - Good svidence of seawater attack.
No - No evidence of seawater attack.

-

b) Plate tested at loading rate in 4 point bend of sbout 6 ksi per minute,
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The microstructure then became needlelike alpha 24

(i.0.s "martensites™). This material became sensi-
tive if again heated st 1100 F, with no apparent
change in microstructure.

The fracture of titanium specimens can be
both intergranular and trensgranular.(38)

Effect of Sheet Thicknpss

The degree of susceptibility of an alloy
which is sensitive to salt-water cracking is af-
fected by the specimen thickness. Most repro-
d:cille results sre obtained for plate of 1/2- to
1-inch thickness. In thin sections, the specimen
tends to rupture in full shear, masking the effects
of corrosion. This can be shown by Figure 18.(33)

300

E Alr
#
8 4
©
H
2 200
‘:1 Seawater
i Sy,
w1 °
3
[ ¢
% .
$

| I S O I T N |

0 0s2 Ou# 0.5 0.8 1.0 1,2 1.4 1.6 1.8 2.0
Thickness, in.~1/2, i /W
{ P ] | }
0 4 2 1.0 0.675
Thickness, in.

EFFECT OF PLATE THICKNESS AND TESTING
MEDIA ON THE NOMINAL FIBER STRESS AT
FAILURE ' IN PRE=CRACKED BETA-ANNEALED
Tx-wu-z?-x;- ALLOY, THREE-PCINT BEND
SPECIMENS! 35

|
0.2%

0.375

FIGJRE 18.

For duplex-annealed Ti-8Al-1Mo~1V, sus-
ceptibility is reported for sheet of 0,04% to
0.0%-inch thick, but not for 0.025~inch shest.(5:37)
Mill-annealed Ti-6A1~4V is not susceptible in
sheet thicknesses of 0.0% to 0.03% inch.(37,39)
Susceptibility is reported for mill-anpealed Ti-
6A1-4V at s thickness of 0.300 inch and sus~
ceptibility for this aslloy may extend in thick-
nesses down to about 0.12% inch.

Considerable work is now under way to develop
hest trestments which will produce meximum resist~
snce to accelerated crack propagation for these
and other alloys and to define the limits of gage
thickness over which this susceptibility extends.

Effact of Stxalp Rats

Some titanium alloys sppesr to be sensitive
to the rate of lcading of precracked specimens.
For example, Ti=6A1-4V shows less susceptibility
to stress cracking in salt water when the speci-
men is loaded in steps than when it is loaded t.f
a fixed value and subjected to a constant load.(39,41)

This is somewhat related to the internal re-
laxation and redistribution of stress at stress
reisers in a material. Some metals readily dis-
tribute these stresses and therefore show no ef-
fect of rate of strain. Other metals do not
redistribute the stresses at all, and thus behave
in e brittle manner with low fracture-toughness.

Rapid loading of precracked Ti-6Al1~-4V semples
csused failure at a stress-intensity of 31 ksi /in.
in salt water. By step~loading an identical speci-
men (1 ksi /in. each 8 minutes), failure did not
occur in salt water until a stress intensity of
51 ksl /in., was reached. A similar result was
also shown in highly oxidizing nitrogen tetroxide
liquid. When step-loaded at 2.3 ksi /in. or less
every 4 to 8 minutes, failure occurred at sbout
80 ksi /in. However, loading from 62.% to 69
ksi /in. in abou&é minute resulted in almost im-
mediate failure. )

In long-term step-loading tests in air and
seawater, the failure stress was found to increase
by 15 percent when samples were step-loaded each
hour, and by 30 percent when samples were step-
loaded each 60 to 120 hours.(39) See Table 17.

In order to minimize the effect of strain rate,

8 constant load procedure was evsluated. A
losding rate of sbout 6 ksi/minute was used sbove
about %0 percent of the estimated fracture stress.
TABLE 17. EFFECT OF TESTING PROCEDURE ON THE
FAILURE STRESS OF Ti-6A1-4v SHEET(2)(39)

Failure Stress at

Jeat Procedure lo_Aix in

Direct load to failu 158 187

Step load every hourlb 232

Step load every 60 to 120 243 26%
hours(b)

(8) Heat 3069%; 0.125 in. thick.

(b) Step losded spproximately 20 ksi starting at
about 90 ksi.

A similar sensitivity to s{n}n rate has
been reported for Ti-4Al-Mo-1V.(41) This suggests
that other slpha-beta titanium slloys might also
behave in this wmanner.

