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FOREWORD

This report was prepared by the Materlals Research Group of Noxthrop
Norair, a2 Division of Northrop Corporation, under USAF Contract No. AF 33
(£15)-3642. The contract work was performed under Project No, 7381, "Materi~
als Application’, and Task No. 738107 "Detection, Control, and Prevention of
Gorrosion'". The research activities discussed in this Technical Report cover
the period from 1 March 1966 through 30 May 1967, This report was submitted
for publication 18 December 1967, Report N¢. NOR 67-151 ha. deen assigned for
internal control.

The work was administered under the direction of the Air Force Materials
Laboratory, Research and Technology Division, with Mr., George M. Yoder, MAAE,
serving as sroject engineer.

The program at Nonthrop Norair was performed with Mr. L. H. Stone serv-
ing as project experimentalist and Mr. A, H. Freecdman serving as principal
invastigator.

Additional Northrop Norair pirsonnel who made major contributions to the
effort described in this raport were: Messrs. H. R, Miller, R, E, Herfert,
H. E, Lgngmar, J. Abger, and R. E. Rosas.

This Technical Report has been reviewed and ig approved.

W. P, CONRARDY, Chief

Systems Support Branch
Materials Applications Division
Af{x Force Materials Labocrrtory
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ABSTRACT

Hete~salc stiess-corrosion cracking of Ti-6Al-4V, Ti-BAl-1Mo-lV, Ti-13V-
11Cr-3A1, Ti-6Al-6V-2Sn, and TL{-679 was investigated for both continuous ex-
posure and a specified, cyclic, thermal exposure representing a typical Mach

3 mission. The effects of heat treatment and material thickness were also
studied.

Initial tests on fatigue-cracked specimens showed that hot-salt stress-
corrosion cracking is not controlled by fracture mechanics because new sur-
face cracks nucleate and grow in preference to an existing fatigue crack.
Therefore, all subsequent tests were conducted on smooth specimens.

At 450F, only mill-annealed T1-8Al1-~1Mo-~lV showed stress-corrosion cracke-
ing. At 550F and 650F, i.dividual threshold values of stress were established
for each material below which no cracking occurred for either continuous or
cyclic exposure. Most of these threshold levels lay between 0.35 and 0.50 of

the yield strength at 550F and between (.25 and 0.45 cf the yield strength
at 650F,

At stress levels jusu above threshold values, cyclic nucleation times
were substantially longer than continuous nucleation times. As the stress
level increased, this difference decreased, and at high stress levels, both
nu:leation times were essentially the same., Welding produced no detrimental
e fects on the stress corrosion behavior of Ti-8A1-1Mo-1V and Ti-6A1-4V,
Welded specimens had much longer nucleation times, cyclic or continuous, than
the parent metal at 550F; at 650F, the continuous nucleation timnes for welded
specimens approximated those for the perent materials, but the cyclic nuclea-
tion times were substantially longer. The behavior of welded spzcimens may
have been influenced by the presence of compressive surface residual stresses
produced during specimen preparation.

The kinetics of the formation of TiCi; on NaCl-coated titanium alloys
and of its decomposition at room temperature were measured by X-ray diffrac-
tion, Detectable amounts of TiCl, appeared after periods of 0.25 to 17 hours
for various alloys at temperatures from 550F to 730F. Decomposition times at
room temperature were relatively constant at 4 to 5 hours. Specimens were
subjected to a special cycle of heating at 550F for less time than that to
produce detectable TiCl; and holding at room temperature for longer than
needed to decompose TiCly. These specimens did not show cracking in times
well beyond the nucleation times for the standard cycle.

The results of this program indicate a atrong possibility for eliminat-
ing hot-salt etress corrosion of titanium structures operating above 550F,
even at high stresses, if the thermal cycles to which the structure is exposed
can be controlled. The time at temperature should be less than the time to
form TiCly, and the time betueen cycles at room temperature greater than the
time required to decompose TiCl,.

This abstract is subject to special export controls and each transmittal
to fcreign govermments or foreign nationals may be made only with prior
approval of Air Force Materials Leboratory (MAAS), Wright-Patterson Air Force
Base, Ohic 45433,
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1 INTRODUCTION

Laboratory tests have established that titinfum alloys are susceptible
to hot-salt stress-corrosion cracking at eleva’.ed temperatures. In contrast,
.tressecorrosion cracking has not been found ’n titanium parts operating in
zircraft at elevated temperatures in a marinr atmosphere, However, the majcr-
ity of laboratory tests have been based upor continuous elevated-temperature
exposures, whereas service experience has iavolved short-time cyclic exposures

I'd
at elevated temperatures, Limited laboratory data‘l) have gshown that hot-salt

stress corrosion is reduced significantly &y thermal -ycling.

A plausible explanation for this as.omaly iz that hot-salt stress corro-
sion of titanium alloys requires a nucleation time at elevated temperature to
establish the chemical cell necessary Jor initiation of stress-corrosion
cracking, Each time the temperature js reduced, the equilibrium chemical cell
may be changed in a manner to retard or stop the stress-corrosion process.
Upon reheating to an elevated temperature, time may be required to renucleate
the stress-corrosion chemical cell before cracking is possible. If typical
flight profiles involve thermal exposure tixes less than the nucleation time,
stress~corrosion cracking may be suppressed,

The purpose of this investigation has been to determine nucleation times
for hot-salt (NaCl) stress corrosion as a function of stress and temperature
for several titaniux alloys under contimious and cyclic thermal exposures,
This information wil eatablish:

1. Whether thermal conditions in real flight are close to a critical
time of nucleation.,

2. Whether repeated thermal exposures below a nucleation time .re
independent or cumulative to some degree with respect to stress-
corrosion cracking.

Single-edge-notched and fatigue-cracked specimens, modified NASA self-
stressed specimens, and smooth tensile specimens were selected for det ermina-
tion of stress~corrosion nucleation times.under cyclic and continuous thermal

exposures.
.

