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RELATIVE SUSCEPTIBILITY OF TITANIUM ALLOYS TO
HOT-SALT STRESS-CORROSION
by Hugh R. Gray

Lewis Research Center

SUMMARY

The purpose of this investigation was to determine the relative susceptibility to hot-
salt stress-corrosion of seven titanium alloys tested in simulated turbine-engine com-
pressor environments. Salt-coated specimens were creep exposed for 100 hours in the
temperature range 320° to 480° C (600° to 900° F). Specimens were then tensile tested
at room temperature at a constant, low strain rate. '

Based on 100-hour crack threshold curves, susceptibility to hot-salt stress-
corrosion increased in the following order: Ti-2Al1-11Sn-5Zr-0. 2Si(679), Ti-6A1-2Sn-
47Zr-2Mo(6242), Ti-6A1-4V(64), Ti-6A1-4V-3Co(643), Ti-8Al-1Mo-1V(811), and Ti-13V-
11Cr-8A1(13-11-3). The Ti-5A1-6Sn-2%r-1Mo-0. 25Si(56218) alloy was both the least and
most susceptible alloy depending on heat treatment. When the alloys were compared on
the basis of their potential use strength (crask threshold stress divided by 0. 2 percent
creep stress), then the most resistant alloy was the 64, followed by the others listed
previously in about the same order. The 56218 alloy ranked just above and below the
811 alloy depending on heat treatment. »

It must be emphasized that such rankings can be drastically altered by heai-to-heat
and processing variations, as well as by subsequent heat treaftments.

Residual compressive siresses and cyclic exposures are the other major variables
that reduce susceptibility to stress-corrosion. Simulated compressor environmental
variables such as air velocity, pressure, dewpoint, salt concentration, and salt depo-
sition temperature exert only minor effects. Increasing exposures from 100 to 1000
hours decreased crack threshold stresses for all alloys.

Substantial increases in hydrogen concentration of stress-corroded specimens were
measured for all alloys. These chemical analyses support a previously proposed con-
cept that corrosion-produced hydrogen is responsible for hot-salt stress-corrosion em-
brittlement and cracking of titanium alloys.




INTRODUCTION

The phenomenon of hot-salt stress-corrosion of titanium alloys is of interest be-
cause of extensive utilization of titanium alloys in gas-turbine engines. Laboratoryin-
vestigations (refs. 1 and 2) have demonstrated that titanium alloys are susceptible to
embrittlement and cracking at elevated temperatures while being stressed in the pres=
ence of halides. Conditions of stress, temperature, and salt-air environment which
result in hot-salt stress-corrosion in the laboratory can be experienced by com@ressor
components of current engines (ref. 3). Since advanced engine designs specify that ti-
tanium alloys operate at even higher stresses and temperatures than called for in cur-
rent engines, there is concern that hot-salt stress-corrosion might become the limiting
factor in the use of titanium alloys. To date, there have not been any reported service :
failures that could conclusively be attributed to hot-salt stress-corrosion. Oné of the
objectives of this continuing research program at NASA Lewis Research Center has
been to determine whether this lack of service failures isindicative of future ex%pecta-
tions.

One of the preferred laboratory test techniques for determining susceptibility to
hot-salt stress-corrosion involves subjecting salt-coated titanium alloy specimens to ;
static loads. The test temperatures range from 260° to 480° C (500° to 900° F) and the :
test duration is generally 100 hours. The specimens are then examined for evidencé of

corrosion or cracking and may be subjected to mechanical testing, such as bendé or

tensile testing, to determine residual ductility. The resulis are then interpretei:’i on g
stress-corrosion or no-stress-corrosion basis., Thus, the boundary line separating
regions of cracking from no cracking or embrittlement from nonembrittlement on a plot
of exposure siress against exposure temperature has been termed the threshold curve |
for hot-salt stress-corrosion. : ‘
However, wide variations in published threshold curves exist because of differences
in alloys, test conditions, and the criteria used for defining hot-salt stress-cori'osiom
The author has recently demonstrated (ref. 4 that residual ductility determined by a
room-temperature tensile test at a constant, low erosshead speed of 1><10'? centimeter
per minute (5><10'3 in. /min) is a very sensitive technique for determining the occurrencé
of hot-salt stress-corrosion. Specifically, for the Ti-8Al-1Mo-~1V alloy, embrittlement
was determined after exposure at 430° C (8000 F) at a stress level of about 70 mega¥
newtons per square meter (MN/m®) (10 ksi). Stress-corrosion cracks were not% ob-
served on the fracture surface of specimens until the exposure stress level exceeded
350 MN/mz (50 ksi). When the exposure stress was increased to about 580 MN‘/m2
(85 ksi), specimens failed during exposure in a brittle manner. These results (ref. 5)
demonstrate that there are at least three different criteria that can be used to define a
100-hour threshold curve for hot-salt stress-corrosion: embrittlement, cracking, and




brittle rupture. For the Ti-8Al-1Mo-1V alloy, significant differences exist among
threshold curves defined by these three criteria.

Another variable that has been almost completely ignored by prior investigators is
the influence of specimen surface condition. The author has demonstrated (ref. 6) that
significant differences exist between both embrittlement and crack threshold curves for
Ti-8Al-1Mo-1V alloy specimens in the as-machined and stress-relieved surface condi-
tions. This effect is largely a result of the beneficial influence of residual compressive
stresses in the surface material on the bore of the tubular specimens. Of course, some
types of machining operations could introduce residual tensile siresses in specimens of
different configurations. In those instances, the threshold curve for specimens with
residual tensile surface stresses could be expected to occur at lower stress levels than
if the same specimens were in the stress-relieved condition. The investigation of ref-
erence 6 demonstrated that variations in residual surface stresses, which result from
differences in specimen surface preparation, could contribute to the significant varia-
tions reported for literature threshold curves for various titanium alloys.

The purpose of the present investigation was to determine the relative susceptibil-
ity of various titanium alloys to hot-salt stress-corrosion. It is Important to note that
most of the titanium alloys included in this program are commercially available. They
include both widely used alloys developed several years ago and more recenfly developed
high creep strength alloys. One experimental alloy is also included. The alloys were
usually tested in commonly used commercial heat-treated conditions. The exposure
conditions simulated the environment normally encountered in the compressors of cur-
rent jet-turbine engines. Specimens of the titanium alloys were tested in a dynamic air
facility at an air velocity of 340 meters per second (1100 ft/sec), an absolute air pres-
sure of 0.2 MN/m2 (30 psi), and an air dewpoint of -84° C (—1200 F). Specimens were
also tested in static air laboratory furnaces. Hence, the influence of air velocity could
be readily ascertained. The influence of specimen surface condition was also deter-
mined by testing specimens in both the as-machined and chemically milled (stress-
relieved) conditions. Both embrittlement and crack threshold curves were usually de-
termined for all alloys. Standard vacuum fusion chemical analyses were made on se-
lected stress-corroded specimens.

MATERIALS, SPECIMENS, AND PROCEDURE

Materials

Seven titanium alloys were used in this investigation. Six of these alloys were ob-
tained from commercial vendors and one experimental alloy was obtained from an in-
dependent laboratory. The six commercial alloys are the following: titanium -

8 aluminum ~ 1 molybdenum - 1 vanadium (811), titanium - 6 aluminum - 4 vanadium




(64), titanium - 6 aluminum - 2 tin ~ 4 zirconium - 2 molybdenum (6242), titanium -

2 aluminum - 11 tin - 5 zirconium - 0. 2 silicon (679), fitanium - 13 vanadium -

11 echromium - 3 aluminum (13-11-3), and titanium - 5 aluminum - 6 tin - 2 zirconium -

1 molybdenum -~ 0. 25 silicon (5621S). The experimental alloy was titanium -

6 aluminum - 4 vanadium - 3 cobalt (643). :
Vendor certified chemical analyses of these alloys are presented in table I.. The

vendor, heat number, bar size, and certified mechanical properties of the as-recetved

alloys are reported in table II.
A complete listing of all heat treatments performed by the vendors and by NASA

TABLE 1. - VENDOR CERTIFIED CHEMICAL ANALYSES OF TITANIUM

ALLOY INGOTS (WEIGHT PERCENT)

Alloy S Mol V Si Cr | Co Fe N H

1.6 ] 1.0 0.011 0, 0070
015 | .021 ] . . 0050
2.0 .009 | . . 0070
061,008 . . . 0066
.92 .2 03] .o06| . : . 0056
.84 .27 .05| .009] . . . 0036

.012 T —
L0261 .0 . . 0104

811

64
6242
679
56218 (1)
56218 (2
643
13-11-3

TABLE II. - VENDOR CERTIFIED MECHANICAL PROPERTIES OF TITANIUM ABLOYS

Alloy Vendor Heat Bar diam-{ 0, 2 Percent Tensile Reduetion | Elonga=
eter yield strength strength of area, Fion,

g i percent. l:percent
si

em | in. | MN/m?|ksi | MN/m 4

811 TMCA G-500 2.5 |1 980 [-142 1020 . § 148 40 20
64 TMCA G-5858 1.9 .15 1020 | 1438 1070 | 155 40 18
6242 Reactive 293180 1.9 .15 a70 | 141 1040 | 151 45 T 18
Metals ‘ :

679 TMCA G-6360 1.9 . 1020 | 143 1100 - 189 45 20
56218 (1) | Reactive 294204 1.3 . 1000 | 1: 1090 | 158 33 12
Metals
56218 (2A)] Reactive 303021 3.3 . 850 2 990 | 143 ig 11
Metals
56218 (2B})]| Reactive 303021 3.3 . 870 1000 | 145 21 12
Metals
643 TMCA - Experimentalf 2, 2 . 1580 ! 1720 | 250 12 6
Battelle
13-11-3 TMCA D-4514 . . 1110 1230 | 178 19 10J




TABLE III, - TITANIUM ALLOY HEAT TREATMENTS AND MECHANICAL, PROPERTIES®

Alloy Heat treatment Tensile Fracture Reduc- | Elon~
strength strength tion of | gation,
9 2 area, |percent
MN/m*“| kst | MN/m*| ksi percent

| 811 Mill anneal/air cool As-received; 790° C (1450° F), 1 hr, air cool 1030 | 150 930 | 135 33 18
| 811 Mill anneal/furnace cool | 900° ¢ (1650° F), 1 hr, furnace cool 1030 | 149 940 | 187 33 21
| 811 Duplex 650° © (1200° F), 24 hr, AC 1070 | 165 970 | 140 34 21
| 811 Triplex 1010° ¢ (1850° F), 1 hr, AC + 590° ¢ (1100° F), 8 hr, AC 960 | 139 880 | 128 35 23
| 64 min anneal As-recelved: 840° C (1550° F), 2 hr, FC to 700° ¢ (1300° F), 2 hr, AC 1070 | 155 970 | 140 27 16
64 Duplex 930° ¢ (1700° ¥), 1 hr, water quench + 540° C (1000° F), 4 hr, AC 1170 {168 | 1030 | 150 30 14
6242 Mill anneal As recelved: 900° C (1650° F), 1 hr, AC 1120 | 162 980 | 142 33 18
6242 Duplex 970° © (1775° ), 1 hr, AC + 590° C (1100° F), 8 hr, AC 1020 | 148 920 | 138 35 21
| 679 mill anneal As-recelved; 700° C (1300° F), 2 hr, AC 1030 | 149 | 900 }131 34 22
| 679 Duplex 900° ¢ (1650° F), L hr, AC + 600° C (930° F), 24 hr, AC 1060 | 152 [ 950 (138 a1 19
56218 (1) As-received: 980° C (1800° F) roll, 980° C (1800° F), 1 hr, AC + 590°C (1100° ), 2 hr, AC 1080 | 156 970 | 141 34 17
B621S (2A) As-recelved: 980° C (1800° F) roll, 1040° € (1900° F), 1 hr, AC + 590° C (1100° F), 2 hr, AC | 1100 | 160 | 1030 | 150 25 16
1 86218 (2B) As-received: 1040° C (1800° F) roil, 1040° C (1800° ¥), 1hr, AC + 590°C (1100° F), 2 hr, AC| 1100 | 150 | 1090 | 158 14 11
56218 (2C) (2B) + 980° C (1800° F), 1 hr, AC + 590° C (1100° F), 2 hr, AC 1070 | 155 [ 1060 | 154 18 14

| 643 Duplex As-received; 920° to 780°% C (1690° to 1435° F) roll,
840° ¢ (1550° F), 1 hr, WQ + 480° C (900° F), 2 hr, AC 1550 | 225 | 1550 | 225 6 3
13-11-3 Duplex As-vecelved: 790° C (1450° ), 1/4 hr, WQ + 480° C (900° F), 22 hr, AC 1290 | 187 | 1260 | 183 18 14

. ANASA Lewis, tubular specimens,




together with mechanical properties determined on the tubular specimens used in this_
investigation are presented in table TI. All of the alloys except the 13-11-3 and 643 w%ere
stress-corrosion tested in the as-received (mill anneal (MA)) condition and in various
other heat-treated conditions. Most of these heat treatments are commonly encduntered
in various aerospace and industrial applications.

