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RELATIONSHIP BETWEEN COMPOSITICN, MICROSTRUCTURE, AND
STRESS CORRUSION CRACKING IN TITANIUM ALLOYS

By R. E. Curtis

ABSTRACT

Four o« titanium alloys and {1+ titanium
alloys have been characterized to relate phase
composition and associated microstructure to
stress corrosion cracking (SCC). Of these
alloys, only a low-interstitial, commercially pure
a alloy (Ti-5CA) was immune to SCC. Addition
of oxygen, aluminum, or aluminum and tin
restricted siip in the o phase and promoted
stress corrosion susceptibility. Formation of
ordered domains of Ti3(AlLSn) further re-
stricted siip and increased susceptibility. Stress
corrosion resistance was improved by thermo-
mechanical treatments that reduced « grain size
or increased dislocation density. Alpha-phase
susceptibility is qualitatively related to the in-
tensity of the stress field suirounding a disloca-
t'on pileup. Alloying with molybdenum and/or
vanadium increased strength and often im-
proved stress corrosion resistance. This is
attributed to stabilization of the ductile g
phase. However, precipitation of a fine dis-
persion of « or w in B caused embrittlement
and reduced the stress corrosion threshold. In-
termetallic compound formation in alloys con-
taining copper or silicon similarly promoted
susceptibility. Thermomechanical processing of
Ti-4A1-4Mo-28n-0.5Si limited the embrittle-
ment, probably by refining TisSi3 particles in
the 8 phase.

INTRODUCTION

Recent tests have demonstrated the susceptibil-
ity of numerous titanium alloys to SCC in salt-
water environments (1, 2. 3). The results show
that neither ¢«,a4f, nor § alloys are immune to
this phenomenon. However, the degree of em-
brittlement varied markedly within each alloy

type.

An extensive evaluation of two a+f8 alloys,
Ti-6Al-4V and Ti-4Al-3Mo-1V, showed that
differences in susceptibility are partially ex-
plained by composition differences (4,5). The
additional aluminum in Ti-6A1-4V contributed
to extensive slow crack growth in salt solution
and reduced the sustained load thresheld for
SCC. The « phase was identified as the suscep-
tible phase 1n this alloy, whereas the § phase
behaved in a ductile manner, i.e. as a crack
arrestor. Because of this difference in the
phases, processes that change the amount and
morphology of the a and § phases also influ-
ence alloy susceptibility. These micro-
structural changes arise from variations in heat
treatment and thermomechanical ireatment,

Greater understanding of SCC in titanium
alloys requires analysis of a wide spectrum of
compositions and associated microstructures.
Changes in susceptibility associated with inter-
stitial o stabilizers such as oxygern and with
neutral strengtheners such as tin and zirconium
have not been established. In addition, the
influence of grain size, grain morphology, and
disiocation structure on SCC has not been de-
fined as a function of o-phase composition.
Four a-type alloys have been selected tor in-
vestigation of these factoys. Additional alloys
containing J stabilizers are being characterized
to relate SCC to the amount and composition
of stabilized B. Both § isonw.crohous stabilizers
(Mo and V) and § eutectoid stabilizers (Fe, Cu,
and Si) are being investigated. An initial
analysis has been conducted on commercial
and near-commecrcial alloys that provide the
desired composition variations. Results of these
tests are expectcd to suggest experimental comi-
position to more clearly define the influence of
a particular element or ccmbination of
clements, on SCC.

The authur is associated with the Commercial Airplane Division of The Boeing Company, Renton, Washington.
This research was supported by the Advanced Reseaich Projects Agency of the Department of Defense (ARPA Qrder No.
878} and was monitored by the Naval Research Laboratory under Contract No. NOO14-66-C'0365.




EXPERIMENTAL PROCEDURE

Titanium alloy plate was purchased in the mill-
annealed heat-treatment condition in thick-
nesses of 0.50 inch or greater. Nominal and
actual chemical compositions are shown in
Table 1. The asreceived plate was cut into
specimen blanks and either heat treated or
thermomechanically processed by roliing. Two
tensile specimens and five noiched bend speci-
mens were machined from each blank so their
fong dimension was normal to the final plate
rolling direction. The notched bend specimen
(6) was fatigue cracked in the manner
described by B. F. Brown (7) prior to fracture
toughness testing in air and stress corrosion
testing in 3.5-percent NaCl solution. All tests
were conducted at room temperature.

In the fracture toughness test, two specimens
per condiiion were loaded to failure in four-
point bending at a gross area stress rate of 1000
psi/sec. Plane-strain fracture toughness K. was
calcuiated from the load at which the 5-percent
secant modulus intersected the load deflection
curve by the methed described in Reference &.
Validity of the Kj. determination was limited
to conditions where specimen thickness t was
equal to or greater than 2.5(K/0.2-percent
yield strength)?2.