II MATERIALS

Titanium alloys included in this program are Ti-6A1-4V (T164), Ti-8Al-
Mo-1V (T1811), and Ti-13V-11Cr-3Al (B120) in the form of 0.030 - 0,040 inch
sheet and 1/8-inch plate, and Ti-6A1-6V-2Sn (T1662) and Ti~2.5A1-11.5S8n-6Zr-
1.2M0-0.2754 (T1679) in the form of 1/8-inch plate. Weldments of 1/8-inch
T1811DA (duplex annealed) and Ti64STA (soluticn treated and aged) were also
included. The alleys were procured from Titu.nium Metals Corporation of

America with the as-received heat treatments and chemical ansaiyses showa in
Table I.
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III PROCEDURES

MECHANICAL PFOPERTIES

Transverse tensile properties of the allcys were determined at 450F,
550F, and 650F to qualify the program materials and heat treatments. Several
tensile coupons of each alloy were tested in the as-received condition or
heat treated according to the schedule shown in Table I1I., Tensile coupons of
Ti811, Ti64, and B120 were annealed in a cold-wall vacuum furnace. Solution-
treated tensile specimens of B120 were encapsnlated in an evacuated envelcpe
of stainless steel and aged in a recirculatiag air furnace.

The T1662 tensile coupons were solution treated in an air furnace and
water quenched. Surface contamination was removed by alternately etching in
a SHF-35HNO3-60H20 solution operating at room temperarure and brushing to
remove corrosion products. A total etching time of 30 minutes was employed
to remove 0,002 inch per side., Subsequent aging of these specimens was per-
formed in the cold-wall vacuum furnace.

Because the Ti679 was received sheared to 6-inch lengths, the 1/2-inch
wide tensile specimens made from it had only l-inch gage lengths, Other
alloys were tested using standard specimens of 2-inch gage length and 1/2-
inch width.

EDGE-NOTCHED SPECIMENS

Figure 1 shows the single-edge-notched and fatigue.cracked specimens of
sheet and plate which were employed to study stress-corrosion nucleation
times in the presence of a crack. Each specimen was scrubbed with cleanser
and alkaline cleaned prior to tension-tension fatigue cracking at a net sec-
tion stress of approximately 20,000 psi maximum and 2000 psi minimum using
a 3600 cpm fatigue machine.

Salt was placed in the fatigue cracks as discussed in a subsequent sec-
tion of this report. In some cases, the specimen surfaces were also coated
with 0.002 + 0.0005 inch of NaCl applied by heating the specimens to 400~450F
followed by spraying a kot aqueous solution of NaCl.

Specimens were dead-weight loaded in a lever-arm fixture and heated by
quartz lamps. A transit was used to measure crack growth during a test.
After testing, specimens were fractured and examined visually and by electron
microscope fractography. The nucleation time for stress corrusion was defined
as the time required to produce 0.004~ 0.010 inch of crack growth by stress
corrosion,

SELF-STRESSED SPECIMENS

Modified NASA self-stressed sheet specimens were fabricated from 4 x
0.350 x 0.035- 0.040 inch strips to provide a widih.to-thickness ratio of
approximately 10 and a bilaxiality ratio of 0.50(2), The standard NASA speci-
men of 1l/4-inch width provided a width-to-thickness ratio of 6,25 and a biaxi-
ality ratio of 0,45 using 0,040-inch-thick material.,
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Specimen blanks were shearad with the width parallel to the rolling direc-
tion and machined to size. The ends were bent to the desired angle, and the
strips were alkaline cleaned, etched in a ZHF-25HNO3-73H20 solution, and spot
welded together to produce the configuration shown in Figure 2. The bend
angle raquired to produce a given stress was determined by trial and error.

The separation distance, d, (Figure 2) required to produce a given stress was
determined from the following relationahip(3):

B [t%? 1/2
- %-(% - o)

where
t = sheet thickness - inch

E = Young's modulus at test temperature ~ psi
0 = maximum fiber stress - psi
C = 2.5 inches.

The center regions of each specimen were coated with 0,002 + 0.0005 inch
of salt on the tension sides using the hot spray technique. After thermal
exposure, salt and corrosion products were removed by scrubbing with cleanser
followed by swab etching in 2HF-25HNO,3-73H70; visual examination at 500X was
employed to detect stress-corrosion crack formation.

SMOOTH TEHSILS SPECIMENS

Smooth tensile specimens were fabricated to the configuration shown in
Figure 3. Since thicknesa varied somewhat among the sheet and plate materi-
als, specimen widths were adjusted to provide specimens of constant cross-
sectional area.

Procedures for cleaning, salt coating, removal of salt and corrosion
products, and examination for cracking followed those for self-stressed
specimans., Testing was conducted under dead-weight lever-arm loading and
quarts-lamp heating as employed for the fatigue-cracked specimens.

WELDED SPECIMENS

Several Ti64STA (solution treated and aged) and Ti811DA (duplex ann:aled)
plates 3 x 15 x 1/8 inch were welded by the automatic TIG process using the
welding parameters shown in Table I1I. A double bevel was used for joints
welded with commercially pure titanium (Ti-754) filler to minimize base alloy
dilurion. The weld bead was milled flush with the base alloy and approxi-
mate.y 002 inch was also removed simultaneously from the heat-affected zone
and adjacent base sllioy. Each weldment was X-rayed Lefore smooth tensile
spscimens were mach’ned to configuration shown in Figure 3, The fusion zone
of each specimen was on the specimen centerline perpendicular to the loading
direction and paralliel to the rolling direction. Machined surfaces were hand-
sanded to provide a smooth surface for examination after stress-corro<ion
testing. Cleaning, salt cvating, and testing procadures were the sam¢ as the
procedures used for smooth tensile specimens of the parent materials.
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ROLLING
DIRECTION

, N

A+0,005

)

1172

NaCl COAT 1/2 RADIUS

0.002 £ 0.0005

T

ALLOY

Ti~-8Al-1Mo-1V
Ti-8Al-1Mo-1V
Ti-6A1-4V
T1-6A1l-4V
T1-13V-11Gr-3Al1
Ti-13v-1l1Cr-3Al
Ti-6A1~6V-25n
T{-2.5A1=11,58n
02r-1.2M0-.2751

(.