The 811, 6242, 679, and 56218 alloys are generally referred to as near-alpha or
superalpha alloys. The 64 and 643 alloys are alpha plus beta types and the 13- 11-3 isa
beta alloy. Photomicrographs of all of the as-received and heat-treated alloys are
given in figure 8 at the back of the report. These alloys were etched with hydrofluoric
and nitric acid mixtures. All of these structures are typical and representative of nor
mal material processed and annealed in the alpha plus beta phase field with the excepti
of the 13-11-3 and 56218 alloys. The 13-11-3 alloy was processed and annealed above
the beta transus, as evident from the structure shown in figures 8(r) and (s). The
56218 (2) alloy was processed and/or annealed above the beta transus, as evident from

tigures 8(1) to (p).

Specimens

Tubular tensile specimens of the type illustrated in figure 1 were employed in this
investigation. Specimens with subsize heads were used for the 56218 and 643 alloys be- :
cause of the limited quantity or diameter of the bar stock.- The specimens were ma- ;
chined from the as-received and/or heat-treated bar stock. One series of as-machined
specimens was cleaned with acetone and distilled water immediately prior to salﬁng ;
and stress-corrosion testing. Another series of as-machined specimens was stress re-
lieved by chemical milling (ref. 6) in a solution of 3-percent hydrofluoric acid,
30-percent nitric acid, and 67-percent water. Approxima’tely 0. 002 centimeter

v 5/ 818 NF or U2-20 NF 0.889 (0. 350) diam
k 0. 635 (0. 250) diam

et

il

0.9410.37) rad ¥-

e ~ 2.5{L0or
= 3.5(L4 —1310.5

11,444.5) or
6.8(2.7)

e —

Figure L - Tubular, titanium alloy specimens used in this investigation. (All dimensions are in cm {in.).)




(0.001 in.) of metal was removed from all surfaces of these specimens. This chemical
dissolution process shouid not be confused with electrochemical milling or electropol~

ishing techniques.

Test Procedure

Salt coating. -~ All of the test specimens were precoated with chemically pure so-
dium chloride immediately prior to siress-corrosion testing. The average coating
amounted to about 0. 1 milligram per square centimeter (0. 6 mg/in. 2). This concen-

Vent

Mixing =53
ch amber—\\ ! Specimen
\
~Service air /
/ /
/, 7 Y
Q@ Airdryer —Q—!Zr Heater
\
k Cooli
Pressure regulator 1 ooling
—» water
= Fog
: _—Salt water
Cooling —> 7 =
water | _—Ultrasonic
=1 generator

(a) Apparatus for presalting unsiressed specimens.

Vent
foad
/,—Specimen
~Service air / \
/, [\
s/
—@@— A dryer —Q—m—— Heater =
\\ l
Pressure regulator >
foad

{b) Apparatus for stress-corrosion exposure of presalted specimens.

Figure 2. - Hot-salt stress-corrosion apparatus which simulates turbine-engine compressor
environment.




tration was within the range measured on service airfoils (ref. 7). The salf was uni- -
formly deposited on the bore of unstressed specimens at 200° C (4000 F) in the dynamic
air salting apparatus illustrated in figure 2(a). Details of the salting technique and the
dynamic air apparatus can be found in references 8 and 8.

Stress-corrosion exposure. - Subsequent to being coated with salt, one ser
specimens was exposed to static air in standard laboratory creep furnaces. This en- :
vironment was essentially stagnant since the ends of the tubular specimens were sealed
by the loading train. Another series of specimens was exposed to sali-free air in the
dynamic air apparatus shown in figure 2(b). The air velocity over the range -of temper-
atures used was about 340 meters per second (1100 ft/sec) (Mach 0.7). The absc?lute
air pressure was 0. 2 MN/mz (30 psi) and the air dewpoint at -g4° Cc (-120° W),

Specimens were usually exposed for approximately 96 hours in the temperature
range 320° to 480° C (600° to 900° F). The influence of exposure time was studied by
exposing a limited number of alloy specimens for 240 and 1000 hours. The stresses ap-
plied ranged from 70 to 830 MN/m2 (10 to 120 ksi). The amount of creep that occurred
during the exposure was determined by measuring the chaﬁge in outer diameter of the
specimens and calculating the apparent change in area. These creep measurements
were used only as an approximate check of the literature values of the 0. 2 percent -

100 hour creep stresses used for normalizing threshold stresses. A few specimens

failed during the stress-corrosion exposure period because of either overloading or
severe stress-corrosion cracking.

Tensile testing. - All specimens that had not failed during exposure were tensile
tested at room temperature at a constant crosshead speed .of 0. 61 centimeter per mintte
(0. 005 in. /min). These tensile testing conditions had been determined to provide high
sengitivity to embrittlement resulting from stress corrosion and were also reasonably
convenient to apply (ref. 4). Elongation was measured over a 2. 54-centimeter
(1.00-in.) gage length. Apparent reduction of area data were determined from changes
of only the outside diameter of the tubular specimens. A complete listing of all test
conditions and resulis is contained in tables V to XVIII which appear at the back of the
report. :

Interpretation of hot-galt stress-corrosion damage. - Any specimen exhibiting re-
sidual elongation less than 15 percent and residual reduction of area less than 25 per-
cent was arbitrarily classified as embrittled. The embrifilement threshold curve was

drawn below the data points meeting this criterion of reduced ductility.

A second criterion of stress-corrosion damage was algo used. The fracture surface
of eaech specimen was examined under a microscope at %30 for evidence of stress-
corrosion cracking. Cracks as small as 0. 002 centimeter {0. 001 in.) deep could be
easily identified because they were covered with oxides and corrosion products. . This
type of cracking definitely occurred during the hot-salt stress-corrosion exposure but
usually at exposure stress levels greater than that reguired for embrittlement. “The

8




crack threshold curve was drawn below the data points for specimens with cracks evident
on the fracture surface.

The brittle rupture criterion discussed in the INTRODUCTION was not used in this
investigation.

Measurement of deposited salt. - Concentirations of deposited salt were measured on
the bore of each of the fractured specimens. The reported concentrations represent the
average of the values measured on each of the two broken portions. These measure-
ments were made with a commercially available, chemical titration technique for solu-
ble chlorides (ref. 10).

Hydrogen analyses. -~ Standard vacuum fusion chemical analyses for hydrogen con-
tent were made on selected specimens by an outside laboratory. Small samples (0. 05 g)
were cut from regions immediately adjacent fo the fracture surfaces of the broken por-
tions of the specimens. This size sample represents the minimum size required by the
vendor for accurate analysis. Repeated analyses of the as-received 811 alloy (70 ppm)
indicated the vendor's precision to be about +15 ppm.

RESULTS AND DISCUSSION

Relative Susceptibility of Titanium Alloys

The relative susceptibility to hot-salt stress-corrosion of the seven alloys in the
various heat-treated conditions studied can be seen in figure 3. The individual threshold
curves for each of these alloys for all test conditions considered are presented in fig-
ures 9 to 21, which appear at the back of the report.

Alloy susceptibility to hot-salt stress-corrosion increased in the following order:
679, 6242, 64, 643, 811, and 13-11-3. The 56218 alloy in different heat treatments was
both the least and most susceptible alloy.

Specimens in the chemically milled surface condition were used for this ranking so
that alloy susceptibility was not masked by the effects of residual machining stresses.
Crack threshold curves were used for these comparisons because three of the alioys
(643, 13-11-3, and 56218) exhibited relatively low ductility in either the as-received,
heat treated, or unsalted exposed conditions. Since the ductility of these alloys without
salted exposure was less than the arbitrary, residual ductility criterion discussed in the
Test Procedure section, an embrittlement threshold curve is not applicable for these
alloys.

Standard thresholds. - It is evident from the crack threshold curves shown in fig-
ure 3(a) that the 679 and 6242 alloys are the most resistant of all the alloys fested. The
threshold curves for both the mill anneal and duplex anneal conditions of the 679 and 6242
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Figure 3, - 96-Hour crack threshold curves for alloys investigated, {Chemically milled specimens, dynamic air (x, static airi)

alleys are all essentially equivalent, For example, both conditions of each aliéyéx-
hibited cracking at an exposure stress of about 790 MN/mz (115 ksi) at 320° C (600° F),
and about 450 MN/m2 (65 ksi) at 480° C (900° F).

The 64 alloy also exhibited good resistance to hot-salt stress-corrosion cracking in
both the mill anneal and duplex anneal conditions. However, the exposure stregg levels
necessary for cracking were lower than those for the 679 and 6242 alloys over the entire
temperature range investigated. For instance, the exposure stress required for crack-
ing at 3200 C (600° F) ‘was about 760 MN/m? (110 ksi) and at 480° C (900° F) was about
310 MN/ m2 (45 kSl) The crack threshold curve for the 643 alloy was parallel to, but
about 70 MN/m (10 ksi) less than, the threshold curve for the 64 duplex alloy over the
temperature range 320° to 430° C (600° to 800° ¥).

The 13-11-3 alloy was quite susceptible to stress—corrosmn cracking. The crack
threshold curve for this alloy oceurred at about 310 MN/m {45 ksi) over the tempera—
ture range 320° to 430° C (600° to 800° F).

10




The susceptibility of the 811 alloy varied markedly for the four heat-treated condi- !
tions considered. For example, the triplex condition resulted in good resistance to ’
cracking with the threshold stress at 650 MN/m2 (95 ksi) at 320° C (600° F) and E
350 MN/m2 (50 ksi) at 430° C (800° F). The threshold for the duplex condition decreased E
from 440 to 380 MN/m2 (65 to 55 ksi) over the same temperature range. However, the g
mill anneal condition was substantially inferior to both the triplex and duplex conditions.
The resistance of the 811 alloy could also be affected by another heat treating variable -
cooling rate. For example, chemically milled specimens in the mill anneal/air cooled i
condition exhibited a threshold curve that decreased from about 350 to 240 MN/: m2 (50 to
35 ksi) over the temperature range 320° to 430° C (600° to 800° F). For comparison, E :
chemically milled specimens in the mill anneal/furnace cooled condition exhibited a
threshold stress of only 170 MN/m? (25 ksi) at 320° C (600° F).