In the stress corrosion test, three notched bend
specimens per condition were immersed in salt
solution prior to four-point loading in a
hydraulic apparatus (6). Additional Ti-70 speci-
mens were loaded before immersion in salt
soluticn to determine the effect of loading
sequence on Kjgcc. In both sequences, the first
specimen was loaded to an initial stress inten-
sity level Ky; equal to approximately 70 per-
cent of Kj. and held at that level to failure or
for a time of at least 6 hours. Load levels for
subsequent specunens were selected to estab-
lish a curve of K| versus time to failure (IMigure
1). Visual montitering of crack growth and
examination of the fracture surface (Figure 2)
shows the preexisting crack propagates i salt
solution at these low K-levels until it reaches
the critical length  (corresponding to Ky

T
[+ 4
E KIs<:c E
{(PROBABLE |
g ® THRESHOLD) \_ !
u. 1
z Zz 60—
g (
&« 7 . 3 - [}
ﬂ@ aob— NOTE: K. (CRITICAL VALUE) |
z¥ 1S PLOTTED ON THE X
2 ORDINATE FOR COMPAR;SON !
w20 '
& ~—p=  NO FAILURE POINT !
1
“ ] ] ] | !
0 0.1 10 10 100 3;301000

TIME TO FAILURE {minutes)

Fig. 1. Typical sustained loading characteristics of
Sitanium alloy piate in salt solution.

necessary for rapid failure. An apparent “‘thres-
hold level” for stress corrosion cracking exists
in titanium alloys below which the pre-existing
crack does not grow under sustained load. The
threshold is taken as the Ky; level at 360
minutes {Figure 1) and is referred to as Ky
or ‘‘stress corrosion .esistance.” This value can
be compared with the fracture toughness in air
Kic to establish the “relative susceptibility™ of
each heat-treatment condition.

Samples for microstructure analysis were pre-
pared from broken notched bend specimens.
Carbon-germanium replicas of the micro-
structure and fracture face were prepared using
the two-step technique. Coupons for thin foils
were machined from the plate midtaickness
and prepared as described by Blackburn and
Williams (9). The volume fraction of beta was
determined by the X-ray technique described
previously (5).

Fig. 2. Fracture surface of notched bend specimen in
condition susceptible to stress-corrosion cracking--
Ares A under the noich is the faiigue-cracked
region, area 5 is the region of slow crack growth
in salt solution, and area C is the fast-fracture
region.
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RESULTS

STRESS-CORROSION
LOADING SEQUENCE

Stress corrosion tests on Ti-70 were conducted
using two loadiig sequences: (1) loading in air
before immersion in salt solution, and (2) load-
g in salt solution. Appendix A shows that the
loading scquence had a varied, often pro-
notaced Jffect on the strees corrosion thresh-
old Kigee- Of 10 conditions (ZA through 2JA)
tested with both sequences, eight had a signifi-
cantly lower threshold when loaded in salt
solution, Certain conditions of Ti-6Al4V
behaved similarly (10) However, two of the
ten conditions of Ti-70 had identical threshoids
for both loading sequences. Ti-8Al1Mo-1V and
Ti-4Al-3Mo-1V also behaved independently of
test technique (11). Apparently, conditions
that are either markedly susceptible to SCC,
e.g. Ti-8Al-1Mo-1V (mill and duplex annecaled)
and Ti-7C (2D and 2E, Appendix A), or im-
mune to SCC, e.g. Ti-4Al-3Mo-1V, are un-
affected by loading sequence. Other alloy con-
ditions, e g. Ti-6Al-4V and Ti-70 (2A, 2B, 2C,
2F, 2G, 2H, 21, and 2JA, Appendix A), may
exhibit erroneous thresholds if loaded before
iminersion in silt solution. For this reason, the
Kjsce results discussed below were determined
from specimens loaded in salt solution.

o ALLOYS

Initial studies have been conducted on four o
alloys: a low interstitial grade of commercially
pure titanium (Ti-50A, O> = 1200 ppm), a high
interstitial grade of commercially pure titanium
(Ti-70*, O> = 3800 ppm). Ti-5A1-2.58n*, and
Ti-SA1-58n-5Zr. Results of the mechanicas-
property tests (Appendix A) show that in the
as-received (mill annealed) heat-treatment con-

*Although Ti-70 and Ti-5A1-2.58n are referred
to asa alloys, they contain a small amount of
B phase in the annealed condition.

dition only Ti-50A ic immune te SCC. Imimun-
ity 18 evidenced by a lack of crack growth in
salt solution and by the relationship of K. to
Kjgeer The degree of susceptibility of the other
o alloys is dependent on several factors, includ-
ing (1) grain orientation; (2) composition,
order, and dislocution structure: (3) grain size
and morphology: and (4) transformation
behavior of f, ii present. The effect of grain
orient.tion on stress corrasion susceptibifity
has been discussed previously (12) and will not
be considered in detatl here.

Compositicn, Order, and
Dislocation Structure

Increasing the oxygen content of commercially
pure titanium and adding aluminum, tin, and
zirconium to a commercially pure titanium
base stabilized and strengthened the « phase
but promoted susceptibil' y to SCC. Oxygen is
reseonsible for much of he strength difference
between Ti-50A (0.2-percent yield = 42.5 ksi)
and Ti-70 (0.2-percent yield = 84.3 ksi) in the
mill-anncaled condition A portion of the
strength increase (approximately 10 ksi) is due
to the high iron content of Ti-70 (Table D)
based on Reactive Metals, Inc. data (13).