ALL DIMENSIONS IN INCHES

THICKNESS

0.035 Inch
0.125
0.039
0.120
0.042
0.120
0.120
0.132

nA" DIMENSION

0.557 Ianch
0. 500
0.500
0.320
0.465
0,520
0.520
0.475

FIGURE 3 SMOOTH TENSILE SPECIMEN
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CYCLIC THERMAL EXPOSURES

For determination of nucleation times under cyclic thermal exposures,
the following standard cycle was specified:

l. Heating to test temperature in 10 to 15 minutes.
2. Holding at temperature for three hours.
3., Cooling for 45 to 50 minutes.

Figure 4 shows typical thermal cycles for specimeuns of sheet and plate
tested at 550 and 650F. This cycle was repeated continuously by an automatic
programming system. In the case of self-stressed specimens, two of the above
cycles were performed each day, and the specimens were stored overnight im a
desiccator,

A special cycle (Figure 5) was employed on aseveral specimens of Ti811DA
sheet at 550F. This cycle was repeated continucusly by an automatic program-
ming system.

X-RAY DIFFRACTION MEASUREMENTS

Het-stage X-ray diffraction was used on NaCl-coated specimens of titani-
um-sheet to determine the time required to form TICI; at elevated tempera-
tures, and the time for TiCly to decompose at room temperature. All measure-
ments were taken using a Norelco diffractometer and copper Ko radiation at
50 Kvp and 20 ma. A sample arez of approximately 1/2-inch by 3/4-inch was
covered by the X-ray beam.

All specimens were sprayed with a hot NaCl solution to develop a thick-
ness of 0,001 inch of NaCl or 0.002 inch of NaCl which was then microtomed
to 0,001 inch. Both techniques produced equivalent test results. The stand-
ard 0,002 inch coating could not be utilized because the diffracted X-ray
‘beams were absorbed by the thicker salt layer.

IV BESULTS AND DISCUSSION

MECHANICAL PROPERTIES

Most alloys are more susceptible to stress corrosion in the transve.se
direction than in the longitudinal direction. Thus, all testing was per-
foimed on transverse specimens. Transverse mechanical properties at 450,
550, and 650F are listed in Tabie IV, The alloys and heat treatments were
considered accaptable bgted on the mechanical properties obtained. Young's
modulus data were obtained primarily for calculation of stress levels on
self-agtressed apecimens.
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EDGE-NOTCHED SPEC IMENS

The edge-nctched and fatigue-cracked specimens tested were of Ti811
alloy primarily, although some testing was performed on the other program
alloys. In order to obtain reproducible nucleation times for stress corro-
sion, it was necessary that the salt be placed at the crack tip, Initially,
each specimen was fatiguu~cracked, static loaded tc open the crack, and
saturated salt solution was placed at the notch root. Approximately one hour
was required for the salt solution co flow to the tip of the crack by capil-

lary attraction. Surfaces of some specimens were then coated with salt while
surfaces ~f other specimens were left uncoated.

Considerable scatter in stress-corrosion nucleation times was cbserved
for specimens prepared by the above-mentioned method. This was attributed to
difficulties in flowing the salt solution to the crack tip in a consistent
and reproducible manner. Therefore, a new procedure was adopted. A drop of
NaCl solution was placed at the notch and pumped into the existing fatigue
crack by cycling between a 1 and 5 ksi net-section stress. Salt solution was

placed at the crack tip very effectively using this procedure, which was em-
ployed for all subsequent tests,

Typical results of visual and fractographic analyses are shown in Figures
6 and 7 for Ti811DA sheet and plete specimens tested at 800F. In all cases,
the fatigue cracks were typified by regularly-spaced fatigue striations,
Salt at the crack tip produced .. stress-corroeion crack-extension easily
identified by the presence of a dark band just beyond the fatigue-crack
front. Formation of this band was characterized by an initial crack ex-
tension of approximately 0.004 to 0.0l inch which was defined as stress-cor-
rosion nucleation. However, after the initial crack extension, further
growth of the crack becsme very slow. Presumably, this occurred because
solid salt was not effectively transported to the tip of the crack. This
type of behavior was olUserved in specimens containing salt in the cracks as
well as specimens which contained salt on the surfaces and in the cracks.
Stress corrosion tests at 550F and 650F produced similai results.

Fractographs of the dark bands just beyond the fatigue cracks show
transgranular cleavage~type fracture typified by planar cleavage facets.
This fracture topology apparently characterizes hot-salt stress corresion
of Ti811DA. This fracture topology is also shown (Figure 6) in the area
where surface salt had produced severe inward stress corrosion. These fracto-
graphs show no avidence of corrosion-product formation in the dark bands just
beyond the fatigue cracks. It is believed that the low quantity of salt at
the crack tip could not produce corrosion products visible at this magnifics-
tion, since a heavy formation of corrosion products was observed in the stress~
corrosion regions initiating from the salt-ccated surfaces (Figure 6).