The 56218 alloy exhibited the widest range of susceptibility of all the alloys tested
in this program. The 56218 (1) condition (a@+8 roll, @+@ anneal) exhibited resistance to
cracking superior to that of any alloy studied in this investigation. Iis threshold curve
decreased from 720 to 510 MN/m2 (105 to 75 ksi) at 320° to 480° C (600° to 900° F).
However, when the discontinuous alpha microstructure was altered by either B8 roll- .
ing or B annealing, susceptibility to cracking increased dramatically. For example, i
the 56218 (2A) condition (@+8 roll, 8 anneal) resulied in a threshold curve that decreased
from 440 to 310 MN/m? (65 to 45 ksi) at 320° to 480° C (600° to 900° F). Susceptibility
increased still more for the 56218 (2B) condition (B roll, B anneal) as the threshold curve
decreased from 310 to 35 1\/1N/m2 (45 to 5 ksi) over the same temperature range. The
56218 (2C) condition (B roll, B anneal, a+@ anneal) was the least resistant alloy tested
in this program. Iis threshold curve decreased from 100 to about 35 MN/m2 (15 to
5 ksi).

Normalized thresholds. - Another, and perhaps more meaningful, basis for com-
paring the susceptibility of these alloys is to consider the crack threshold stress as a
percentage of the potential use strength of the alloy. Since creep strength is usually the 1 .
limiting design factor in the use of titanium alloys for compressor applications, hand- .
book values of the 0. 2 percent - 100 hour creep stress for each alloy and heat treatment
were selected as the normalizing factor. Such a plot of the crack threshold stress as a
percentage of the creep stress of the alloy against exposure temperature is given in fig-
ure 3(b). This method of evaluating resistance to hot-salt stress-corrosion cracking
yields some valuable information. For instance, although the threshold curves for both
64 mill anneal and duplex occurred at intermediate stress levels in figures 3(a), these
stresses are in fact as much as three times the creep strength of the alloy. Hence, on
this basis, the resistance o hot-salt stress-corrosion cracking of the 64 alloy is far
superior to all other alloys tested in this investigation.

The 679 and 6242 alloys in both the mill anneal and duplex conditions were essen-
tially equivalent with their threshold curves occurring at about 100 percent of the creep
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strength over the entire temperature range of exposure. The 811 alloy once again ex-
hibited large variations in threshold curves for the various heat treaiments studied. -
The threshold for the 811 triplex ranged from 60 to 100 percent, while the 311 duplex :
ranged from 75 to 90 percent of the creep strength. The threshold for the 811 mill
anneal/air cooled condition occcurred at 60 percent while the threshold curve for the
furnace cooled condition decreased from about 30 to an estimated 0 percent of the ereep
strength of the alloy. The 56218 alloy alsc exhibited large variations in threshold curves
for the four conditions tested. The threshold stress was about 100 percent of the creep
stress for condition (1) (@+8 roll, @+3 anneal) and about 60 percent for condition {24)
{a+8 roll, B anneal) over the entire temperature range investigated. However, for con-
ditions {(2B) (8 roll, g anneal) and (2C) (8 roll, § anneal, @+f anneal}, threshold stresses
decreased from 40 to 5 percent and 15 to 5 percent of the creep stress, respeciively, as
the exposure temperature increased from 320° to 480° C (600° to 900° F). ‘
Neither the 643 nor the 13-11-3 alloys could be accurately evaluated on this basis
because creep strength data are not available from the literature. The limited creep
data determined in this investigation during stress-corrosion exposure indicated that
for both of these alloys cracking occurred below the creep sirength at 320° ¢ (600° )
but somewhat above the creep strength at 430° C (800° ¥) (see tables XVI and XVII).

Effect of Microstructural and Processing Variables

It is tempting to rationalize the relative susceptibility of the alloys studied in this
investigation according {o chemical composition. Specificéliys several previous inves=
tigators have ranked the stress-corrosion susceptibility of titanium alloys according to
aluminum content (refs. 11 and 12), aluminum plus oxygen {refs. 13 to 15), and beta
stablizer content (refs. 15 to 17). Usually, the lower the aluminum and/or oxygen, or
the higher the bela siabilizer content, the more resistant-the alloy is to hot-sali and
salt water siress-corrosion. Although these schemes may have merif, the resuits ob-
tained in this investigation demonstrating the wide range of susceptibility exhibited by a
gingle alloy (e.g., 811 or 56218) indicate that caution must be exercised when ranking
alloys. Specifically, the dramatic influence of both processing variables and subsequent
heat treatments and the resulting microstructural variations must be considered.

Microstructure-susceptible alloys. - Although a full evaluation of microstructural
variations is beyond the scope of this study, a few trends'can be determined from the
results obtained for the 811 and 56218 alloys. As is evident from the threshold curves
determined for the 811 alloy, microstructural changes can dramatically alier the alloy's
susceptibility to stress-corrosion. For example, a mierostructure which consists of a

distribution of beta in a continuous matrix of primary alpha (fig. 8(a)), as a result of
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mill annealing at temperatures low in the alpha plus beta phase field, was quite suscep-
tible to stress-corrosion. Resistance to stress-corrosion could be substantially in-
creased by annealing at temperatures higher in the alpha plus beta phase field. The
microstructure then consists of a distribution of discontinuous, equiaxed islands of pri-
mary alpha in a continuous matrix of transformed beta (see fig. 8(d)).

These results are consistent with earlier investigations in both hot-salt (refs. 18
to 21) and salt water (refs. 22 to 24) environments. These studies demonsirated that a
structure consisting of discontinuous primary alpha was more resistant to cracking than
a matrix of continuous primary alpha.

Annealing titanium alloys at still higher temperatures can adversely affect stress-
corrosion resistance. For example, the resuilts obtained for the 56218 alloy indicate
that‘process'mg and/or annealing above the beta transus drastically decreases resis-
tance to stress-corrosion. Specifically, when the 5621S (1) alloy was processed and
annealed at temperature high in the alpha plus beta field, but below the beta transus,
the resultant structure of discontinuous alpha in a continuous matrix of transformed beta
(fig. 8(k)) was the most resistant condition tested in this investigation. Processing in
the alpha plus beta field followed by beta annealing (2A) resulted in a transformed beta
(Widmanstitten) microstructure (fig. 8(Z)). This structure, which consists of narrow
beta-rich platelets dispersed between elongated alpha grains, exhibifed intermediate
resistance to stress-corrosion. However, still poorer resistance was achieved when
the 56218 alloy was processed and annealed entirely within the beta field or even rean-
nealed in the alpha plus beta field. For example, ‘the 56218 (2B) and (2C) conditions
were the least resistant alloys tested in this program. The resultant structure, con-
sisting of a matrix of acicular transformed beta with either silicides or beta phase at
the prior beta grain boundaries (figs. 8(m) to (p)), is exiremely sensitive to hot-salt

stress-corrosion cracking.
Microstructure-resistant alloys. - The 679, 6242, and 64 alloys do not appear to

be as sensitive to microstructural variations as are the 811 and 56218 alloys. For ex-
ample, only minor differences in threshold curves were observed for these three alloys
for the heat treatments used in this study. The 679, 6242, and 64 alloys were tested
with microstructures that consisted of both continuous alpha and discontinuous alpha.

However, limited data reported by the General Electric Co. (private communication
with C. E. Shamblen and H. M. Green) indicated that the threshold stress of one heat
of 64 alloy mill annealed at 700° C (1300° F) for 2 hours, AC, could be decreased about
35 percent by annealing near or above the beta transus followed by aging treatments.
The threshold stress of the same material could be increased about 50 percent by warm
working at temperatures slightly above the mill annealing temperature.

The literature data discussed previously and the results obtained in this investiga-




tion for the 56218 alloy serve as examples of the dramatic influence of microstrue-
tural variations. Hence, caution should be exercised when interpreting the stress-
corrosion resistance of the 679, 6242, and 64 alloys. It is possible that abusive proc-
essing and heat treating conditions could markedly degrade the excellent resistance to
stress-corrosion observed in this investigation. It is also probable that other variables
such as grain size and forging anisotropy could exert significant effects on an alloy's
susceptibility to hot-salt stress-corrosion cracking.

Heat-to-heat variations. - Although the study of heat-to-heat variations wasnot a
specific purpose of this investigation, limited data reported by the General Electric Co,
(private communication with C. E. Shamblen and H. M. Green) demonstrate that heat-
to-heat variations could drastically influence susceptibility to stress-corrosion ¢rack-

ing. For example, threshold data determined for 4 heats of the 64 mill annealed alloy
exhibited substantial variations. The 200 hour crack thresh@ld stress at 430° C
(800° F) varied from about 140 to 280 MN/m2 (20 to 40 ksi). - Another investigation
(ref. 18) demonstrated that heat-to-heat variations resulted in a 100 hour crack thresh-
old stress range of from 90 to 160 MN/m2 (13 to 23 ksi) for the 811 mill annealed alloy
at an exposure temperature of 430° C (800(J F). Heat-to-heat variations were reported
by another investigator (ref. 25) as having significant effects on susceptibility to hot-
salt stress-corrosion.

Cooling rate from mill anneal. - An additional variable was determined for the
811 alloy. The as-received alloy was tested in the mill annealed/air cooled condition,
Some of the bar stock was reannealed under similar conditions followed by furnace
cooling. Alihough no significant microstructural differences could be resolved, sub-
stantial differences in threshold curves were measured. Tt i§ probable that the furnace
cooled condition contains the ordered structure (ref. 26} or coherent phase (ref. 27)

TiSAl. Although X-ray confirmation was not attempted, several previous investigators
have reported the occurrence of the phase after slow cooling through or prolonged an-
nealing in the temperature range about 500° to 600° C (930 to 1110° F), particularly for
alloys with high aluminum contents such as the 811 alloy (refs. 12, 14, and 15). - The
influence of cooling rate is also apparent from the excellent resistance to stress-
corrosion exhibited by the 811 alloy in the duplex annealed condition. Even though the
alioy was annealed for an extended period at 650° C (1200° F), air cooling apparently
minimized or prevented the formation of TisAl.

Effect of Surface Condition

The influence of specimen surface condition on susceptibility to hot-salf stréss-
corrosion was evaluated by determining threshold curves for many of the alloys with
specimens in both the as-machined and chemically milied surface conditions. Crack
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threshold curves determined in the dynamic air environment for 811 mill anneal/air
cooled, 64 duplex, and 6242 mill anneal alloys are shown in figure 4. Tt is evident that
the crack threshold curve exhibited by chemically milled specimens is substantially
below the threshold curve exhibited by specimens in the as-machined condition. For at
least one exposure temperature for each of these three alloys, the difference between
the threshold siresses was 210 to 350 MN/m2 (30 to 50 ksi). For most of the other
alloys tested, the chemically milled threshold curve usually occurred at stresses up to
70 MN/: 2 (10 ksi) below the threshold curve exhibited by as-machined specimens.