In addition to strengthening, the increased
oxygen in Ti-70 modified the deformation
behavior of the o phase so that slip was re-
stricted to a single set of planes, predominately
{1 Ol()}. The resulting dislocation structure after
3- to 4-percent deformation by rolling is shown
in the electron micrograph in Figure 3(a). Slip
on the {1010}, {1011}. and (0001) plancs in
Ti-50A produced dislocation tangles after the
same amount of deformation (Figure 3(b)).
Operation of three ship systems in Ti-50A is
consistent with the resuits of Churchman (14)
who found the critical resolved shear stress for
slip on cach system to be nearlv equal for
oxygen levels near 1000 ppm. For lower
oxygen_levels (100 ppm), slip is preferred on
the {1010} <1120> system (14). The deforina-
tion bchavior of Ti70 suggests that prismatic
slip 15 also preferred for high oxygen levels
(3800 ppm).
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| ) e . : Fig. 4. Electron fractograph showing cleavage and ductile

(a)  Ti-70 (oxygen 0.38 wt"). rupture of individual ¢x grains in 3.5% NaCl
solution, Ti-5AILASn-52r, condition 4A— 1650°F/
1/2 hr/AC.

sp\’
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AR .. °

(b) T.—S() {oxygen 0.12 wt'o}

Fig. 3 Dislocation arrangeinents after 3% to
deformation by rolling, [0001] ¢ zone axis.

Increased  oxypen also reduced  the apphed
stress necessary for SCCIn pnil-anncealed 1H-70
(condition XA Table . covirommnental crack
crowth (Figare 2) Wiy observed at K o levels as
tow as 53 hsiy/ - compared to b o= 1 RN
Vi Crack growth in the envir Sment oc-
curred by cleavage of mdividual a geoms and by
ductite rupture ot the remaming grams (bicure
Gy Farluere i air was by ductle tuptore.

Additton ol alummnum. tin, and 7ncomum to (b} Ordered, condition 4L — Hbo-)ok/l/“ he /AC) 1

e - Qe s N O
an mmmune. commercilly pure bise (Fi-SOA (HT00TF/8hr/FC) to (9327F /120 hr/AC)

tvped dbo restneted ship and promoted stiess Fig 5 Etiect of order vn coplaner st i Ti-5AL-5Sy 5Zr
corrositon susceptibnlity . Thi-farl stadies deforoied 30 tension, [00071] ¢y zone axis.
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Tabine t. Strength and fracture properties of (.
tiv cium alloys in selected conditions

Alloy & | L 0.2 yield e Kisec
identification cadition (ksi) {Ksiy (ksi v in.) vksi \/l_u)
Ti50A B ]
1A 1300/ 1/2 hr/AC aS.8 32.5 60 60
Ti-70
2A P30V 172 ) AC 102.2 84.3 114 54
2K F500VF/1/2 hr/WQ 1006.5 83.0 128 34
oF (1500VF/ 112 hir/WQ) + 103.2 82.5 113 39
(1050°F/ 172 hr/AC)
2G (1500VE/1/2 hr/WQ) + TN §2.2 113 33
(TOSOOF/ 20 he/AC)
2H 1760VF/1/2 Lir/WQ 100.9 76.5 105 70
Ti-5Al-2.55n
3A 1900, 2 fu/AC 138.2 129.2 72 26
X'§ 16509F/10 hr/AC 1321 1251 90 3
RiY) T6S0UF/100 hr/ AC 130.3 LIR.7 92 27
(in Argon}
3F (1300 2 hi/AC) + 1398 120.5 40 21
(LTOOVE/S Wi/FC) to
(932VF/120 hr)
3F T6SOVE/ T WO 1354 124.2 103 27
IH 200012 W 1400 1266 119 27
T SALSSH-57:
n TOSOVE 12 /WO 1269 1097 101 67
4D ISSOUE L2 i WO [IRIST 1141 102 55 ‘

= ait cooled
water quenched

= turmce cooled
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showed that slip 1n Ti-5AEF2.S5Sn and
Ti-5A1-58n-5Z7r is predominately coplanar.
Figure 5(a) illustrates coplanar {H)TO} slip m
disordered Ti-5A)-58n-SZr that has been de-
formed 4.0 percent in tension. Formation of
ordered domains of Ti3(A1,5n) in this alloy
(Figure 6) appeared to reduce the number of
operative {l()-l'O} stip planes and the slip-band
thickness (Figur: 5(b)}. Susceptibility was lcast
pronounced for the disordered solid solution
and increased with the degree of order in the
a phase. The effect of order on strength, tough-
ness, and stress corrosion resistance is shown in
Figure 7.

Thermal treatiments that caused ordering in
Ti-SAI-58n-5Zr also increased the susceptibility
of Ti-5AI-2.58n (compare conditions 3F and
3E, Table 1I). However, no ordered domains or
superlattice reflections were observed in this
alloy using electron-microscopy techniques.

Fig. 6.

Dark-fieid electron micrograph showing ordered
domairis of Ti3(Al, 3n) in Ti-5Ar55n-52r,
condition 4L - (16509F/1/2 hr/AC) + (1100PF/
8 hr/FCJ to (932°F/120 hr/AC), [1071]y 2

reflection.

130 —
ic
K
Iscc
ORDERED
COND 4L - (1650°F/AC) +
(1100°F/8 hr/FC) to (932°F/120 hr/AC)
L O
120|'— COND 4€ - (1650°F/AC) + (1100°F/8 hr/AC) ©
|
COND 4A - 1650°F/AC
DISORDERED
COND 4B - 16507F/WQ
110 j— [ A
0 20 40 60 80 100

FRACTURE TOUGHNESS, Kic‘ OR STRESS CORROSION RESISTANCE, Klsru (KSl\rIN.)

Fig. 7. Effect of order on the mechanical properties of Ti-541-58n-52r.
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Apparently, the aluminum and tin levels are
below the critical level required for order. The
observed increase in susceptibility and the pro-
nounced susceptibility in the solution-treated
condition {(condition 3F) are partiaily caused
by transformation in the g phiase. These trans-
formations are discussed below.