The styess~corrosion fracture topology was not comparable to notch-
infriated fxaciusasuhich normally show a transgranular, dimpled structure
for this aligy %) 1in 2d8dition, this topology was not zaused by oxidation
alone since one fatigue-cracked plate sample with no salt was exposed for
30 houra at 800F at a net-section stress of 15 ksi, No evidence of crack

14
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TRANSGRANULAR
FATIGUE CRACK STRESS CORROSION DUCTILE OVERLOAD

S0

FRACTURE FACE
SALT IN CRACK T Ty
AND ON SURFACE- SPEE
15 KSI NET
SECTION STRESS
FOR 100 HRS AT
800F

NUCLEATION TIME [N A . ‘
25-29 HRS AT 800F } et o e o
FATIGUE CRACK | le————— TENSILE OVERLGAD

' —»| e—— STRESS CORROSI(CN CRACK EXTENSION
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FIGURE 7 FRACTOGRAPHIC ANALYSIS OF HOT~SALT STRESS-CORROSION
JRACKING OF Ti~841-1Mo-1V DUPLEX-ANNEALED PLATE
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extension or of the dark stress-corrosion band was observed.

Additional specimens with and without salt at the crack tip were coated
with 0.002 inch of NaCl and exposed in the 550F to 800F range. Results of
these tests led to several conclusions cencerning the use of [atigue-cracked
specimens to determine stress-corrosion nucleation times, Thes2 conclusions
are as follows:

1. Salt on the surface alone produced no growth of the existing fatigue
crack, but did produce nucleation and growth of surface stress cor-
rosion cracks in the high stress region near the crack tip. Since
the stress field varied in this region, it was difficult to corre-
late crack-nucleation time with stress level.

2. Salt on the surface and at the crack tip produced growth of the
existing fatigue crack by stress corrcsion and the formation of new
surface cracks as discussed above, The nucleation and growth of new
surface cracks produced a greater loss in net-section area than
growth of the existing fatigue crack.

3. Salt at the crack tip alone produced an initial growth of the fatigue
crack by stress corrosion. However, times required to produce this
growth were not reproducible., After 0.004~0.010 inch of crack
growth, the growth rate decreased very substantially because the salt
was not transported to the crack tip. Thus, the corrosive environ-
ment at the crack tip was not constant,

The approaches employing salt on the surface are not controlied by frac-
ture mechanics, i.e., only growth of the existing fatigue crack, because addi-
tional surface cracks nucleate and grow independent of the existing crack.

The approach with salt at the crack tip alone follows fracture icechanics, but
experimentgl problems produced a high degree of scatter in nucleation times.
A real structure in service would undoubtedly have salt on the surface and in
existing cracks. Thus, loss of load carrying ability woulid be dependent pri-
marily upon loss of net-section area caused by nucleation and growth ox new
surface cracks and not growth of an existing crack by stress-corrosion.

Since the above observations show that hot-salt stress corrosion of tita-~
nium alloys is not controlled by- fracture mechanice, use of fatigua-cracked
specimens is not necessary and, indeed, is inadvisable because of poor test
reproducibility. Therefore, smooth tensile specimens were employed for the
remainder of this program,

SELF-STRESSED SHEET SPECIMENS

Stregs~corrosion nucleation cimes obtained under continuous thermal ex-
posure at 450F are summarized in Table V. The T1i811MA sheet stressed at 95
ksi exhibited a stress-corrosion nucleation time of 1000-1500 hours. The re-
maining alloys showed no stress corrosion aftexr 2550 hours of exposure at
stresses of approximately 60%-90% of their yield strengths at 450F, Since
these data indicated that hot-calt stress-corrosion cracking wac not a signi-
ficant problem at 450F, further testing was concentrated at 550F and 650F
where the problem was potentially more severe.
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TABLE V

CONTINUOUS STRESS=~CORROSION NUCLEATION TIMES

AT 450F ON SELTF-STRESSED SHEET

(1) TEST STRESS APPROXIMATE NUCLEATION
ALLOY (ksi) PERGENTAGE OF TIME
450F YIELD STRENGTH {hours)
Ti64STA 80 65 >2550
95 80 >2550
Ti64A 80 80 >2550
Ti811DA 80 75 >2550
95 90 >2550
Ti811MA 80 70 >2550
95 85 1000-1500
B120STA 120 70 >2550
140 85 >2550
B120A 80 75 >2550
95 90 >2550
NOTE: (1) STA - Solution Treated and Aged

A - Annealed
DA - Duplex Annealed
MA - Miil Annegled

18
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Table VI shows the stress-corrosion nucleation times obtained under con-
tinuous thermal exposures and the specified, standard, cyclic thermal expos-
ures at 650F. 1n general, continuous nucleation times were longer than a
single Mach 3 mission, but several orders of magnitude shorter than the over-
all design life of a Mach 3 aircraft. With the exception of B120 in both
heat-treat conditions, the cyclic nucleation times were essentially equivalent
to the continuous nucleation times. The cyclic nucleation times for B120STA
and B120A at 40 ksi are highly stress dependent and this suggested that a de-
crease in test-stress levels for all program alloys would show larger differ-
ences between cyclic and continuous nucleation times.

SMOOTH TENSILE SPECIMENS

Smooth tensile specimens of sheet and plste were employed for the major-
ity of tests on this program rather than self-stressed specimens. Dead-
weighl-loac - tensile specimens offered the advantages of more gccurately de-
fined stresses, elimination of stress changes caused by relaxation, and a
crogss-section at a constant stress rather than a var ing stress.

Several tests were conducted under continuous thermal exposure at 650F
to determine stress-corrosion nucleation times as a function of rolling direc-
tion. Plate specimens of Ti811DA exposed at 70 ksi exhibited stress-corrosion
nucleation times of 28 hours and less than 6 hours in the longitudinal and
transverse directions, respectively. Plate specimens of T164STA exposed at
60 ksi exhibited nucleation times of 11 hours and less than 6 hours in the
longitudinal and transverse directions, respectively. These limited data
showed that hot-salt stress corrosion occurred moze rapidly in the transverse
direction than the longitudinal direction, which is typical of a large number
of stress corrosion processes. Therefore, all further tests on smooth speci-
mens were conducted on transverse specimens to represent the worst conditions.