As demonstrated by these results, specimen surface condition can exert a signif-
icant influence on susceptibility to hot-salt stress corrogion. The fact that most thresh-
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{c) 6242 MIll anneal (figs. 15(a) and (b)),

Figure 4, - Crack threshold curves for as-machined and
chemically milled specimens of several alloys (dynamic
air).




old curves occurred at lower stresses for chemically milled (stress-relieved) than for
as-machined specimens suggests that the residual surface stresses resulting from
machining the bore of the tubular specimens were compressive. A previous investiga-
tion {ref. 6) unsuccessfully attempted to use X-ray techniques to confirm both the mag-
nitude and sign of the siress. :
aneverg the assumption regarding the sign of the residual stress is consistent
with the type of machining operation involved and with the results of another investiga-
tion (ref. 28) which demonstrated that mechanically induced (glass-bead peening and
vibratory cleaning technigues) residual compressive stresses were effective in prevent-
ing or alleviating hot-galt stress-corrosion of the 811 alloy.- Additional research by
these investigators (ref. 29) has indicated that compressive siresses up to about
830 MN/m2 {120 ksi) can result from glass bead peening. They studied the annealing
kinetics of residual stresses for the 64 alloy. After 100 hours exposure at 320°C
(SOOO F) about 75 percent of the original stress level remained. However, after a sim-
ilar exposure at 430° C (800° F) only 25 percent of the residual compressive stress
level remained. These results were independent of the type of peening and the initial
magnitude of the residual surface stresses.

Results obtained for the 679 alloy showed that the 100 hour threshold stress at
430° ¢ (800° F) increased from 150 MN/m2 (22 ksi) to either 350 or 480 l\/ﬂ“f/’m2 (50 or
70 ksi) depending on the magnitude of the peening intensity (private communication with
H. M. Green, General Electric Co.). However, even this high creep strength alloy
exhibited stress relaxation and a significant reduction of the protective effect of the re-
sidual stresses when exposed at 480° C (9000 .

In summary, both the results of this investigation and those discussed from the
literature indicate that specimen surface condition can exe®t a major influence on
susceptibility to stress-corrosion. Residual compressive Btresses resulting from
either machining or shot-peening can protect titanium alloys from hot-salt stress-
corrosion. However, it must be emphasized that this protective influence can anneal
ocul during long time, elevated temperature exposures.

Effect of Air Velocity

The influence of air velocity on susceptibility tc hot-salt stress-corrosion was
evaluated by determining threshold curves for specimens exposed in both static air
laboratory furnaces and in the dynamic air facility. Specimens in the chemically milled
surtace condition were tested in thegse two environments for the following alloysand
heat treatments: 811 mill anneal/air cooled and triplex, 64 mill anneal and duplex,
6242 mill anneal, and 13-11-3 dupiex.
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As reported previously (refs. 6 and 9), air velocity exerted only a minor influence
on susceptibility to stress-corrosion of the 811 mill anneal/air cooled alloy. In all
cases, threshold curves determined in dynamic air occurred at similar or slightly
greater stresses than did threshold curves in static air. A variation of 140 MN/m2
(20 ksi) was determined between the embrittlement threshold stress in the two air en-
vironments at 320° C (600° ¥) and about 70 MN/m? (10 ksi) at 430° C (800° F). Varia-
tions of 70 MN/m2 (10 ksi) or less were measured between crack threshold siresses
over the same temperature range. These variations were considered minor and within
the degree of accuracy that can be obtained with tests of this nature. Hence, it was
concluded that there was only a minor beneficial effect of air velocity.

Similar resulis were obtained for the alloys studied in this investigation. Dynamic
air threshold curves occurred at stress levels equal to or slightly greater than static
air threshold curves. In the great majority of cases, both the embrittlement and crack
threshold stresses for the two environments were within 70 MN/m2 (10 ksi) or less.
For the 811 triplex, 64 mill anneal and duplex, 6242 mill anneal, and 13-11-3 duplex
alloys, there were only 5 exposure conditions out of a total of 30 where the variation
between threshold stresses was 140 MN/mz (20 ksi). In no cases were any differences
larger that this determined.

Threshold curves for the 679 mill anneal and duplex and 6242 duplex were deter-
mined for as-machined specimens in dynamic air and for chemically milled specimens
in static air. Although the effect of air velocity could not be determined precisely be-
cause of the differences in specimens surface conditions, it appeared that there was no
effect of air velocity. Specifically, 22 out of 24 exposure conditions were within
70 MN/m2 (10 ksi) or less. The other two exposure conditions resulted in differences
of 140 MN/m2 (20 ksi).

Hence, it can be concluded from this investigation that there is only a minor effect
of the 340 meter per second (1100 ft/sec) dynamic air environment. However, this
effect is beneficial in that the threshold curve determined in the dynamic air environ-
ment usually occurred at slightly higher exposure stresses than did the threshold curve
determined in static air. It is possible that higher air velocities and pressures or an
impinging airflow might result in additional beneficial effects.

Relation Between Embrittlement and Crack Thresholds

As mentioned in the INTRODUCTION, there are many criteria that have been used
to define an alloy's susceptibility fo hot-salt siress-corrosion. A previous investiga-
tion by the author (ref. 5) defined three types of 100 hour thresholds for as-machined
specimens of the 811 mill anneal/air cooled alloy exposed to a dynamic air environment.
Specifically, at 430° C (8000 F), embrittlement became apparent at an exposure stress
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of less than 70 MN/m2 (10 ksi) only if tensile testing was performed at a low, constant
crosshead speed of 0. 01 centimeter per minute (0. 005 in. /min). Stress-corrosion
cracks were not observed during metallographic examination at 1000 until the expo-
sure stress exceeded about 350 1VIN/’m2 (50 ksi). Cracks could easily be observed by
examining the fracture surface optically at ¥30. They were always oxidized and corro-
ded and were located at the origin of a distinct crescent shaped failure plane on the frac-
ture surface. For example, a crack only 0.006 centimeter (0. 003 in.) deep is readily

Stress
corrosion
crack—~. _

Figure 5, ~ Photomacrograph of hot-salt stress-corrosion crack,

apparent in figure 5. The lower limit of detectability by this technique is about 0. 002
centimeter (0.001 in.). Brittle rupture occurred during exposure when the stressg was
about 580 MN/m? (85 ksi). |

The sensitivity of this low-strain-rate testing procedure as a means of deteclﬁing
the embrittiement threshold curve is also evident from data determined in this inves-
tigation. For instance, threshold curves for the 811 mill anneal/air cooled, 811 du-
plex, and 56218 (2A) alloys determined in dynamic air with chemically milled specimens
are shown in figure 6. In all cases embrittlement threshold curves occurred at sub-
stantially lower exposure stresses than did crack threshold curves.

However, for the 64, 679, and 6242 alloys, the embrittlement threshold ocetirred
at lower stresses than did the crack threshold curve for only a few of the exposure
conditions tested. In those cases the embrittlement threshold siress was only about
70 MN/m2 (10 ksi) less than the stress required for cracking. These alloys are so
resistant to hot-salt stress-corrosion that they must be exposed near or above their
creep strength to exhibit any damage. Hence, in many cases, the embrittlement and/or
crack threshold siresses could not be determined because of creep limitations. - There-
fore, it is understandable that relative differences between the thresholds become ob-
scured as the baseline approaches an imposed ceiling.
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{c) 5621S {2A) (fig. 19(b}).

Figure 6. - Crack and embrittlement threshold curves for
several alloys (chemically milled specimens, dynamic
air)

It is also possible that the sensitivity of the embrittlement testing technique could
be enhanced in these alloys under slightly different conditions of tensile strain rate and
temperature. For example, maximum embrittlement was observed during low-strain-
rate tensile testing at about 7 0° c (1600 F) in the 6242 duplex alloy (private communica-
tion with H. M. Green, General Electric Co.) rather than at room temperature (ref. 4).

Effect of Exposure Time

As might be expected, crack threshold stresses for all alloys decreased as the ex-
posure time at 480° C (900° F) was increased to 1000 hours (see fig. 7). However, the
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Figure 7. - Crack threshold curves for long-time
exposuires at 480° C (9000 F) (chemically milled
spacimens, dynamic air). (See tahle XVIIL)

relative susceptibility of the alloys tested did not differ significantly from the 100 hour :
data discussed previously. The 56218 (1) alloy exhibited the best resistance to stress-
corrvasion and was followed by the 6242, 679, and 64 alloys.

Specifically, when the exposure time was increased from 100 to about 240 hours,
either no changes or decreases of up to 70 IVII\T,/rrjt2 (10 ksi) were observed at 480° C
{QDDG F) for all alloys. For exposure times of 1000 hours, a decrease in threshold
stress of only 70 MN;”mg (10 ksi) was observed for the 56218 (1) and 6242 mill anneal
alloys. Decreases of up to 140 Mmeg (20 ksi) were observed for the other alloys ex-
cept for the 679 mill anneal which exhibited a decrease in threshold stress of 210 MN fm?‘
(30 ksi). :

Cracks rather than embrittlement were used for defining these long-time threshold
curves because of the possibility of embrittlement resultinigr trom metallurgical insta-
bility masking embrittlement due to hot-sall stress-corrdsion. However, althciugh the
data are not complete, it appears that the 56218 (1), 6242, 679, and 64 alloys are rea-
sonably stable in the heat treated conditions used in this study. Of course, unsalted
specimens should be exposed under similar conditions to accurately establish baseline
ductility.

It should be noted that the salt contents meagured on most of these specimens affer
stress-corrosion testing were somewhat below the intended, presalted concentrations.
In all probability this loss of soluble chlorides can be atiribuied to chemical reactions
oceuring during the hot-salf stress-corrosion process.




Hydrogen Analyses

The author has previously reported (ref. 4) that increases in hydrogen content of
stress-corroded titanium alloy specimens could be detected. Specifically, vacuum-
fusion chemical analyses of 811 mill anneal/air cooled specimens that had been exposed
to hot-salt stress-corrosion conditions indicated average hydrogen concentrations of
from 100 to 255 ppm, as compared to the as-received alloy which contained about 70 ppm.
Furthermore, a more recent investigation (ref. 5) demonstrated that this corrosion-
produced hydrogen was concentrated below the salt-corroded and fracture surfaces of
the specimens to concentration levels of several thousand ppm. It was also demonstrated
that corrosion-produced hydrogen is responsible for embrittlement and cracking of the
811 titanium alloy subjected to hot-salt stress-corrosion exposures.

In addition, since these experiments demonstrated that hydrogen is highly segre-
gated, the results of vacuum-fusion chemical analyses must be viewed with caution.

This type of analysis represents only the total or average hydrogen concentration of the
bulk sample submitted for analysis. It does not indicate the true concentration of hydro-
gen that may be segregated on a microscopic scale. In fact, unless the sample selected
for analysis is small and taken close to the fracture surface, real increases in hydrogen
content may be masked and indistinguishable from baseline values. In spite of these
limitations, vacuum-fusion analyses are inexpensive and can yield valuable information.
Consequently, hydrogen analyses were obtained for several stress-corrosion conditions
of each of the alloys tested in this investigation. These resulis are presented in

table IV.

As evident from these data, significant increases in hydrogen content of stress-
corroded specimens were observed for all heat treatments of the alloys studied, with
one exception. These analyses indicate that the hydrogen concentrations of these bulk
samples were two to three times the level of the as-received alloy. The exception was
the 13-11-3 alloy for which discrepancies between the vendor's and NASA's analyses of
as-received bar stock could not be rationalized.