The importance of slip mode on stress corro-
sion properties suggests that the residual dis-
focation structure also influences susceptibility .
The dislocation structure was modified by
varying the conditions of ccld relling and
annealing to produce heavy cold work, recov-
ery, and varying degrees of recrystallization.
Figure 8 shows that 30-percent cold work in-
creased the 0. 2-percent yield strength of recrys-
tallized Ti-5A1-58n-5Zr (condition 4A) without
reducing the stress corrosion threshold. When
compared in a more highly ordered condition
(4E), the increased dislocation density im-
proved both strength and Kjg.o (Figure &).
Although dislocation densitics were not deter-
mincd quantitatively, back-reflection  Laue
photographs (Figure 9) show that condition 4E
was completely recrystallized, whereas condi-

..
8

COND 41A-
{(1660°F /AC)
+(30% CR)

COND 4KA -
{1650°FJAC) +

{30% CR) + )
130 {1100°F /8 hr/AC)

120 |— COND 4E -
(1650°F /AC) +
{1100°F /8 hr/AC)

0.2% YIELD STRENGTH (KSH)

COND 4A
1650°F /AC

| |

10

0 20 40 [&0]

STRESS CORROSION RLSISTANCE, Klscc (KSIVIND

Fig. 8 Etfect of cold work on the strength and stress
corrosion threshold of Ti 541-55n 52r

tion 4KA retained cevidence of heavy cold
work. Changes in dislocation density have a
similar affect on the susceptibility of «v in Ti-70
and Ti-SAE2.58n, although, in some cases, con-
current transtormations in 3 have masked this
trend (sce Appendix A).

(a) Condition 4E—{1660°F/1/2 hr/AC) +
(1100°F/8 hr/AC)

. B

+ (1100VF/8 t/AC)

Fig. 9. Back-reflection Laue photographs of Ti 5A1-585n-82r.

(b} Condition 4KA—(1850°F/1/2 hu/AC) + {30°% CR)




Grain Size and Morphology

Increasing the equiaxed o gruin size of Ti-5A1-
2.55n (Figure 10) reduced both stress cor-
rosion resistance and the 0. 2-percent yicld
stiength. Table I shows Ky decreased from
32 1o 27 ksiy/ in. (conditions 3C and 3D}, The
reduction of G.2-percent yield sirength is quali-
tatively consistent with the analysis of Petch
(15). Similar changes in grain size were
achieved in Ti-70. but embrittling constituents
i the 8 phase masked the expected grain-size
dependence of SCC.

(LY Condition 3D —1650YF/100 hr/AC

Fig. 10. Primary « grain size in Ti-5412.55n. Optical
mucrographs, Krall's eteh.

The eram size of Te700 Ti-5A1-2.58n. and
Ti-SALSSn-57Zr was reduced by trunsforming
cquigxed @ grains to an aceular morphology
during solution treatment above the g transus.
This treatment improves the stress corrosion
resistance of at+ 3 alloys. However, S-quenched
Ti-5A1-58n-57r (condition 4D) is more suseep-
tible to SCC than the w-quenchied condition
(4B) (Table ) Apparently, the martensite
intertace is not an effective barrier to slip in «
alloys. Williams and Blackbusn (161 have found
unobstructed  slip across several martensite
plates in Ti-5A1-2.58n quenched tfrom 20007 F.
Under these conditicas, the eftective grain size
is probuably the large. prior § grain sise.
B-quenched T-70 (condition 2H, Table ) and
Ti-5AL2.55n (condition 3t also show pro-
nounced susceptibility but are more immune
than the a-quenched conditions (2 and 3F,
respectively ), Susceptibility of the a-quenched
conditions is refated to w formation in the g
phase in the following section.

Transformations in g

Transformation of unstable 8 in Ti-70 and
Ti-5A1-2.58n strongly intluenced the mechant-
cal propertis of these alloys. In many cases, 8
transtern ations overshadowed  structural
chinges in the o phase that were bemg related
te, SCC. Trace amounts of Fe (Table 1) are
responsibie for the presence of 8. X-ray
analysis detected approximately 3 volume per-
cent and 1.5 volume percent g in the mill-
annealed condition of Ti-70 and Vi-SALR2.5Sn,
respectively.

Thin-foil studies showed unstable § precipi-
tated w and/or «, depending on the conditions
of heat treatment. Extremely fine w ( << 25A
diameter)y was formed in Ti-70 dunng  air
cooling from 1200°F and !'300°F. The par-
ticles were too small for direet umaging with
the electron microscope and were detected
from diffuse spots in the electron diffraction
patterns, Dittuse w was also detected in the g
phase ot ull conditions of 11 5AI-2 5850 except
3t 3H and 3JA (Appendix A). s presence in
a-quenched TESAL2 5Sa (condition 3E. Table




i) reduced Ky, below the level for the g mor—
B-quencied condition (3H), even though the z ULTIMATE
effective aroin size was larger for the g 100 }— o= ©
p-quenched con'ition. u
b g0l
Higher solution temperature reduced the Fe ﬁ
content of 8 and allowed more extensive trans- 2 o~ -G 0.2% YIELD
formation during cooling. In Ti-70, approxi- M 1 {
mately 50 velume percent w (lOOA diameter) B
was formed in B during coolin_ rom 150C°F 2 — =
{Figure 11)}. This additional w reduced stress e ie
torrosion resistance to that shown in Fipwce 8 100}
12. Solution treatment at 1700°F (coundition ot
2H, Table 1) transformed 8 to martensite and 2 80
improved Kiscc to the highest level measured E l—
for ihis alloy. z
]
Isothermal aging at temperatures cbove the G
maximum temperature of w stability (approxi- E sl Kisce
mately 700°F) decomposed w and precipitated @
o in 3 by a cellular mechanism. Transforming g % | 1 A}
v present in the 1500°F water-cuenched @ o 1200 1400 1600