Stress-corrosion nucleation times are shown in Figures 8 through 15 for
continuous thermal exposure and the specified, cyclic, thermal exposure.
Nucleation times are plotted as a function of the ratio of test stress ( Ogc)
to yield strength ( Oyg) at 550F and 650F in order to normalize differences in
strength levels of various alloys. On these curves, points with arrows point-
ing to the left indicate specimens which exhibited relatively large cracks and
were therefore :xposed beyond the nucleation time. An arrow to the right in-
dicates that no cracking had occurred at the time indicated. Many data points
from early tests which did not contribute tc a clese definition of nucleation
times were omitted to make these figures clearer.

In general, the data in these figures were only in fair agreement with
comparable résults cbtained on self-stressed specimens. However, the data for
self-stressed specimens were considered less accurate because loading condi-
tions were not as well defined as they were for the smooth-tensile specimens.
In addition, the thermal cvcles for gself-stressed and smooth specimens were
somewhat different. Self-stressed specimens were held overnight at room tem-
perature whereas smooth specimens were cycled continuously.

Figures 9, 11, 13, 14, snd 15 show that most of the alloys tested at
650F exhibited continucus nucleaticn times of 10 hours or less at Ugc/ Oyg
ratios as low as 0,.5. Thus, nucleation of stress corrosion cracks at 650
was very rapid and, in many cases, well within the time-gzt~temperature of a
single Mach 3 mission. At 550F (Iigures 8, 10, 12, 14, and 15) and a4 / Oys
ratios of 0.5 or less, continuous nucleation times were generally greater than

]




TABLE VI

CONTINUOUS AND CYCLIC STRESS~CORROSION NUCLEATION

TIMES AT 650F ON SELF-STRESSED SHEET

DA - Duplex Annealed
MA - Mill Annealed

(2) Thermal Cycle:

Pt i e e e
TEST APPROXIMATE CONTINUOUS cveric(?)
STRESS PERCENTAGE OF NUCLEAT:ON  NUCLEATION TIME
aLLoy(V) (ksi) 650F YIELD STRENGTH TIME (hours) (TIME AT TEMP.)(hours)
T164STA 60 55 52.5 % 2.5 .51
80 70 23 % 2 Between 21111
, T164A. 60 70 70 %2 72
] 75 90 9 =1 Between 9«45
Ti811DA 60 65 52,5 & 2.5 51
80 85 23 %2 21
T811MA 60 60 7 %1 8
80 75 7 %1 6
B120STA 40 25 22.5 £ 2.5 >210
80 50 Less than 1
é 120 75 Less than 1
, B120A . 40 40 96 >210
; 60 o0 Less than 1
! 80 80 iess than 1
E H = — — — —
: NOTES: (1) STA - Solution Treated and Aged
F A < Annealed

a. Heating to 650F in 10-15 minutes
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Holding at 650F for thres hours
Cooling for 45-50 minutes
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a single Mach 3 mission, but several orders of magnitude less than the design
life of a Mach 3 aircraft. At higher oscl 0,. ratios, continuous nucleation
times varied greatly depending upon the apec!gic alloy, its heat treatment,
and its gage; nucleation times for scme alloys were iess than a single Mach 3
mission; whereas, other alloys exhibited longer nucleation times,

No genergl trends were observed in continuous nucleation times as a func-
tion of material thickness in the Ti1811 and B120 alloys. At 550F and 650F,
the 7164 alloy in plate form exhibited shorter continuous nucleation times
than sheet in both heat treat conditions. However, the differences between
nucleation times for sheet and plate specimens of a specific alloy were relat-
ively small.,

Heat treatment produced significant effects on continuous aucleation
times at 550F and 650F., Figures 8 and © show that stress-corrosion cracks
generally nucleated more rapidly in Ti64STA than in Ti164A, Similarly,
Ti811MA exhibited shorter nucleaticn times than Ti811DA (7igures 10 and 11).
Figures 12 and 12 show that nucleation times for B120STA were considerably
shorter than for Bl120A. At 550F, T1662A exhibited much shorter nucleation
times than T1662STA, but this trend was reversed at 650F (Figure 14).

?Differences between continuous and cyclic nucleation times depended upon
the specific alloy and its condition. Cyclic nucleation times were subatan-
tially longer than continuous nucleation times at 0gc/Oyg ratios in the
range of 0.3 to 0.6, At ratios above approximately 0.&, cyclic and continuous
nucleation times were essentially equivalent. 3Several exceptions which still

| showed significantly longer cyclic nucleation times well above a ratioc of 0.6
were the following:

550 and 650F

> Ti64STA Sheet (Pigures 8 and 9)
Ti64A Sheet 550 and 650F (Figures & and 9)
Ti811DA Sheet 550F (Figure 10)
Ti811IMA Sheet 550F (Figure 10)
Ti811DA Sheet 650F (Figure 11)

Figures 8 through 15 showed a strong trend toward the development of
threshold Ogzc/ Oyg ratios beiow which stress corrosion would not cccur under
continuous or cyciic thermal exposures, Approximate threshold ratios for
stress corrosion are summarized in Table VII. In most cases, there was no
significant. difference between the threshold 0.,./ 0.5 ratios for continucus
and cyclic exposures. Only Ti0662A plate tested at §50F and 650F (Figure 14)
and Ti811MA sheet tested at 650F (Figure 11) had cyclic threshold-ratios that
were somewhat higher than continuous threshold-ratios. For most of the alloys,
threshold zatios under cyclic and continuous exposures fell within the bands
of 0.35 to 0,50 at 550F and 0.25 to 0,45 at 650F. Thus, as the test tempera-
ture was increased from 550F to 650F, the threshold ratics decreased only
moderately.
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Stress-corrosion susceptibility ratings for the program materials were
determined based upon threshold loading conditions for stress corrosion under
cyclic thermal exposures at 550F and 650F, Since threshold levels were almost
identical under continuous and cyclic exposures, the ratings were essentially
the same for either case, Ratings based upon threshold ¢ zc/ 0ye ratios are
shown in Table VIII. At 550F, Ti679STA plate and B120A plate were least sus~
ceptible to stress corrosion; Bl20STA sheet and Ti8l1 sheet and plate in both
heat-treat conditions were most susceptioix, At 650F, the susceptibility rat-
ings changed significantly; Ti64A sheet was ieast susceptible to stress corro-
sion and T1622STA plate was most susceptible,