However, as discussed earlier, it must be emphasized that these bulk values of hy-
drogen reflect concentrations on a microscopic scale several orders of magnitude
greater. Based on these results, corrosion-produced hydrogen appears to be involved
in the embrittlement of all titanium alloys during hot-salt stress-corrosion. The tech-
niques used to measure hydrogen concentration on a microscopic scale and the mechan-
ism of hydrogen embrittlement have been discussed in detail in previous publications
(refs. 3to 5 and 8). This section is intended only to demonstrate the generality of the
theory proposed earlier.




TABLE IV. - HYDROGEN ANALYSES OF AS-RECEIVED STOCK AND

STRESS-CORRODED EPECIMENS

Heat treatment

Bar stock or
specimena

Hydrogen concen-
tration,
ppm

Mill anneal/air cool
Mill anneal/air cool

Mill anneal/furnace cool

Triplex

Stock
Refs, 4 and 5
323, 332, 321
200, 199, 170, 198

bro, 55 to 89
100 to 255
91, 74, 18
97, 104, 130, 126

Mill anneal
Miil anneal
Duplex

Stock
15, 36, 23
82, 66, T9

P50, €46 to 55
M, 84, 18
89, 73, 117

Mill anneal
Mill anneal
Duplex

Stock
39, 33
, 61, 72

B0, %65 ta 79
132, 153
103, 108, 112

Mill anneal
Mill anneal
Duplex

Stock
31, 27
61, 53

Pg6, 58 to 88
137, 109
128, 118

2A
2A
2B
2B
2C
2C

Stock
28, 38
Stock
23
Stock
14

Psg, ©51 to 54
63 Lo 67, 70 to 76
b : Cry
36, 77 to 81
111, 120
Y36, €133 to 157
171, 192

Duplex
Duplex

Stock
1, 5

€143, 152
177, 207

13-11-3

Duplex
Duplex

Stock
1, 24, 30, 18

b104, €295 to 303
269, 285, 302, 274

%gee tables V to XVII for stress-corrosion exposure conditions.
Pyvendor.
NASA, usually =4 determinations.




CONCLUDING REMARKS
Microstructural and Processing Variables

The general trends apparent from the data of this investigation as well as the liter-
ature cited can be summarized as follows:

(1) A microstructure consisting of a discontinuous alpha phase in a transformed beta
phase matrix (processing high in the alpha plus beta field) is most resistant to stress-
corrosion.

(2) An acicular transformed beta structure (processing above the beta transus) is
least resistant to stress-corrosion.

(3) A structure consisting of a continuous mairix of primary alpha (processing low
in the alpha plus beta field) exhibits intermediate resistance to stress-corrosion.

(4) The TigAl phase resulting from annealing in or slow cooling through a critical
temperature range increases susceptibility to stress-corrosion for alloys containing
more than about 6 percent aluminum. .

Although nominal alloy composition and alloy partitioning between alpha and beta
phases may play a significant role in determining alloy susceptibility to hot-salt stress-
corrosion, itis felt that phase morphology is also of importance. The roles of both
composition and structure in the process of stress-corrosion are undoubtedly complex.
It is possible that the process of stress-corrosion cracking can be separated into at
least three stages: (1) initial surface corrosion, (2) hydrogen absorption and diffusion,
and (3) embrittlement and crack propagation. It is probable that the effects of both alloy
and phase composition are most significant on the corrosion (refs. 11, 12, 23, and 25)
and hydrogen absorption (refs. 14, 30, and 31) processes. Microstructure exerts an
influence on both hydrogen embrittlement (refs. 32 and 33) and crack propagation or
fracture toughness (refs. 12, 22 to 24, and 34). Obviously, additional research is
needed to fully clarify and define all the critical steps involved in the process of hot-salt
stress-corrosion of titanium alloys.

Variables Influencing Hot-Salt Stress-Corrosion

The results of this and previous investigations by the author (refs. 3 to 9) can now
be summarized and used to answer one of the major questions that initiated this entire
research program. Why have no documented service failures been reported for the ti-
tanium alloy compressor components that are operating under conditions of stress, tem-
perature, and salt concentrations (refs. 3 and 7) which result in stress-corrosion fail-
ures in laboratory tests?




The major variables influencing stress-corrosion are as follows: (1) alloy compo-
sition, heat-to-heat variations, processing conditions; (2) specimen surface condition;

and (3) cyelic exposure conditions.
Environmental variables such as air velocity, air pressure, air dewpoint, salt :
concentration, and salt deposition temperature exert only a minor influence on the sus-

ceptibility of the 811 alloy (refs. 6 and 9). The negligible influence of salt concentration
wasg also spot checked in this investigation numerous times. - Specimens of the 679,
6242, and 64 alloys were coated with 0. 016 to 0. 16 milligram per square centimeter
(0.1{0 1 mg /’in.z), which was the concentration range frequently encountered in the
compressors of jet engines (ref. 7). Almost invariably, salt concentrations in this
range did not affect crack threshold stresses. k

The major variables cited previously satisfactorily rationalize the reported lack of
service failures. Specifically, most titanium alloy compressor components that are
currently in service are made from the 64 alloy. This investigation has demonstrated
that under simulated compressor environmental conditions the 64 alloy is creep limited
and not stress-corrosion limited. In addition, most compressor components are ghot-
peened to produce residual compressive stresses on all surfaces. As this investigation
has shown, substantially higher threshold stresses result for specimen surfaces with
residual compressive stresses as compared to stress-free surfaces. Preliminary data
from a current phase of the NASA hof-salt siress-corrosion program, together with
several resulis in the literature (refs. 20, 28, and 35), also indicate that short eyclic
exposures are not as severe as continuous exposures for equivalent fotal times. Since
aircraft engines, especially military, operate for relatively short cycles, the 100 hour
threshold curves commonly generated in laboratory investigations are representai:ive of
more severe conditions than the stress-temperature profiles of current titanium alloy
compressor components.

However, there is still reason for concern that there may be service failures as
developmental engines call for newer, sironger alloys that may be more susceptibie fo
processing variables. These alloys are intended for use at higher operating siresses
and temperatures and for longer cyclic periods. Under such operating conditions the
beneficial effects of both cyclic exposures and shot-peening would be reduced.

SUMMARY OF RESULTS

The purpose of this investigation was to determine the relative susceptibility to
hot-salt stress-corrosion of seven titanium alloys. The evaluation tests were conducted
in a facilify that simulated the environmental conditions encountered in the compressor
of a jet-turbine engine. The alloys tested were 811, 64, 6242, 679, 56218, 643, and
13-11-3. All but the 643 alloy are commercially available alloys, and they were usually
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tested in two commonly used commercial heat treatments. Sali-coated specimens of
these alloys were normally exposed for 100 hours in the temperature range 320° to

480° C (600o to 900° F). Specimens were then tensile tested at room temperature at a
constant, low strain rate to determine residual ductility. When possible both embrittle-
ment (less than 25 percent reduction of area and 15 percent elongation) and crack (cor-
roded cracks on specimen fracture surface) threshold curves were determined.

1. Relative susceptibility to hot-salt stress-corrosion cracking can be drastically
altered by heat-to-heat variations and processing conditions.

2. A comparison of standard 100 hour crack threshold curves indicates that suscep-
tibility to hot-salt stress-corrosion increases in the following order: 679, 6242, 64,
643, 811, and 13-11-3. The 5621S alloy was both the least and most susceptible alloy
depending on heat treatment.

3. When the alloys are compared on the basis of their potential use strength (100 hr
crack threshold stress divided by stress for 0. 2 percent creep in 100 hr), then the rank-
ings are modified slightly: 64, 679, 6242, and 811. The 56218 alloy ranks either just
above or below the 811 alloy, once again depending on the heat-ireated condition of the
56218 alloy. Limited creep strength data for the 643 and 13-11-3 alloys precluded ac-
curate rankings for these alloys.

4. The more resistant alloys, 679, 6242, and 64, exhibited only minor variations in
threshold curves for the heat treatmenis fested. The more susceptible alloys, 811 and
56218, exhibited substantial variations in threshold curves for the heat-treated condi-
tions tested in this program. As mentioned previously, the 56218 alioy was both the
least and most susceptible alloy tested in this program.

5. An alloy microstructure consisting of a discontinuous alpha phase in a frans-
formed beta phase matrix appears to be most resistant to stress-corrosion. This sfruc-
ture can be achieved by working and/or annealing at temperatures high in the alpha plus
beta phase field. ‘

6. A microstructure consisting of a continuous matrix of primary aipha phase ex-
hibits intermediate resistance to stress-corrosion. This structure results from work-
ing and annealing at temperatures low in the alpha plus beta phase field.

7. A microstructure consisting of acicular transformed beta phase is the structure
that is least resistant to stress-corrosion. This structure can be achieved by working
and/or annealing at temperatures above the beta transus.

8. An alloy heat treated under conditions likely to form Ti3A1 exhibits extreme sen-
sitivity to stress-corrosion. This ordered phase results from slow cooling through or
extended annealing in the temperature range 500° to 600° C (930° to 1110° F).

9. Residual surface compressive stresses resulting from specimen preparation re-
duce susceptibility to stress-corrosion. Specimens stress relieved by chemically mill-
ing the machined, compressively stressed surface exhibited a threshold curve at sig-
nificantly lower stresses than did specimens in the as-machined condition. Major effects
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were observed for the 811, 64, and 6242 alloys. Minor effects were cbserved for the
679 and 13-11-3 alloys. This variable was not determined for the 56218 and 643 alloys.

10. Only a minor reduction in susceptibility to stress-corrosion was dhgerved ina -
dynamic air environment. The threshold curves for all allovs in the Mach 0.7 air-en-
vironment generally did not exceed those in static air by more than 70 MN/ mz {10 ksi).

11, The embrittiement threshold curve occurred at stress levels up to 350 Ixﬂ%}’mg
(50 ksi) lower than did the crack threshold curve for the more susceptibie alloys,

2811 and 56218. For all other alloys, the embriftiement threshold curve was usuglly
70 MN/m2 (10 ksi) lower than the crack threshold curve.

12. Increasing the stress-corrosion exposure time to 1000 hours resulted in de-
creases of from 15 to B0 percent in crack threshold stresses for all alloys tested. How-
ever, the relative susceptibility of the alloys remained essentially unchanged. : :

13. Increases in average bulk hydrogen content of from two to three times the as-
received values were measured after several stress corrosion exposure conditions for
each alloy tested in this program. These increases reflect concentrations on a micro-
scopic scale as great as several thousand ppm. These chemical analyses support the
concept that corrosion-produced hydrogen is responsible for hot-salt stress-corrosion
embrittlement and cracking of titanium alloys.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 2, 1971,
129-03.
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TABLE V. - 811 MILL ANNEAL/AIR COOQLED (FIGS. 8(a} TC (e}

Exposure cohiditions Tengile test data Zalt coating Heat-
5 o | tinted
Temper- | Time, Stress Craep, Ultimate Fracture Retine-~ | Elonga- mg/in, erazks

ature hy 5 percent reduc- stress stress tion of fion,

- tion of area .
o { °p M.N/mngsi win/m? { ksl

pereent

As-machined, dynamic air (refs. 8 and 9}

1430 150 | 240 136
1010 147 910 132
1030 149 A6 138
oG 155 1076 158
1330 150 114280 150
1040 151 {1033 150

1030 148 | 900 131
1040 151 137
1030 148 138
1070 183 153
1030 149 ] 1030 149

298G 143 R 142

ha e

w3
@

o
(~3

1030 150 144
Lasa 152 1030
1030 148 1 980
1020 148 {1510
1060 153 31060
1050 152 1050
1040 181 1030
1050 152 | 1050
1080 153 1060
.3 1600 145 11000

[~
L T Sy

1o e
(23

-l
o
B2

w M e

3

oo

Chemically milled, dynamic air {rafs, 6 :

1013 146 § 230
1000 145 20
1010 147 | 92
1049 1040
1020 44 11010
1013 147 1610

980 144 | 950

450 142 | 890

<3 e

toin 147 | 920
1020 148 | 880
1020 143 | 1020
1010 147 |1010
10330 149 11010
1020 148 20

a70 140 9

= e
i

f
[ N

Chemically milled, stafic air

110 146 200
1ola 149 400
1029 148 1 920
1030 150 900
1n1a 147 91
1030 150 | 920
1500 145 1000

385 - 115 | 790

153 | 280
153 | 10690
1050 152 1050

330 126 | 830

L ag

@
[ =)

ax

o
P

s after initial e
nvicaily milled. 0,008 <

wiilled, 0,001 en ( [N J All ether specimens tested soon alter chemically mitling, 0.002 em (0, 001 in, ).