SOLUTION TEMPERATUF E (°F)

Fig. 12 Effect of solution temperature on the properties
of Ti-70—solution-trested 1/2 hr and gir cocled.

condition of Ti-70 (Figure 11) to o by
annealing at 1050°F for 30 minutes improved
Kyece from 34 to 39 ksiin. (conditions 2E
and 2F, Table II). However, furthzr anncaling
at 1CSO°F for 20 hours (condition 2G)
ieduced Ky .. to the level measured for the

Loy 11

1500°F water-quenched condition. This
behavior suggests that a large velume fraction
of a can embrittle B as effectively as w, which

Dark-figld electron micrograph of W in
B of Ti-70, condition 2& - 1500°F/1/2
hrwQ, (1071) w raflectios.

AL AN i

is consistent with the results of iarmion and
Troiano (17). In Ti-5A1-2.58n, transformation
of diffuse w to a reduced Kjgo from 26 ksi
Vin. (condition 3A, Table 1) to 21 ksi/in.
(condition 3E). Electron micrographs ol B
containing diffuse w and o are presented in
Figure 13. Coplanar dislocation arrays charac-
teristic of Ti-5Al1-2.55n arc visible in Figure
13(a).

a+f Alloys

Mechanical-property iests (seec Appendix B)
have been cenducted on bl @+ aliovs:
Ti-2.25A1-1 1 Sn-4Mo-0 281 {(iMI 680), Ti-4Al
3Mo-t V., Ti-4Al-4Mo-2Sn-0.551 (Hylite 50),
Ti-SAL3IMo-1V-28n, Ti-6AR4V. Ti-6Al-2Mo,
Ti-0AL6V-28n, Ti-6 Al-SZr-1V-0.251 (IML 684),
Ti-TAILZ SMo, Ti-7A41-4Mo, and Tr8AI-
1Mo-1 V. Mili-anncaled properties are compared

oy o T 7 T T P Y P A T N A ST T T T




(a)  Containing unresolved diffuse w, condition 3A—
1400“F/2 hr/AC.

{b)  Containingc, condition 36 —({1400°F/2 hr; AC) +
{1100°F/8 hr/FC) to (8329F/120 hr/AC).

iei Dark tield micrograph of condition 3€ showing the
Widmanstatien morphology of o g,

Fig. 13 ERrction mycrogrophs of 13 in 77 5412 §Sn,

with those of the « alloys in Figure 14. ""his
figure shows that the addition of 3 stabilizing
elements increased alloy strength and often
improved stress corrosion resistance. Stress cor-
rosion resistance improved with increased
volume percent 3 stabilized by isomorphous-
tyr 8 stabilizers (Mo and/or V) (Figure 15).
Similar 8-STA heat-treatment conditions were
selected for each alloy included in Figure 15,
e.g. B anneal, solution treat (3 transus tempera-
ture -75°F, water gquench). and age (1100°F to
1250°F, 4 hours, air cool).

In addition to the cffect of volume percent 3
on strcss corrosion resistance, Figure 15 shows
that aluminum content above approximately 6
weight percent promotes susceptibility. In
alloys with greaier than 6 weight percent
aluminum, increasing the degree of order
further increased susceptibility. in Ti-7Al-
2.5Mo. Ky decreased from 80 ksi J;fp__
(conditinn 27B, Table iil), to 65 ksi Jin.
(271%), to 44 ksi \fin. (27E) as the degree of
order ircreased.

Although 3 stabilized by isomerphous clements
meToves stress carrosion gosistance, iests on
Ti-6 A-6V-2Sn and Ti-4A1-4Mo-28Sn-0.55i
(Hylite S0} suggest that 3 cmectoid stabilizers
(IF'e and/or Cu and Si) promote susceptibility.
Ti-6Al-0V-28n containing 0.7 weight percent
Fe and 0.7 weight perzent Cu is more suscep-
tible (Kyo../Ky. = 0.63) than similar alloys
containing only isomorphous stabilizers (Figure
15). In sddition, Vi 4A1-4Mo-25n-0.5Si exhibits
greater susceptibility (Klscc/ch = 0.50) than
twao sinalar alloys (Ti-4A1-3Mo-1V and Ti-5Al-
IMo-1V-20: thut do not contain silicon
Ogare 15

The intermetallic phase (Tiz(‘u or TigSiq)
should be present in most heat-treat conditions
of these alleys, because the cutectoid reaction
(B=a+ 11X) is “extremely active” in the Ti-Cu
and TSi systems (18). In Ti-Cu binary alloys
contamning 2, 4, 6, and 8 weight percent Cu,
T15Cu bas been observed in both quenched and
qurnched and aged conditions {(19). Efforts to
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* 09 aALMoty //l identify this pl?asc in Ti-()AI—({V—ZSn hil\:C been

» 008 unsuccessful, either because of the low Cu con-

: ¥ Ti-5A1-3M0-1V-25n / tent or the compicx morphology of trans-

; g o -~ l formued B. In quenched Ti-4A4Mo-25n-0.58i,

" ’{_0'7 ™ Tiealav  TigAl2Mo @ i /AaMO particles were observed in both transformed g

. E / o | (Figure 16) and primacy o (Figure 17). Par-

* S P Tg‘ff"ﬁ‘ggs‘ ticles in the primary o phase were sutficiently
> Ti-TAL-2.5M0 Ay large for identification as TigSiz by clectron
- b — M T e 9 ~ -
E 05 T AN LAMO . diffraction. Based on the work of Antony ct al.
= 0.55i (20} on the Ti-Al-Si system, the siticide com-
g 0.4]— @ Ti8AI-IMo-1V pound in this alloy should be stable up to
2 © (SOMORPHOUS STABILIZED approximately 1780° F.