S.ress-corrosion susceptibility ratings were also determined based upon
threshold stress levels ( 0gc), as shown in Table IX. This rating system did
not change relative positions of alloys substantially, except for B120STA
sheet and plate. The high strength of this alloy resulted in low stress-cor-
rosion susceptibility based upon a threshold @4 rating, but a high suscepti-
bility based upon a threshold @sc/ Oyy rating.

The above rating methods, based upon threshold loading conditions, show no
beneficial effects from the thermal cycle used in this program. At loading
conditions below threshold levels, stress corrosion cracking did not occur
under continuous or cyclic exposures, However, at loading conditions just
above the threshold levels, cyclic exposures produced a subgtantial increase
in stress-corrosion nucleation times in most cases. At higher loading con-
ditions, there was no benefit from cyclic exposures because continuous and
cyclic nucleation times were essentially equivalent, Therefore, the thermal
cycle used in this program reduced stress corrosion cracking only within a
region of moderate stresses., If higher sustained stresses are encountered in
a typical Marh 3 titanium aircraft structure operating at 550F to 650F, the
thermal cycle of this program would produce ro major reduction in hot-salt
stress-corrogion cracking.

WELDED SPECIMENS

The continuous and cyclic nucleation times obtained for welded specimens
of Ti811DA and T{64STA are compared with those for parent materials tested at
the same stresses and temperatures (Table X), Welding produced no detrimental
effects on the stress corrosion behavior of the Ti811DA and Ti64STA. Az 550F,
the weldments exhibited longer continuous nucleation time than parent materi-

als. At 650F, continuous nucleation times for welds were equal to or slightly
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longer than nucleation times for parent materials, with one exception. The
T164STA welded with Ti64 filler exhibited substantially longer continuous
nucleation times than parent material. Comparison of cyclic nucleation for
weléments and perent materials showed the welds to exhibit substantially
longer cyclic nucleation times than parent materials, particularly at 650F,
These results indicated that, based upon nucleation behavior, the most stress-
corrosion-sensitive region of weldments on these alloys was the parent materi-
al,

In contrast, Turley and Avery5 and Newcomer, Tourkakis, and Turner®
conducted very limited hot-salt (ASTM synthetic sea salt) stress corrosion
tests at 600, 700, and B0OF on welded and stress-relieved specimens of Ti64A
and Ti811 (triplex annealed). Both investigations showe- that welded and
stress-relieved specimens exhibited lower stress-corrosion threshold stresses
than parent material specimens. Turley and Avery5 said that, "Since the weld
zonc or heat-affected zone was not always the initiation point of stress-cor-
rosivn fracture and yet welded specimen threshold stresses were lower than
those for the basic material, we consider it likely that the stress relief

‘t;eatment was the major factor in lowering threshold stresses of the welded

specimens."” The results of Newcomer, Tourkekis, and Turner® showed the same
type of behavior,

Results of this investigation were considerably different than the re-
sults of the studies mentioned above. These latter results were obtained from
specimens which were stress relieved after welding with no machining of the
weld bead. In this investigation, no post-weld stress relief was employed,
and the weld bead was milled flush with the base alloy. Approximately G.002
inch was also removed simultaneously frrm the heat-affected zone and adjacent
base alloy during the milling operation.

It would not be expecte” that all of the microstructures represented by
the fusion and heat-affected zones would be less susceptible to stress corro-
sion than parent materi.l., However, the welded specimens did in fact exhibit
lower stress corrxosion susceptibility than parent material. It is possible
that machining produced residual surface compressive stresses which decreased
stress corrosion susceptibility, Additional tests are required to verify this

hypothesis,
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TABLE VIII

STRESS-CORROSION SUSCEPTIBILITY OF TITANIUM ALLOYS
BASED UPON CYCLIC THRESHOLD-STRESS RATIOS

550F 650F
GYGLIG THRESHOLD GYCLIG THRESHOLD
g g
ALLOY _i—‘.;—_%. ALLOY Zii
T1679STA Plate ~ .62 T164A  Sheet .54
Bl20A  Plate .57 .
T164STA Sheet .49
T164STA Sheet .50 BI20A  Sheet .45
Ti64A Sheet «30 TiBlIMA Sheet 39
Ti662A Plate «50 Ti679STA Plate 38
T1662STA Plate <.58 T164STA Plate .37
B120A  Sheet .49 BI20A  Plate .36
TI64STA Plate 46 Ti662A Plate .35
Ti66A  Plate .43
B120STA Plate 42 Ti64A  Plate ~o31
T{81IMA Plate .30
Ti811DA Sheet .38 Ti811DA Plate .29
Ti811DA Plate +38 T{811DA Sheet < .42
Ti811MA  Sheet -36 B120STA Plate .28
TAB1MA  Plate +36 B120STA Sheet .26
B120STA Sheet ~ .30 T1662STA Plate <.20

Increasing Susceptibility
to Stress Corrosion
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TABLE IX

STRESS-CORROSION SUSCEPTIBILITY OF TITANIUM ALLOYS

BASED UPON CYCLIC THRESHOLD STRESSES

550F 650F
CYCLIC THRESHOLD CYCLIC THRESHOLD
ALLOY STRESS (ksi) ALLOY STRESS Lksﬁ_

TL{679STA Plate 74 T164STA Sheet 53
T1662STA Plate < 79.5 Ti64A Sheet 47
B120STA Plate 62.5 B120A Sheet 47
T1662A Plate 62.5 T164STA Plate 44
B120A Plate 61 T1679STA Plate 43.5