Eifsct of Grain Dixection

Table 18 shows that the tresnsverse grain
direction in both the Ti-8Al-iMo=1V and Ti-6Al-
4V alloy has lower fracture toughness i{n both air
and salt water. This would\be expected, based on
other mechanicsl properties meterisls. It is
interesting to note that the fracture orientation
of some titanium alloys B‘ alse ?ifftnnt for air
ond salt-water exposure.!30:41,42
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TABLE 18. STRESS INTENSITY AT FAILURE FOR LONGITUDINAL AND TRANSVERSE TITANIUM
IN AIR AND SALT WATER(41)

'
i

e e T R R O O R R R R R B R R R

Stress Int E i 3
Alr -

Allay Condition Longitudinal Iransverse Longitudinal . lransverse
Ti=8Al=1Mo~1V Mill Anneal 50 24 28 17
Ti-8Al-1Mo-1V Duplex Anneal 62 53 36 20
Ti=-6Al-4V Mill Anneal 72 63 35-70 31=37

e e  —— — — —  — —— — — —_ —— _— —— ——— ——

(a) Step-loaded.
Melding

A few preliminary experiments have been re-
ported on the effect of weldments on the frAftu§e
toughness of cusceptible alloys in seawater.\38
In one case, Ti-7A1-2Cb-1Ta plate was beta-annealed
and water quenched to obtain maximum resistance to
stress=corrosion cracking. This plate was then
welded, and subjected to salt-water fracture tests.
However, failure initiated at the toe of the weld
and propagated into the base plate at a stress
level comparable to normally susceptible material.
Stres: relieving a similar weldment at 1200 F for
2 hrs AC gave no improvement.

Similar tests on Ti-6A1-4V ( alpha-beta
rolled) snd Ti-7A1-2.5Mo (alpha-beta rolled +
1735 F/1 hr/wQ + 1100 F/2 hr/AC), followed by
welding, gave no failures up to 128 and 175 ksi
nominal fiber stress, respectively.

Eifect of o and Tempexature of Salt Solutions

Varying the pH of & 3-1/2 percent NaCl solu-
tion between 4,5 and 8 has little effect on the su-
sceptibil{ty of Ti-8Al-lMo-1V and Ti-6Al-4V alloys.
At a pH sbove or below these values the slloys appear
to have -y increased susceptibiiity as shown in Table
19,{37541) These alloys are slightly more suscepti-
ble to cracking at 32 F than at room temperature or
sbovwe. See Table 19.

Fatique

Ia preliminary low-cycle (1 cpm) corrosion
fatigus studies in seawater, the results were found
to parsllel static tests for Ti-7Al 1Te, T1-7A1-
2,540, ard T1-6A1~2Sn-1Mo-1V alloys.(38) Smooth,
notched§ and fatigue-cracked specimens were used,
Only the T1-7A1-2Cb-1Ts alloy showed susceptibility
to corrosion fatigus. Susceptibility was observed
for a1l three specimen configurations. The fracture
wes typicsl of a stress-corrosion crack rather than
a fatigue-type cracke.

ot L d

The effects of seversl liquids on the al.ess-
corrosion cracking of seversl precracked titanium
slloys are shown in Tsble 20. The addition of smell
amounts of FeClj, AlCly, or Duponol wetting agent to
salt water does not significantly alter the behavior
of T1-8Al-1Mo-1V or Ti-6A1-4V in salt water.

Little susceptibility is noted for several

acids. In fact, as one would expect, stress

intensity values somewhat higher than in air are

sometimes found with highly oxidizing environments
such 8s nitric acid.

In short~term tests, nitrogen tetroxide

give( ayout the same stress intensity values as in
air.'42) However, after a 12-day exposure to N204,

i-6A1-4V failed in & brittle manner typicsl of
stress-corrosion cracking. As noted earlier in
this note, the Ti-6Al-4V alloy does appear sus-
ceptible to stress corrosion by liquid N0, and
efforts are under way to define the conditions
under which this behavior can occur.

The 1imited data of Table 20 indicate that
the susceptibility of titanium alloys to crack
propagation may be greater in tap and distilied
water than it is in air.

Some susceptibility to cracking is indicated
by certain hydrocarbons. Methyl and dodecyl alco-
hol appear to increase the crack propagation sus-
ceptibility of some titanium alloys, wheress
kerosene and acetone do not. It ls suggested that re
this variation may be due to the conductivity of
the hydro-carbons, e.g., water content, since
electrochemical reactions may be controlling.(4l)

Of the liquid metals, mercury severely lowers
the stress intensity factor for titanium alloys.
Mercury spparently causes as great 0( ?§e|ter L}
susceptibility than does salt water.l4l) Gallium
shows no adverse effect.