; ? 03}~ O ISOMORPHOUS AND EUTECTOID

¢ STABILIZED Ti-4A1-4Mo-2$n-0.58i was hcat treated and

025 é 110 !'5 thermome-~hanically processed in an attempt to

reduce the embrittlement  characteristic of
alloying with B ecutectouid stabilizers. Increased
aging temperature from 932°F to  1300°F

AMOUNT OF B (VOLUME %}

Fig. 15. Effect of 3 on stress-corrosion susceptibility
of titanium alloys in a 3-STA heat-treatment

condition.
Table 11i. Strength and fracture properties of Ti-7A1-2.5Mo
in selected conditions.
UTS 0.2% yield Ky Kisce
Identification Condition (ksi) (ksi) (ksiv n.) (ksi Vin.)
27A S0% HR 147.5 135.5 65 45
(1750°F)
27B 1675°F/1/2 hr/WQ 137.8 106.0 95 8C
27D 1650VF/1/2 hr/AC 139.6 127.1 96 65
27E (1650°F/1/2 hr/FCj to 135.9 122.6 74 44
{9329F/120 hrjAC)
7K (1800VF/1/2 hi/WQ) + 166.6 151.9 52 37
(1100YF/8 hr/AC)
27H (1900YE/ 1/ 2 haf AC) + 1584 134.8 72 43
(I8GOVE/ 1/ 2 hr/WQ) +
(1100178 0/ AC)
27K (SU HIR) 160.9 R 83 o1
ROZEN S
|
HR = hotrolied WQ = water quenched
R = cold rolled AC = i cooled

e o

POt o

- Ay 4




(a) Bright field.

(b) Dark field.

Fig. 16. Electron micrographs of particles tentatively
identified as 7'i§i 3 in the transformed (3 region
of Ti-4A[-4Mo-25n-0.55i (Hylite 50), condition

1324-—-1650°F/1/2 hr/W/Q.

Fig 17. Ti5$i3 particles in the primesry « phase of Ti-
4A1-4140-25n-0.55/ (Hylite §0), condition 134 —
1650P% /1/2 hrWQ.

coarsened the transformed structure (Figure
i8) and reduced strength as expected but also
reduced Ky, and Ky, (Figure 19). However
20-percent rolling prior to aging at 932°F
(conditions 13JA and 13JB) increased the
0.2-percent yield strength by 20 ksi without
significantly changing Ky or Klscc (Figure 20).
Both thermomechanical treatments increased
dislocation density and nucleated additional o
and TigSi3 in the g phase. Additional nuclea-
tion by “‘duplex aging” (condition 13K) also

(a) Condition 13C — (1650°F/1/2 hr/AC ) +
{932°F/24 hr/AC)

(b Condition 13E — (1650°F/1/2 hr/AC) +
{1300°F/24 hr/AC)

Fig. 18. Effect uf aging temperature on transformed
3 in Ti-4Al-4Mo-25n-0.5Si (Hylite 50).

1.
e “.“ e e
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Fig. 19 Effect of aging temperature on the properties
of Ti-4Al-4Mo-2Sn-0.55i (Hylite 50} —solution
treated (165GCF/1/2 hr/AC) before aging at
temperature shown for 24 hrs and air cocled,

improved mechanical properties. The changes
were small for strength and stress corrosion
resistance  but  fracture toughness improved
markedly (Figure 20). In Ti-7A)k2.5Mo,
defor:  ion increased strength, toughness, and
stress  .frosion resistance (compare 27A and
27K, Table I1I). Rolling Ti-4Al-4Mo-25n-0.5Si
prior to solution treatment (condition 13L)
reduced the primary o grain size by recrystalli-
zation. This refine.nent raised Ki¢ from 55 to
72 ksi Jin. and Ky from 27 to 36 ksiJin.
without affecting the strength (Figure 20).

Refining primary o by transtorming equiaxed
grains to un acicular morphology improved the
fracture propertics of both Ti-4Ai-4Mo-
2Sn-0.581 (conditions 13C and 131, Figure 20)

900 1000 1100 1200 1300

and Ti-7A12.5Mo (compare 27F and 27H,
Table IH). This is consistent with the behavior
of other w+pgalloys, including Ti-6Al-4V and
Ti-4Al3Mo-1V (5), Ti-6Al-6V-28n and Ti-7Al-
4Mo (21), and Ti-6Al-2Mo and Ti-5Al-3Mo-
1V-28n (22).

DiISCUSSION

Stress corrosion resistance was found to be
microstructure dependent for a wide range of
titanium alloy compositions and thermo-
mechanical conditions. Alloys that exhibited
coplanar slip in the a phase also showed pro-
nounced suscepfibility to SCC. Coplanar slip is
characteristic of alloys containing (1) high
oxygen (3800 ppm, Ti-70), (2) aluminum in
excess of approximately 6 weight percent (e.g.
Ti-6A1-4V, Ti-7Al-2.5Mo, and Ti-8Al-1Mo-1V),
or (3) 5 weight percent or greater aluminum
and 2.5 weight percent or greater tin (Ti-SAl-
2.58n and Ti-SAIl-5Sn-5Zr).