Ti662A Plate 42,5
T164STA Sheet 57.5 BI20STA Plate 42
Ti64STA Plate 56.5
B120A Sheet 52 TiBViMA Sheet 39
B120STA Sheet ~ 50 B120STA Sheet 39

B120A Plate 37
T1644A Plate 46.5
T164A Sheet 45 Ti64A Plate ~ 32

Ti811MA Plate 30
Ti811DA  Sheet 33 T{BLIDA Plate 27
Ti8LIDA Plate 38 T1311DA Sheet < 39
Ti81IMA  Sheet 37 T1662STA Flate < 26.5

[ T1811MA Plate 37
Increasing !usceptibility
To Stvess Corrosion

Pl
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MECHANISM FOR CYCLIC STRESS-CORRGSION BEHAVIOR

The cyclic stress-corrosion data obtained on this program indicate that
under the test conditions employed, cyclic exposures alleviated hot-saic
stress-corrosion cracking but did not eliminate the problem. These data do
not fully explain the absence of hot-salt stress corrosion iu titanium parts
operating in aircraft at elevated temperatures in a marine atmosphere. At the

inception of the program, an hypothesis was formulated to explain this based
on the following assumptions:

a. A chemical cell is necessary for stress-corrosion cracking of titani-
um alloys.

b, A nucleation time at elevated temperature is necessary toc establish
this cell.

¢c. GCcoling the material changes the chemical cell in some manner,

d. Upon reheating, time is required to renucieate the stress-corrosion
chemical cell before cracking is possibie,

I1f typical flight profiles involve thermal exposure times less than the
nucleation time, stress-corrosion cracking should nmot occur.

Species of the type TiCly (primarily TiCl,) form during hot-salt stress
corrosion,(7:8 and such compounds would be expected to decompose in air at
smbient conditions. 'hus, a chemical cell involving TiCl,; might fulfill tle
assumptions of the above hypothesis,

Rideouc(g) suggested that hydrogen is responsible for hot-salt stress-
corrosion cracking. Hydrogen could evolve from a reaction between TiCl, and
moisture as follows: TiCly; + H,0-+Ti0Cly + 2H, and we have confirmed the
presence of Ti0Cly by X-ray diffraction measurements.

It is not now clear whether the reaction of sodium chloride and titanium
to form TiCl; or the reaction of TiCly; and moisture to form nascent hydrogen
is responsible for stress-corrosion cracking. In either case, the reaction
kinetics of TiCl, should provide insight into the kinetics for foxrmation of
the chemical cell responsible for stress corrosion.

Accordingly, X-ray diffraction tests were conducted on unstressed, sheet
alloys to determine the time to form TiCl, at elevated temperature and the
time to decompose the compound at room temperature. These alloys were coated
with 0,001 inch of RaCl. The standard 0.002 inch coating could not be util-
ized because the diffracted X-ray beams were absorbed by the thicker salt-
layer. The specimens were heated to test temperature in tws hours and held
8~12 hours beyond the time required to detect TiClz. Cooling to room tempera-
ture required approximately 35 minutes.

[}
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The results shown below are semi~quantitative because appreximately 3% of
crystalline TiCly had to be present before it could be detacted,

INTTIAL HEATING CYCLE RE-HEATING CYCLE
TIME T0 FORM TINE T0 DECOMPOSE  TIME TO FORM

ALLOY  TEMP. TiCl, TICl, AT ROM TEMP, TiCly
TiS11DA  730F 4.5 hrs, (1) Between 2 & 48 hrs. S
Ti811DA  650F 0.5 hrs. 4.5 5 hrs.
Ti811DA  550F 4.5 Brs. 4.0 ———-
TI64STA  650F 16,17 hrs. 4.5

B120A 650F 0025 hrs. 500 Ll ld

(1) After 6.5 hours at temperature, TiCl, was also detected.

The formation time for TiCl; on Ti811DA zheet followed a "C" curve re-
lationship with respect to temperature with the minimum formation time near
650F. Kesults for the Ti64STA and BL120A sheet alloys indicated that the forma-
tion time for TiCl, was also dependent upon substrate composition cc structure.
However, the time required to decompose the TiCly at room temperature was es-
sentially constant for all three alloys and appesred to be controlled by diffu-
sion of moisture or oxygen through the layer of salt plus corrosion product.

At 650F, TiCl, formed very rapidly on Ti811DA during the initiai heating
cycle, Upon reheating the sample, the time to reform a much smalier smount of
TiCiy increased from 0.5 hours to 5 hours. Tais eifect was precumebly caused
by the partial depletion of NaCl in intimate contact with active sites on the
titanium. Thus, formation of TiCly probably required diffesion of NaCl and Ti
across the corrosion~product interface formed during the initial heating
cycle. The wate for this process would be slower than the rate of formation
of TiCl; during the initial cycle when NaCl and Ti were in intimate contact.

At 650F, TiClp formed very rapidly on T1811DA and B120A and very slowly on
T164STA compared to the 3-hour hold time at temperature which was exployed for
the cyclic~stress-corrosion tests. The time required to form TiCiz on Ti811DA
at 550F was approximately 50 percent longer than the hold time employed for
the cyclic tesus. In addition, the time required to decomposa TiCl; om 2ll
three alloys was longer than the cooling time employed for the 550F and 650F
cyclic-stresz-corrogion tests,

It must be appreciated that the nucleation times reported for stress-cor=
rosion cracking actually represented the time 1equired to develop the necessary
chemical cell pius the time for the chemical cell and stress to preduce a crack
in a given titanium alloy. Nevertheless, at high stresses the time raquired
for the chemical ceil and stress to produce cracking was apparently quite short
at 550F and 650F, as evidenced by the short stress~corrosion nucleation times
observed.