TABLE VI. - 811 MILL. ANNEAL/FURNACE COOLED (FIG. 10)

Speci~ Exposure conditions Tensile test data Salt coating Heat-
men 2 9 tinted
Temper- | Time, Stress Creep, Ultimate Fracture Reduc- | Elonga- | mg/cm® | mg/in. cracks
ature hr 2 N percent reduc— stress stress tion of tion,
o ° MN/m"| kst tion of area 9 9 _ area, |percent
c F MN/m“|ksi | MN/m“ |ksi percent
As-machined, dynamic air
324 320 | 600 96 550 80 ——— 1010 | 147 940 (136 32 23 0.04 0.26 No
326 320 | 600 96 550 80 - 1050 | 152 1020 {148 25 20 .06 .37 No
332 320 | 600 96 620 90 -— 1020 | 148 1020 |148 9 i1 .08 .54 Yes
325 370 | 700 95 280 40 - 1010 | 146 960 | 139 34 25 .13 .82 No
329 370 | 700 96 350 50 —— 990 | 144 990 |144 16 13 .07 .46 No
321 430 { 800 97 T0 10 -— 950 | 138 950 |138 10 6 J11 .68 No
331 430 | 800 95 140 20 — 980 | 142 980 | 142 11 5 .03 .19 Yes
Chemically milled, dynamic air
330 320 | 600 96 70 10 - 990 | 143 990 | 143 8 T 0.06 0.38 No
327 320 | 600 95 140 20 ——— 990 | 143 990- | 143 12 8 .02 .12 No
323 320 | 600 96 210 30 -—— 970 | 140 970 | 140 5 i .05 .33 Yes
TABLE VII. - 811 DUPLEX (FIGS. 11(a) AND (b))
Speci- Exposure conditions Tensile test data Salt coating Heat-
men 2 i tinted
Temper- | Time, Stress Creep, Ultimate Fracture Reduc- | Elonga- | mg/em®| mg/in. cracks
ature hr P _ |percent reduc~ stress stress tion of tion,
MN/m*® kst tion of area area, |percent
% | °F MN/m2{ksi | MN/m? |kst
percent
As-machined, dynamic air
424 320 | 600 94 620 90 - 1060 | 153 990 144 27 T 0.08 0.52 No
423 320 | 600 96 760 |110 0.9 1030 | 150 1030 150 5 1 .12 .18 Yes
273 430 | 800 95 280 40 — 1070 | 155 970 | 140 34 20 .08 .49 No
276 96 410 60 -— 1080 | 156 1010 |146 30 i9 .08 .52
426 g5 . 410 60 -— 1080 | 157 1020 |148 28 16 .14 .91
274 94 480 70 S22 1100 | 160 1030 | 149 30 18 .02 .14
429 97 480 0 LT 1070 | 155 1070 | 155 13 8 .09 .56
422 95 550 80 1.5 1060 | 154 1060 | 154 8 5 .05 .29 | Yes
Chemically milled, dynamic air
277 320 | 600 94 10 10 - 1080 | 156 970 | 141 33 20 0.05 0.30 No
3 275 95 210 30 — 1080 | 158 970 | 141 34 20 .07 .48
of 278 94 350 50 -— 1070 | 155 950 |138 34 22 .12 .80
v 428 96 410 60 -— 1060 | 154 1060 | 154 16 11 .13 .85
i 431 96 480 70 -— 1020 | 148 1020 | 148 T 2 17 1.1 Yes
425 430 | 800 94 210 30 -— 1060 | 153 1060 | 153 13 9 .13 .87 No
430 430 | 800 96 280 40 ——— 1060 | 154 1060 | 154 i3 8 .07 .42 No
427 430 | 800 97 350 50 0.2 1060 | 154 1060 | 154 11 9 .10 .66 No
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TABLE VIII. - 811 TRIPLEX {FIGS. 12(a) TO (¢))

! Speci- Ezxposure conditions Tensile test data Salt coating Heat-

5 = | Huted

men .2 . B2
Temper- Time, Stress Creep, Ultimate Fracture Redue- | Elonga- | mg/em™ | mgdin, © cracks

ature hr .3 percent reduc- stress stress tion of tion,
0 Q MN/m” | kst fion of area | . 2 2 area, |percent
C °F MN/m ksi

kst | MN/m

percent

Ag-machined, dynamic air

860

920
940

- 960
- 950
- 950
10 S

Chemically milled, dynamic air

320—‘ 800 950 | 138 920
940 | 137 920
840 940
990 X 970

1100 1080

950 | 138 920
8960 | 139 960
940 | 137 900
960 | 139 940
900 | 130 500

70 {141 890
970 | 140 900
960 | 139 950
960 | 139 880
940 | 138 930
951 | 138 950

Chemieally milled, static air

174 940 | 137 880
171 970 900
199 ] 970 | 140 900
132 : 920 | 134 910

167 ; 2 970 | 140 920
189 96 138 840
183 97 g ¢ 920
164 96 3E 138 850
i78 £ 138
198 ] 86
“Failed on loading.
bE’ailed during exposure,




TABLE IX. - 64 MILL ANNEAL (FIGS. 13(a) TO (c))

Speci- Exposure conditions Tensile test data Salt coating Heat-
men 2 5 | tinted
Temper- Time, Stress Creep, Ultimate Fracture Reduc- |Elonga- | mg/ém® { mg/in. eracks
ature hr percent reduc- stress stress tion of | tion,
MN/m®|ksi |,
° ° tion of area P B 2 i area, |percent
C F MN/m“|ksi | MN/m®| ksi percent
As-machined, dynamic air
21 320 | 600 96 550 80 0.6 1090 | 158 950 | 138 33 16 0.17 1.0 No
37 690 | 100 .3 1060 | 154 920 | 133 34 16 .01 .05
32 760 | 110 3.0 1070 | 169 1030 | 150 29 12 .15 .96
3 830 | 120 9.0 1390 | 202 1260 | 182 19 7 .15 .95
4 370 | 700 95 550 80 0 1100 | 160 970 | 140 34 17 .14 .88
11 370 | 700 95 620 90 2.0 1130 | 164 1010 | 147 28 15 .06 .39 A
18 370 | 700 94 690 | 100 4.8 1170 | 170 1170 | 170 5 2 .08 | .54 Yes
i 16 430 | 800 96 210 30 T 1090 | 158 970 | 140 31 17 .01 .03 No
B 34 280 40 .3 1100 | 160 960 | 139 33 17 .01 .03
E 30 350 50 T 1100 | 160 970 | 140 33 17 .12 .18
6 410 60 .3 1090 | 158 940 | 136 34 18 .13 .85 /
36 480 70 6.3 1200 | 174 1200 | 174 7 6 .08 .53 Yes
14 480 | 900 96 210 30 3.5 1150 | 167 1020 | 148 33 16 .03 .18 No
23 480 | 900 95 280 40 7.9 1260 | 183 1260 | 183 7 6 .06 .39 Yes
Chemically milled, dynamic air
7 320 | 600 95 760 | 110 2.7 1170 | 169 1010 | 146 33 15 0. 16 1.0 No
228 320 | 600 .2 830 | 120 40 ———— | ——— ———— e 40 20 .09 .55
12 370 | 700 96 550 80 .5 1100 | 180 940 } 137 36 17 .06 .38
33 3170 | 700 96 620 90 1.4 1130 | 164 990 | 143 31 15 .02 .14
13 370 | 700 98 620 90 2.2 1120 | 163 1060 | 153 22 13 .02 .15 Yes
10 430 | 800 95 350 50 1.4 1150 | 167 1000 | 145 34 17 J11 .69 No
20 430 } 800 95 410 60 2.4 1130 | 164 1130 | 164 12 6 .15 .94 Yes
22 | 480 | 900 94 280 40 5.0 1170 | 169 | 1020 | 148 32 17 .09 .55 No
Chemically milled, static air
17 320 | 600 96 690 | 100 0.6 1100 | 159 960 | 139 33 15 0.15 0.95 No
24 320 | 600 96 760 | 110 2.2 1150 | 166 1010 | 147 | 30 17 .14 -89 | No |
9 320 | 600 98 830 | 120 4.7 1280 | 186 1180 | 171 22 9 .15 .95 Yes
8 370 | 700 95 410 60 0 1100 | 159 940 | 136 36 18 .15 .95 No
b 370 | 700 96 480 70 1.7 1120 | 162 1010 | 146 30 16 .22 1.4 No
27 370 | 700 96 550 80 .2 1100 | 159 1020 | 148 24 14 .14 .90 Yes
5 2 430 | 800 96 210 30 .6 1130 | 164 950 | 138 36 17 .14 .90 No
15 430 | 800 95 280 40 .5 1060 | 154 1060 | 154 10 3 .09 .58 Yes
25 480 | 900 94 140 20 1.7 1120 | 163 970 | 140 35 18 .01 .46 No
e 26 96 210 30 2.2 1130 | 164 980 | 142 35 18 .05 .31
31 96 210.] 30 2.4 1140 | 165 970 | 140 36 18 .14 .91
1 29 280 40 5.1 1190 | 172 1050 | 152 30 16 .14 .88
40 96 280 40 5.0 1150 | 167 1150 | 167 10 3 .15 .97 Yes

2Failed on loading.
bHeavy salt.
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TABLE XI. - 6242 MILL ANNEAL (FIGS. 15(a) TO (c))