Restricting slip in this manner is thought to
promote stress corrosion susceptibility by
intensifying the dislocation pileup stress. This
stress represents a large component normal to
the fracture plane of grains unfavorably
oriented for slip (23). Intensification of the
normal stress to a critical value initiates trans-
granular cleavage cracks of the type observed in
the o phase of susceptible alloys (Figure 4).
Other « grains having a high resolved shear
stress for slip exhibit ductile tearing (Figure 4).
In immune alloys, such as Ti-50A. the fracture
stress is not reached for any grain orientation
because cross slip limits the magnitude of the
stress concentration.

Formation of ordered domains of TizAl or
Ti3(ALSn) in the a phase further restricted ship
and increased stress corrosion susceptibility.
Speidel (24) has shown that precipitation of
coherent particles (e.g. ordered domains) pro-
motes planar shp. Ti-5A1-58n-5Zr containing
ordered domains appeared to have a reduced
slipband  thickness compared to the dis-
ordered condition (Figure S5). The decreased
shipband  thickness 1s thoeught  to increase
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0.2% YIELD STRENGTH (KSI)

190

190 -

170 %—

COND 13J8—8T + HR at 932°F (20%) + A
® -0
[ -0
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160}
COND 131— 1800°F/AC + ST + A
o o}
o | ] 1 | | | 1 1 |
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Fig. 20. Properties of Ti-4AI-<8Mo-25n-0.5Si {Hylite 50) in several heat-treated and thermomechanically processed
conditions; ST = 1650°F/1/2 hr/AC, A = 932F /24 hr/AC.

susceptibility by reducing the probability of
activating a dislocation source across a grain
boundarv and intensifying the dislocation
pileup stress (25).

In alloys that exhibit coplanar slip, increasing
the slip length intensifies the stress at the head
of a dislocation pileup (26). This is thought to
be the reason that stress corrosion suscep-
tibility increased with grain size in Ti-5Al-
2.58n (Figure 10). Other aand a + Balloys that
slip in a coplanar manner should show a similar
grain-size dependence, because the effective
slip length is the equiaxed « grain size in
recrystallized material. Reducing the « grain
size of Ti-4Ai1-4Mo-28n-0.5Si by recrystalliza-
tion {condition 13L.) improved both fracture
toughness and stress corrosion resistance
(compare 13L and 13C, Figure 20). In cold-
worked material, the effective slip length may
be reduced by increased dislocation density.
This would account for the improved pro-

perties observed in cold-worked Ti-5A1-5Sn-5Zr
(Figure 8), Ti-7Al-2.5Mo (compare 27A and
27K, Table III), and Ti-4Al-4Mo-2Sn-0.58i
(compare 13C and 13JA, Figure 20).

Stress corrosion resistance improved with
increased volume percent [ stabilized by
isomorphoustype elements Mo andfor V
(Figure 15). This is attributed to the ability of
B (ductile) to arrest stress corrosion cracks that
propagate readily through the « phase (5, 12,
27). However, precipitation of a second phase
in B can markedly reduce stress corrosion
resistance. Extremely fine w in the g8 phase of
Ti-7C is thought to be responsible for reducing
Kjgec from 70 ksi Jin. (condition 2H, no w
to 54 ksi Jin. (condition 2A, w < 25
diameter). Larger w particles (approximately
100 A diameter, Figure 11) further reduced
stress corrosion resistance; Ky, .. changed from
54 ksi in. to 33 ksi Jin. (Figure 12). A large
volume fraction of @in 3 resulted in an equally




low threshold (condition 2G, Tabie 1), In
Ti-SAEY.SSn  stress corrosion  resistiance was
also dependent on  the condition of the g
phase. In alloys containing Cu or 5i, low-stress-
corrosion propuerties (Figure 15) are attributed
to orecipitation of o and intermetatic com-
pounds TiyCu or TigSiy in 8. These inter-
metallics, as well as w and «, are thought to
enhance susceptibility by nucleating cracks in
the 8 phase. Holden ¢t 4l (28) have attributed
pronounced  tensile embrittlement off a 8
titanium alloy to a fine dispersion of’ w.

Ti-4A4Mo0-28n-0.5S1 was thermomechanically
processed in an attempt to improve mechanical
propertics by controlling the transforimed
morphology, including TigSi3 particle size.
Overaging to coarsen the transformed structure
(Figure 18) reduced strength as expected. but
it also lowered tracture toughness and stress
corrosion resistance (Figure 19). Overaging a
similar alfoy that did not contain Si (Ti-4Al
3Mo-1V) caused similar structure and property
changes, except the fracture propertics
increased markedly (5). The reduced fracture
properties of Ti-4Al-4Mo-28n-0.5Si are thought
to result from an increase in TigSiy particle
size. However, it wus not possible to positively
relate TiSSi3 particle size to mechanical pro-
pertics because of the complex morphology of
the transtormed region (Figure 18). Refining
the transiormed structure by “duplex aging”
(condition 13K) to nucleate additional v and
LigSiy in B improved the combination of
strength and stress corrosion resistance {com-
pare conditions 13C and 13K, Figure 20).
Retining the transformed structure by defor-
mation to provide additional heterogencous
nucleation sites for g decomposition  also
improved mechanical properties (compare con-
ditions 13C 13JA and 13JB Figure 20). Both
reduced particle size and increased dislocation
density  are thought to contribute 1o the
mnproved properties of conditions 13JA and

138,

CONCLUSIONS

The loading scquence for stress corrgsion
testing has a varied, often pronounced
effect on the stress corrosion threshold
Ko Loading in salt solution reduced the
threshold of certain alloy heat-treatment
conditions as much as 65 percent compared
to ioading in air before adding salt solution.
However, conditions that are either
markedly susceptible or nearly immune to
SCC are unaffected by the loading
sequence. Conclusions 2 through 5 are
based on thresholds established from salt-
loaded specimens.