These results indicate that both the time at elevated temperature and the
time at room temperature are critical factors in cyclic hot-salt stress corro-
sion. This suggests two reasons why the cyclic thermal exposures used for
this program did not eliminate stress corrosiom. Fixst, the hold times at
elevated temperature were sufficiently long to permit formation of TiCly and
its interaction with the applied stress to initiate stress corrosion cracks in
some cases. Secondly, the hold time at room temperature was much less than
the time required to decompose TiCl). As a result, even alloys which required
more than 3 hours at temperature to foim detectable amounts of TiClp would
eventually form the compound because the hold times at room temperature were
not sufficient to decompose it between successive heatings.

SPECIAL CYCLIC TESTS

To investigate this concept further, several stress corrosion tests were
conducted on smooth tensile specimens of T{811DA sheet at 550F using the
special cycle described beiow (Figure 5):

}, Heating to 550F in 10 minutes,

2. Holding at temperature for one hour and 45 minutes,

3. Cooling to rrom temperature in 55 minutes.

4., Holding at room temperature for 5 hours and 10 minutes.

The time at temperature was approximately one-half the time required to
dstect by X-ray diffraction, the formation of TiCly at 550F in this alloy. The
time at room temperature was approximately 30 percent longer than the time re-

quired to decompose TiCly within the limits of detectability by X~ray diffrac-
tion.

Specimens were tested using a 0.001 inch NaCl coating to provide direct
correlation with the X-ray diffraction data and a 0,002 inch NaCl coating for
correlation with the standard cyclic resuits. Results are shown in Table XI,
along with comparative data obtained using the standard cycle, The sp.cimens
exposed to the modified .ycle showed no cracking after total times-at-tempera-

ture well beyond the cyclic nucleation times obtained using the standard
cycle.

These limited results are highly encouraging because they sugzest that
hot-salt stress corrosdion may be eliminated, even at high stresses, by con-
trolled thermal cycles. These cycles must be controlled to the extent that the
time at temperature is less than the time to form TiCly, or if some TiCl2
forms, the hold time at room temperature must be greater than the time required
to decompose TiCl,, bas2¢ upon X-ray diffraction measurements.

Whether these allowable cycles are practical in terms of a Mach 3 mission
will depend upor -he reaction kinetics of T1Cly for the specific alloy. Addi-
tionsl effort is needed to establish these reaction kinetics for various alloys
by X-ray diffraction measurements and to further confimrm this hypothesis by
additional cyclic .tress-corrosion tests.




TABLE X1

CYCLIC NUCLEATION TIMES OF Ti~8Al-1Mo-1V(DA)
SHEET AT 550F - SPECIAL CYCLE

CYCLIC NUCLEATION CYCLIC NUCLEATION
NaCl COATING TEST TIME ~ SPECIAL CYCLE(1) TIME - STANDARD
THICKNESS (inch) STRESS (ksi) (hours) cYcLE(2) (hours)

0,302 80 >102 43 + 8

0.001 80 > 144 .

0.002 70 >168 54 + 18

0,001 70 >168 -

NOTES: (1) Special Cycle:

1. Hesgting to
2., Holding at
3. Cooling to
4. Holding at

(2) Standard Cycle:

1, Hsating to
2. Holding at

550F in 10 winutes.

350F for one hour and 45 minutes.

room temperaturs in 35 minutes.

room temperature for 5 hours and 10 minutes,

550F in 10 minutes,
550F for 3 hours.

3. Cooling for 50 minutes,

-
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V. CONCLUTIONS

Hot-salt stresc corrosion of fatigue-cracked titanium alloys is nct con-
trolled by fracture mechanics because new surface cracks nucleated and
grew in preference to an existing fatigue crack.

Of the alloys studied, only Ti1811IMA was susceptible to hot-salt stress
corrosion at 430F.

Nucieation times for hot-salt stress corrosion werc highly stress-depend-
ent under continuous thermal exposures and under the specified, cyclic,
thermal exposure used in this program. Threshold stress-levels below
wnich stress corrosion did not occur were essentially equal under con-
tinuous and cyclic exposures.

At high stresses, well above threshold levels, continuous and cyclic
stress-corrosion nucleation times were essentially equivalent in most of
the alloys.

At high stress levels, continuous and cyclic nucleation times at 650F
were less than a single Mach 3 mission for many alloys. At 550F, con-
tinuous and cyclic nucleation times were generally greater than a single
Mach 3 mission, but several orders of magnitude less than the overall
design life of a Mach 3 aircraft.

Welding produced no detrimental effects on the stress corrosion behavior
of weldments., Continuous and cyclic stress-corrosion nucleation times

at 550F for welded specimens of Ti811DA and T164STA were substantially
longer than those observed on the parent materials. At 650F, continuous
nucleation times for welded specimens were equal to or slightiy longer
than continuous nucleation times for the parent materials, but cyeclic
nucleation times were substantially longer. The behavior of welded
specimens may have been influenced by the prisence <f compressive surface
residual stresses produced during specimen preparation.

There i{s an excellent possibility for eliminating hot-salt stres: corro-
sion even at high stresses if the thermal cyclas to which the material is
exposed can be controlled. The time at tempersture should be less than
the time to form TiClp, and the time between cycles at room temperature,
greater than the time required to decompose TiCly. X-ray diffraction
techniques may bz used to determine the kinetics of the reaction in which
TiCly is forwed.
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The results of this program indicate a strong possibility for eliminating
hot-salt streas corrosion of titanium structures operating above 550F, sven at
high stresses, if the thermal cycles to which the structure is exposed can be
controlled., The time at temperature should be less than the time to form

TiCly, &nd the time between cycles at room temperature greater than the time
required to decompose TiCl,.
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