Speci- Exposure conditions Tensile test data Salt coating Heat-
men K 2 9 tinted
Temper- Time, Stress Creep, Ultimate Fracture Reduc- | Elonga- | mg/em” | mg/in. cracks
ature hr 2 percent reduc- stress stress tion of tion,
MN/m*“| ksi t f
e op ion of area VN 9 Ksi | v/ 3 s area, | percent
o t m St percent
As-machined, dynamic air
14 320 | 600 96 690 | 100 0 1060 | 154 940 | 136 31 18 0.14 Q.89 No
26 320 | 600 96 760 | 110 0 1100 |[159° 990 | 144 31 17 .07 .43
9 320 | 600 96 830 | 120 1.6 1190 {172 1050 | 152 29 11 .11 .TL
10 370 § 700 97 690 | 100 1] 1110 {161 1010 | 147 33 17 .10 .65 y
N 18 370 | 700 96 760 | 110 T 1090 | 158 1090 | 158 6 1 .16 1.0 Yes
8 430 | 800 97 410 60 0 1160 | 168 1030 | 149 31 16 17 11 No
32 96 550 80 0 1120 | 162 980 | 142 31 17 .11 .69
25 95 620 90 0 1150 | 167 1030 | 150 29 15 .12 ]
21 96 620 90 -— 1120 | 163 1030 | 150 28 15 .12 .80
31 95 690 | 100 .6 1170 | 170 1030 | 149 31 16 .11 .68 y
353 { | 16 760 | 110 9 SN DU IR . 9 7 .14 .81 Yes
22 | 280 | 900 95 210 | 30 -— 1170 | 169 | 1030 | 150 30 18 .07 .42 No
29 96 410 60 .7 1150 | 167 1010 | 147 33 18 .14 .90
15 480 T0 1.6 1150 | 167 1030 | 150 31 17 .02 .13
12 480 70 1.0 1180 | 171 1060 | 153 30 15 .04 .24
34 480 70 .6 1170 | 170 1020 | 148 33 10 .13 .84
33 5 y 550 80 3.4 1190 | 172 1190 | 172 15 § .08 .49 Yes
Chemically milled, dynamic air
84 320 | 600 96 760 | 110 1.9 1110 ] 161 960 | 139 33 16 0.12 0.79 No
92 320 | 600 95 830 | 120 2.5 1210 | 175 1210 | 175 7 2 .12 .78 Yes
95 370 | ‘700 95 550 80 0 1090 | 158 1070 | 155 25 15 .09 .59 No
97 370 | 700 96 620 90 0 1100 | 159 1100 | 159 10 5 .14 .93 Yes
94 370 | 700 99 690 | 100 0 1090 | 158 1090 | 158 9 5 .10 .65 Yes
96 430 | 800 95 480 70 0 1100 | 159 960 | 139 33 16 .11 .68 No
81 430 | 800 99 550 80 .3 1070 | 155 1070 | 155 T 2 17 1.1 Yes
91 430 | 800 94 620 80 .5 1120 | 162 1120 | 162 11 T .12 .81 Yes
85 480 | 900 96 410 60 i1 1150 | 166 990 | 143 36 7 .04 .24 No
98 480 | 900 96 480 70 1.5 1130 | 164 1120 | 163 12 10 .15 .98 Yes
Chemically milled, static air
t T T T
35 3201 600 96 620 90 0 1140 | 165 980 | 142 35 7 0.15 0.98 No
7 320§ 600 96 690 | 100 0 1110 | 161 1040 | 151 24 13 211 .68 No
5 320 | 600 96 760 | 110 -— 1110 | 161 1110 | 161 12 T .12 .80 Yes
4 370 | '700 95 550 80 0 1170 | 170 1080 | 156 26 14 1T i1 No
* 19 370 | 700 96 620 90 0 1120 | 163 1120 | 163 9 5 .12 .80 No
82 370 | 700 96 690 | 100 0 1100 | 159 1100 | 159 10 5 .14 .91 Yes
N 37 430{ 800 96 480 70 -3 1130 | 164 1010 | 146 31 16 .12 .81 No
40 430 | 800 96 550 80 —— 1100 | 160 1100 ; 160 10 8 .11 .74 Yes
bag 480 | 900 72 210 30 - 1150 | 167 ——— - 27 16 .07 .47 No
2 94 280 40 .6 1150 | 167 1010 | 147 33 7 .10 .65 No
17 96 350 50 .6 1120 | 163 990 | 143 32 18 .10 .64 No
39 96 410 60 .5 1090 | 158 1090 | 158 6 3 .12 7T Yes

2Pailed during exposure.
bExposure terminated prematurely.
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TABLE XII. - 6242 DUPLEX (FIGS. 16(a) AND (b))

Spect- Exposure conditions Tensgile test data Salt couting Heat-
men - 32 g | tinted
Temper- Time, Stress Creep, Ultimate Fracture Redue- |Elonga- | mg/em” | mgdin. © eracks
ature hr 3]} percent redue- stress stress tHon of | tion,
- = MN/m™| ksi tion of area ol T | area, [percent
8 P ksl fMN/m” jkei pereent ]
, dynamic air
45 320 | 800 95 620 a0 ———- 1030 | 150 930 {135 32 20 0.09 6.59 Mo
8 320 | 600 97 890 | 100 0.5 1030 | 149 430 [135 31 20 .07 LAE
56 320 | 600 84 9606 110 4,0 1180 | 171 EEE I b 34 16 .10 .85
44 37¢ | 700 96 480 70 ———- 1030 § 150 910 }132 35 20 13 .83 »
73 95 550 80 o 1020 | 148 900 {131 36 21 .08 .52
48 98 620 90 ———— 1040 | 151 970 {140 30 19 .07 .42 1
64 | 96 690 | 100 1.2 1060 | 154 1080 |[154 8] 9 .08 .48 Yes
52 430 1 800 94 410 60 - 10630 1 150 920 1133 2 22 R L43 Na
65 98 480 70 - 1060 | 154 940 137 33 21 .04 . 28
79 g7 430 70 4] 1030 | 150 930 |135 35 21 .13 .84
75 98 550 80 m——— 103¢ | 150 980 | 138 20 21 .01 .04
51 94 550 80 ———— 1030 | 150 920 {134 34 21 .02 .11
50 95 550 80 0 980 | 142 980 {142 4 1 .15 L9 les
A5 36 620 | 90 g el It BT P g 2 .05 .31 Yes
632 480 | 990 94 410 60 ——— 1040 | 151 960 1139 30 22 .02 .12 No
55 95 410 60 0 1050 | 152 920 134 35 21 .07 .47 M
53 94 480 70 1.6 167G | 158 1070 155 13 10 .02 . 1d N
45 965 550 80 3.9 1120 | 162 1100 |160 i3 11 .03 .21 Yes
Chemically milled, static air
30 320 | 600 96 760 | 110 4.4 1170 | 169 1060 (154 28 15 0,28 1.8 No
byg 320 | 600 .1 790 1115 39 EEEE e R BT 39 20 . 14 87 Mo
70 370 | 700 95 550 80 0 1030 | 150 940 137 32 18 . 15 87 Mo
ki 370 | 700 96 620 a0 2.7 1120 | 183 1080 |1586 23 14 L1 .52 Yes
T4 430 | 800 86 350 50 === 1050 | 152 920 134 37 23 .03 20 No
64 96 410 60 —— 1030 | 14% 930 {135 35 22 .09 . 5% No
53 g7 410 60 a 1060 | 182 1010 147 19 18 .18 1.0 Noy
8 96 480 70 ———- 980 | 139 930 | 135 21 10 .09 .53 Yes
42 480 { 300 96 350 50 - 1030 | 150 340 {137 32 21 .06 .37 No
57 6 410 60 .3 1040 § 151 930 1135 34 21 .05 .34 No
&7 o7 410 50 .6 1060 | 153 990 144 27 20 .10 BT Ko
72 23 480 | 70 10 il Bl Mt oot 19 5 07 - 35 ¥es
Apailad during exposure,
meied on loadi
CHeavy salt plus chemically miiled 0.005 em (0,002 in.) :
.
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TABLE XIL - 679 MILL ANNEAL (FIGS. 17(2) AND (b))

Heat-
tinted
cracks

Speci- Exposure conditions Tensile test data Salt coating
men 9 2
Temper- Time, Stress Creep, Ultimate Fracture Reduc- | Elonga- | mg/cm® | mg/in.
ature hr 9 percent reduc- stress stress tion of '} tiom,
MN/m*| ksi H
N ° ion of area 2 . 3 K area, |percent
C F MN/m®|ksi | MN/m“| ksi percent
As-machined, dynamic air
13 320 | 600 a7 690 | 100 0.3 1070 {155 940 | 137 33 19 0.12 0.78
9 320 | 600 97 760 | 110 3.3 1180 | 172 1080 | 158 14 12 .13 .82
5 370 | 700 96 620 S0 0 1080 | 156 940 137 33 19 11 .69
21 370 | 700 95 690 | 100 0 1060 | 154 1060 | 154 6 1 .15 .99
4 430 | 800 96 480 70 4] 1040 | 151 940 | 136 32 20 .11 LT1
12 98 550 80 0 1060 | 153 970 | 140 29 18 .01 .08
8 93 550 80 0 1050 | 152 930 | 135 32 20 .10 .63
2 95 550 80 0 1060 | 153 950 | 138 29 19 .11 .10

10
22
19

31 ¥

97
96

350
410
410

50
60
60
60
70

410

480

1070
1090
1060
1060
1050

155
158
154
153
152

1000
990
990

1000

1050

27
30

145
144
144 31
145 27
152 9

19
18
19

18

.04
.01
.03
.03
.06

.27
.01
.21
.33
.41

Chemically mill

ed, static air

23 | 320] 600
25 | 320 600
bos | 320 600
36 | 370 700
30 | 370 700

20
39

430
430

800
800

26 480
480

480

900
900
900

a8
Cat

96 690 | 100
96 760 | 110

.1 790 | 115
96 550 80
95 620 90

96
95

480
550

70
80

96
96
T2

410
410
480

60
€0
70

2.7
37

1040
1150

151
167

1030

150

970 | 141

153
151

1060
1040

154
154
150

1060
1060
1030

910 | 132 33
1030 | 150 28
—— | - 37
1010 | 146 22

970 | 141 4

980
1030

142
150

29
18

940
990
1010

136
143
146

33
25
18

17
14
21

15

18
14

22
7
14

0.15 0.97
.09 .59
.13 .81
.17 .1
.12 .76

.15
11

.01
11
.11

Yes

No
Yes

No
No
Yes

2railed during exposure.

bFailed on loading.

cExposure termined prematurely.




Salt coating Heat-
a tHated
Elonga- | mg/em”
tion,
" - xis o percgnt
O | v mrm? | ks | v
muchined, dynamic air
60 a6 7 160 a7 1000 | 158 1018 | 146 28 19 0.08 0. 31 No
62 97 760 {110 1.8 1150 | 166 1050 | 162 25 i4 1 .78
59 95 790 (115 2.2 1170 | 169 HEG § 162 L 13 .08 . 53
57 43 520 a0 a 1080 | 156 980 142 il 17 .12 .78
kil 50 690 1100 .4 1030 | 149 g80 | 142 24 13 .11 .72
Bax 38 T80 | 110 11 EECEI ET ERaaEE T i1 5 .15 .87
430 | 300 96 350 50 -——- 1640 | 151 970 | 140 29 i9 .08 4G No
98 480 70 s 1100 | 159 990 | 143 31 18 . 0B .34
a6 550 a0 N 1030 | 158 1000 § 145 18 .01 .03
47 20 Y 1090 | 158 10106 | 146 17 .13 83
25 80 T 108G | 156 G990 ] 144 ] .03 20
87 90 & R T EEEU AT 2 4 L33 .86
J 14 100 10 T EEE R R 10 5 08 .49
480 | 500 04 60 - 1090 | 158 370|140 23 20 .02 .13 Ny
95 70 1150 | 166 1010 | 147 27 15 .04 .25 Mo
] 80 .8 1106|160 1080 | 154 22 13 .03 .18 No
98 Yy L5 1110 | 161 1116 | 161 3 5 .03 L20 Yas
tic air
55 W) | 800 96 100 960 | 138 35 i9 0,08 0. 48 No
48 20 1 800 96 110 1080 | 156 31 10 .12 L8
Psg 320 | 800 .1 330 1120 TN T 38 23 .1 .69
47 700 45 450 80 0 1080 1030 | 149 25 1% .09 <59
56 TO0 95 620 S0 3.3 1200 1120 | 182 22 9 . 08 B3
76 430 | 8040 46 480 70 - 1060 | 154 a50 | 138 32 1 .03 19
18 480 70 m—— 1060 | 154 1000 | 145 26 14 25 L&

Nch 450 70 ——— 1070} 155 1038 4 149 21 18 .12 T8 1
V48 550 50 .6 106G {154 1060 | 184 12 Y 20 1.3 Yes
43 Y9 850 80 0 1080 | 158 1070 | 155 13 14 .04 .23 No
67 Y a5 620 a0 1.2 1100 | 160 1080 | 187 21 i3 .62 P ¥

480 | 900 96 410 650 Y 1080 i1 1000 | 145 28 17 .09 . 60
410 &0 .6 a0 1 1020 { 148 2% is LG4 28
480 0 .6 10406 | 151 1040 | 1581 6 3 .04 29
H 550 0 12 1100 | 159 1100 | 1969 2 7 .02 .10
posure,

on Ioading.

v salt,
iicaliy milled 0,005 em {3, 002 in. ).