Postulated Mechanisas

Stress-corrosion cracking is normally con-
sidered to be a two-step process involving (1)
initiation phase and (2) propagation of the crack.
The use of a precracked specimen essentially
eliminates the initiation stage. The mechanism
of the cracking, however, appears to be consistent
with the severei theories advanced to explain
the mechanism of stress-corrosion cracking in
metals, They are:

1. Elacixochemical. The electrochemical theory

proposes that the initfiation and propagation
of the crack are purelv electrochemical
dissolution of continuous highly localized
paths which are anodic to the bulk of the
material. These paths may be preexisting,
such as along yrain boundaries,or they may
form as a result of phase changes reswlting
e¢ither from high stresses at the apex of the
crack on the diffusion of corrosion—produced
hydrogen into the metal. High stresses such
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TABLE 19. EFFECT OF pH AND TEMPERATURE ON STRESS INTENSITY AT FAILURE bF Ti=-8A)=1Mo~1V

- AND Ti-6A1-4V IN 3-1/2X NaCl WATER
e
Approximate
(Y Temperature, Stress Intensity, Reference
~Alley &l E kai /in, No.
T1-8Al=1Mo-1V - RT(s) 50( b} 41
4.5 RT 28 4]
7 RT 2 41
9 RT 26 41
11 RY 25 41
7 32 27 41
7 RT 29 41
7 1%0 29 '
Ti-6A1-4V - RT 62-724 D) 37,41
2 RT 46 41
4 RT % | 41
4.5 RT 53 37
6 RT 54 41
? 7 RT 54 37
8 RT 54 41
9 RT 48 37
10 RT 31 . 41
11 RT 45 37
7 32 49 37
7 RT 54 37

(a) Room temperature.
{b) Alr.

TABLE 20. EFFECT OF LIQUID ENVIRONMENT ON CRACK PROPAGATION OF TITANIUM ALLOYS

e A an

b
Grain Strou Inten fy Reforoncc
j Aoy Condition ~_ _ Direction _ _  Epvironment kai /in.'® —ho.
Ti~8Al-1Mo-1V Mill Anneal L 3-1/2% NaC1 + 0.5% FeClj, k¢ ( 47) 4
pH 2.2
Ditto L 3-1/2x NaCl + 1.0% AlClj, 26 ( 47) 41
7.0
. L 3-1/2% NaC1 + 0.1% Duponol 30 ( 47) 41
- L 3-1/2T CaCly, pH 8.2 2 ( 47) a1
» L 2% HNOg, pH 0.8 55 { 47) 41
” L .955 so.. pH 1 43-50 ( 47) 41
. L F + Helium to 65 { 47) 42
230 psig B
. L Moist Alr 39 ( a7) 42
. L Hg, 1750 psi 49 ( 47) 42
. L Kerosene 50 ( 47) 4]
. L Acetone 52 ( #7) 4l
" L Trichlorosthylene, trace 34 ( 47) 4l
sesler
v L Dodecyl Alcohol 43 ( an 4
» T Dodecyl Alcohol 21 ( 29) 41
. L Methyl Alcohol k3 ( a7) 41
. . L Mercury 26 ( &7) 4l
i L Gallium, 90 F 49 ( & 41
" L Deionized Water 3% (o 4l
. - T Deionized Water 19 { 29) 4
Duplex Annesl T Water 32 ( 99) 7
mm T %0X HNO3 2 { 99) 7
T X HF . 0 ( 93) 37
. 14%0 l-‘/l he/AC or WQ L Kvtosene ' ' ( &) n
: 1100 F/8 he/AC
18% F/1 he/WQ + L Kerosene 31 {<an) 7
1100 F/8 he/AC
1/8 in. sheet - Distilled Water 2 (<%0) %
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TABLE 20. (Continued)
Grain Stress Inte{u;.ty Reference .
Alloy Gongition Direction —Environment kal Jin,\@ Bo.
Ti-6A1-4V Mill Anneal L 3-1/2% NaCl + 0.5% FeCls, 49 ( 72) 41
2.2 ¢
Ditto L 3-1/2% NaCl + 1.0% AlCl3, 46 { 72) a1
7.0
L 3-1/2 ¥ NaCl + 0.1¥ Duponol 46 ( 72) 41
L NoO4, 125 F + Helium to 250 79 { 70) 42
psig
" L N204, 183 F + Helium to 250 78 ( 70) 42
psig
" L NyO4, 125 F + 0.5% Water, 88 ( 70) 42
He to 250 psig
" L NQ4, 125 F + 0.25% HCl, He 83 ( 70) 42
to 250 psig
" L NgO4, 125 F, He to 80 psig  70(b)  ( 70) a2
" L Kerosene ) ( 72) 41
! v L Dodecyl Alcohol 67 ( 72) 41
i " L Methyl Alcohol 70 ( 72) 4]
: " L Mercury 22 ( 72) 41
: . T Tap Water 41 ( s1) 37
; Ti-7A1-2Cb-  As Received - Tap Water 103 c; ( 183){c) 38
:, 1Ta Ditto - Distilled Water 9ile)  ( 1e3)(e) 38
: " - NaOH solution, pH 10 125(¢)  ( 183){¢) 38
" - Distilled Water 63 (<100) 36
" - Tap Water 57 (<100) 36
(a) Air value in parentheses.
{b) Failure after 12 days.
(c} Nominal fiber stress, ksi. ' b
|
i as those existing at the tip of s crack also
: can shift the potential in the less noble o
f direction. TR
2. Mechanical, Mechanical-Electrocheical. It £ e T1-6A1-4V (long)
i Has been proposed that the only role of S T
: corrosion is to initiste a pit or other o
. stress raiser, which intensifies the stress o 50
to 2 point where the tensile strength of -
the material is exceeded and thus mechanical 3 s
fracture of the metal occurs. Proponents of 2 Ti1-8A1=1Mo-1V (long)
' this theory also point out that oxides and 8 :
‘ other corrosion products formed within the s -
pit or crack can, and in fact do, result -
in a wedge action which results in me- ® 20 Ti-8AL=1Mo-1V
chanical rupture of the metasl at the tip 5 r_
of & crack. b
108
3. Stress-sorption. This theory proposes that
surface active ions which absorb in mono- Lot e et
or double layer sct to set up charges on the \
L metsl surfsce. These charges reduce the -1800 -1200 -600 0 +600 +1200 +1600

binding energy of the atoms which are then Applied Potential, mv to calomel
ruptured by the high stress.

The available evidence strongly suggests

that the mechanism is ele~trochemical in nature. FIGURE 19. THE EFFECT OF APPLIED POTENTIAL ON THE
For exsmple, studies have shown that cathodic pro- STRESS INTENSITY FACTOR T ?AU?E FAILURE -
tection cen prevent crack propsgstion and cen IN 3-1/2 PERCENT SALT WATER( 41
arrest propagation when applied to a moving
cruk.(‘{gp The electrochemical behavior of Appiied Potential, av to calomel v
h o -
) e o e pobamioy o e emscittoi ey of anodic (3) potantial (modlc dissolution) does
¢ of T1-8Al-IMo-1V end T1-6A1~4V to salt-water Too [a]] 1o lncrease the susceptibillty to crack
cracking cen be seen. Note that the application 9
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Hydrogen embrittliement does not appeer to
be involved in the mechanism since the generation
of hydrogen by cathodic protection snd cathodic
charging for 5 hours at ~1400 mv did not result
in a brittle fracture. In addition, no differences
‘Y susceptibility were observed for Ti-8Al-1Mo-1V
containing 20 to 130 ppm Hs.

The nature of the anodic (corroding) phase
of the crack was not determined, but it was sug~
gested that the phase may be produced during the
test rather than preexisting. Potential measure~-
ments during step~loading of some highly sus-
ceptible Ti-BAl-1Mo-1V specimens show potentisl
peaks Just sfter each load is applied, and prior
to fsilure. This potential rise may be caused
bys

1. Exposure of fresh metal by rupture
of the oxide film

2. Microcracking
3. Locaiized stress concentration

4. Localized phase changes under siress
(hydride precipitation, TizAl
formation, otcg.

The relationship between heat treatment of
high aluminun~titanium alloys, precipitation of
Ti3Al, and cracking susceptibility, as discussed
previously, asdds evidence to the belief that TijzAl
precipitation may be related to the path of the
crack. f

Although the mechanical, mechanical-
electrochemical and stress-sorption theories
can not be ruled out on the basis of the present
information, they sppear less likely than the
electrochemical theory.
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