TABLE XV. - 56215, CHEMICALLY MILLED, DYNAMIC AIR (FIGS. 19(a) TO (d))

Speci- Exposure conditions Tensile test data Salt coating Heat-
men - . Y 5| tinted
Temper- Time, Stress Creep, Ultimate Fracture Reduc- | Elonga- | mg/em®| mg/in. cracks
ature hr a| | percent reduc- stress stress tion of | tion,
o ° MN/m” | kst tion of area 3 . 2 i area, | percent
C F MN/m*| ksi | MN/m*“| ksi percent
Heat treatment (1)
51 320 | 600 95 690 | 100 0 1080 | 157 1010 | 146 28 15 0.24 1.6 No
47 320 | 600 96 760 {110 .5 1080 {158 1030 | 149 23 10 .12 .80 Yes
50 480 | 900 93 350 50 0 1110 | 161 990 | 144 34 17 .11 .70 No
48 93 410 60 0 1100 | 159 990 | 143 33 16 .07 .49 No
44 95 480 70 0 1100 | 160 1060 | 153 27 13 .12 i No
52 95 550 80 .5 1110 | 161 1060 | 153 28 15 _12 1T Yes
Heat treatment (24)
29 320 | 600 96 210 30 - 1100 | 160 1040 {151 25 i3 0.14 0.89 No
30 280 40 -— 1080 | 157 1080 | 157 T 5 .17 1.1 No
32 410 60 —— 1090 | 158 1090 | 158 6 2 .14 .91 No
36 480 70 ——= 1100 | 159 1100 | 159 6 3 .02 .10 Yes
34 { 4 550 | 80 .3 1090 | 158 | 1090 | 158 5 3 .07 .48 Yes
26 480 | 900 96 70 10 -— 1100 | 160 1100 | 160 8 6 .06 -39 No
27 210 30 .3 1120 | 162 1120 | 162 11 6 .05 .33
238 280 40 1] 1130 | 164 1080 | 157 25 13 —— -——
31 280 40 1] 1090 | 158 1090 | 158 T 3 .07 .49
39 95 350 50 .8 1060 | 154 1060 | 154 4 1 .07 .47 Yes
28 Y 94 480 70 2.4 1060 | 153 1060 | 153 4 1 .11 .11 Yes
Heat treatment (2B)
24 320 | 600 96 140 20 -— 1070 | 155 1030 {150 26 17 0.04 0.25 No
20 99 140 20 - 1080 | 156 1020 | 148 26 17 .09 .55
18 96 210 30 —— 1060 | 154 1040 | 151 20 15 .05 .33
17 280 40 -— 1070 | 155 1070 | 155 8 6 .12 .82 1
16 350 50 - 1030 | 150 1030 | 150 6 1 .19 1.2 Yes
19 410 60 - 1020 | 148 1010 | 146 7 2 .04 .24
22 480 | 900 95 70 10 —— 1060 | 154 1060 | 154 6 2 .01 .01
23 480 | 900 96 210 30 - 1020 | 148 1020 | 148 5 2 .12 .79 y
Heat treatment (2C)
a9 320 | 600 95 T0 10 -— 1090 | 158 1070 | 155 19 14 ———- - No
5 96 70 10 - 1020 | 148 1000 | 145 9 3 0.11 0.68 No
18 96 140 20 -—= 1010 | 147 1010 | 147 9 5 .09 .59 Yes
11 96 280 40 -— 1000 | 145 940 | 137 T 3 .02 .11 Yes
a3 480 | 900 95 T0 10 ——— 1100 | 159 1100 | 159 13 11 -—— -—— No
10 480 | 900 95 70 10 -— 1040 | 151 1040 { 151 8 2 .13 .86 Yes
14 480 | 900 96 - 210 30 - 1010 | 147 1010 | 147 T 1 .06 .37 Yes
2Unsalted.
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TABLE XVL - 643 DUPLEX, CHEMICALLY MILLED, DYNAMIC AIR (FIG. 20}

Speci- Exposure conditions Tensile test data Salt erating Heat~
: i e tinted

cracks

men ] ) .3 S
Temper~ Time, Stress Creap, Ultimate Fracture Reduc- | Blanga- | mg/em™ { mg/in,

percent reduc- stress stress tion of tion,
ared. |percent

ature hr

2
MN/m*®} ksl tion of area P

0, = WAN S i 2
<1 “F MN/m“] ket | MN/m percent

320 1 600 j 1480 | 215 1480 g 4
320 | 600 o6 g 1580 |} 229 1580 )
3261 600 1340 {194 1340

[

b

430 § 800 . 1580 | 229 1580
1810 | 234 1610
1580 1229 1580

850 {123 850

[ R

TABLE XVII. - 13-11-3 DUPLEX (FIGS. 21{a) TO (c}))

Exposure conditions Tensile test data galt coating Heat-
tinted
eracks

2
‘Femper- Time, Stress Creep, Ultimate Fracture Reduc- | Elonga- | mg/em® | mg/in.
ature hr

percent reduc- stress stress tion of tion,

MN/mE ] ks

tion of area 2 2 area, |percent

ksl percent

°%c | °r MN/m

ksi | MN/m

As-machined, dynamic air

1070 | 165 1070
1280 | 188 1280
1220 |17 1220
1190 | 173 1190
1220 [ 177 1220

830 121 830

109G | 158 1090
1400 | 203 1400

Chemically milled, dynamic air

1170 1170
1100 1100
1320 |1 1320
1080 g 1080
1260 1260

B bho W
Lo o

3

1180 |1 1160
1220 1220
1340 1340

milled, static air

320 9 1130 | 164 1130
320 86 28 4 1250 1181 1250

430 9 0 1100 {159 1100
12 430 ] £ : 1130 1 184 1130
34 430 ( . 1100 | 159 1100

R Unsalted.




TABLE XVIII. - INFLUENCE OF EXPOSURE TIME AT 480° ¢ (900° F)

[Chemically milled, dynamic air (fig. 7).]

Speci- Exposure conditions Tensile test data Salt coating Heat-
men R 9 9 tinted
Time,| Stress Creep, Ultimate Fracture |Reduc- |Elonga- ; mg/em® | mg/in.® | .
hr 2 percent reduc- stress stress tion of | tion,
MN/m*“ | ksi .
tion of area sl . 9 _ | area, |percent
MN/m*® |ksi | MN/m*“|ksi percent
64 Mill anneal
39 235 210 30 9.9 1220 177 1050 | 152 34 14 0.11 0.72 No
29 1000 140 20 12 1270 | 184 1090 | 158 33 18 .03 .20 No
38 1000 140 20 17 1180 1171 1080 | 156 28 11 .05 .29 No
235 475 210 30 37 ——= |- —— - 37 17 .03 .23 Yes

64 Duplex
54 244 210 30 1.2 1180 171 1040 |.150 31 13 0.16 1o No
88 216 280 40 2.8 1230 | 178 1040 | 151 33 15 .03 .23 No

6242 Mill anneal
87 242 420 60 i.5 1160 | 169 1050 | 152 32 14 0.04 0.27 No
93 1000 350 50 .8 1150 | 167 1070 | 155 28 15 .02 .16
88 1005 350 50 1.3 1170 | 170 1080 | 156 30 14 .03 .20
89 983 350 50 1.5 1190 | 173 1040 | 151 34 18 .04 .27
83 1000 420 60 2.5 1180 | 171 1180 | 171 12 9 .04 .28 Yes
6242 Duplex
54 216 280 40 0.6 1040 | 151 970 | 141 30 20 0.03 0.18 No
59 244 420 60 1.3 1060 | 153 1050 | 152 14 12 .02 .15 Yes
1 1000 280 40 0 1050 | 152 960 | 139 33 19 .04 .25 No
41 1000 350 50 .6 1050 | 152 1050 |.152 11 7 .03 .19 Yes
679 Mill anneal

16 259 350 50 ——— 1060 | 153 990 | 143 28 16 0.05 0. 30 No
37 240 350 50 0 1070 | 155 1020 | 148 24 15 .13 .84 No
17 240 420 60 .5 10706 | 155 1010 | 146 26 17 .04 .25 No
33 216 420 60 0 1020 | 148 1020 | 148 T 6 1T 1.1 Yes
14 1000 210 30 0 1060 | 154 1040 | 151 18 13 .03 1T No
40 1001 210 30 0 1030 | 149 1020 | 148 18 14 .05 .31 No
35 1000 280 40 0 1050 | 152 1050 | 152 i1 11 .05 .30 Yes
32 1000 350 50 .8 1060 | 154 1060 | 154 8 5 .01 .08 Yes

679 Duplex
44 244 420 60 0 1080 | 157 990 | 144 27 16 0.10 0.67 No
80 216 480 70 .3 1090 | 158 1090 | 158 13 10 .12 .80 Yes
52 1000 280 40 0 1100 | 159 1060 | 153 23 15 .02 .13 No

5621S (1)
43 1025 420 60 0 1120 | 163 1030 | 150 31 16 0.07 0.46 No
49 1004 480 70 .2 1120 | 163 1100 { 160 19 14 .05 .29 Yes

2pailed during exposure.
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Transverse Longitudinal

{a} 811 Mill annealfair cool,

Transverse Longitudinal
th 811 Mili anneal/furnace cool,

Figure 8. - Photomicrographs of titanium altoys,
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Transverse Longitudinal
{e) 64 Mill annesl,

Transverse Longitudinal
(ft 64 Duplex.

Figure 8, - Continued,
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{g) 6242 Mill anneal.
{h) 6242 Duplex.

Figure 8

Transverse
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Transverse Longitudinal
{i} 679 Mill anneal.

Transverse Longimdinal
() 679 Duplex,

Fiqure &, - Continued.
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Transverse Longitudinal
{m) 56215 (2B).

Transverse Longitudinal
in) 56215 (2B},

Figure 8, - Gontinued.
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Longitudinal Longitudina)

ir} 13-11-3 Duplex. (s} 13-11-3 Duplex,
Figure 8, - Concluded,
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Figure 14, - Threshold curves for 64 duplex {table X).
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Figure 17, - Threshold curves for 679 mill anneal {table XIIT),
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Figure 18, - Threshold curves for 679 duplex (table XIV),
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Figure 19. -~ Threshold curves for 56215, chemically milled, dynamic air (table XV,
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conducted so as to contribute . . . to the expansion of human Enowl-
edge of phenomena in the ammosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAT PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad

in scope burt nevertheless of importance asa
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons. .

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION ' -
PUBLICATIONS: Information on technology

used by NASA that may be of particular

interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and

"Fechnology Surveys.

Details on the availabilify of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
: o . Washington, D.C. 20546 ~