Alpha titanium containing approximately
1200 ppm oxygen (Ti-50A) is immune to
SCC. increasing oxygen to 3800 ppm
(Ti-70) or adding aluminum (c.g. Ti-6Al-4V,
Ti-7A1-2.5Mo and Ti-8Al-1Mo-1V)  or
dluminum and tin (Ti-5A12.58n and Ti-
SAI-5Sn-5Zr) restricts slip in the a phasc
and promotes stress corrosion susceptibility.
Restricted slip is thought to promote stress
corrosion through its ¢ficct on the disloca-
tion pileup stress. Formation of ordered
domains of Tiz(AlLSn) in Ti-SAl-58n-5Zr
reduced the thickness of {1010} slipbands
and further lowered Ky

Stress  corrosion resistance increases with
decreasing slip tength in allovs that exhibit
coplanar shp. The eficctive slip lengths the
agrain size in a and a3 alloys and the prior
perain size in water-quenched o alloys. In-
creasing  the  dislocation density by cold
work reduced the effective slip length and
Improves stress corrosion resistance.

Strength and relative stress corrosion resis-
tance with volume
pereent o stabihized by isomorphous-type
stababizers Mo and/or V. Precipitztion of i
sceomd phase in 0 however, can markedly

improve increased

e the stress corfosion theeshold, w, .
and intermetathic compounds all cause pro-

nounced  cmbrntticmert w' oo present as
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particles with a diameter of the order of

! 100 A. Intermetallic compounds are ob-
served in alloys containing silicon and
copper.

5. Combining plastic deformation with solu-
tion treating and aging improves the com-
bination of strength, toughness, and siress
corrosion resistance of Ti-4Al-4Mo-

. -28n-0.5S1. Deformation after solution
treatment but prior to aging provided addi-
tional heterogeneous nucleation sites for 8
decomposition and refined the transformed
structure. Deformation prior to solution
treatment and aging recrystallized primary
o« and reduced « grain size.
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APPENDIX A

Strength, Toughness, and Stress Corrosion Properties *
of v Titanium Alloys :

E Nestch
o L L]
Altoy & Urs 02 o elong R.A. (ksi x Poo* pmax bend ch Klscc
identification Condition (ks1) yield onpay| (0 1 (kips) (kips) thick- (ksi (ksi
{ksi) 107) ness i) | y/in)
()
TS0A
l
14 1300YF/1/2 he/AC 658 425 340 | oo 258 43.50 i.0 60 60
Ti-70
2A 130095/1/2 We/AC 102.2 84.3 240 665 16.7 2488 2693 0.48 114 54 '
(86) ;
2B 1400°F/ 1/2 hr/AC 161.3 83.6 24.5 67.5 16.9 26.113 26.63 0.48 121 38
(84)
2C 1500°F/1/2 he/AC 102.0 83.2 25.8 67.5 16.9 271 28.58 0.48 P23 33
%2)
2D 1500°F/ 20 hr/AC 99.7 79.6 24.0 63.0 16.5 24.08 24.08 0.48 ill 33
(33)
2E 1500°F/1/2 ha/WQ 106.5 84.6 220 62.0 17.0 27.33 29.05 0.48 128 34
(34)
2F (1500°F/ 1/2 he/WQ) +
(10509F/1/2 hr/AC) 103.2 825 25.0 68.0 17.0 23.60 24.70 G.48 113 39
(75)
26 (1500CF/1/2 hr/WQ)+
(1050°F/20 hr/AC) 101.1 822 255 67.9 16.6 25.05 27.08 0.48 i3 33
(89)
2H 1700°F/1/2 he/WQ 100.9 76 S 230 55.0 16.4 19.88 20.18 0.48 105 70
(90)
21 (1700°F/1/2 he/wQ) +
(10S0°F/1/2 hr/AC) 101 .8 77.2 22,8 518 16.7 1993 20.05 0.48 26 4
(82)
25A 30% CR 129.2 1152 180 70.5 1.5 10.78 10.78 0.30 82 33
(46)
2iB (30% CR) +
(9259F/1/2 hr/AC) 111.4 9%.6 23.0 725 16.1 14.70 15.70 0.30 116 50
2K (30% CR) +
(1200°F/1/2 hr/AC) 103.7 880 28.0 69 .S 15.1 11.75 17.2 0.30 92 55
21 (30% CR) +
(1500°F/1/2 e/ AC) 1024 8S.S 30.0 6s 7 15.3 el 15.90 0.30 91 38
™ 0% CR 1365 1214 16.0 Mo id6 367 367 020 45 40
2N 30% UK
at 1 1OOYF 108 ~ 944 24.0 EAN 157 1402 14.16 0.30 115 24
20 3% HR
al 1SO0YF J07 1 876 280 oX S 157 1249 15.90 0.30 104 35
2P 30¢% HR
at 1700VF 1 s 69 293 Se 0 lo ® tl a6 11 46 0.30 93 54
I
S SN S S SO SN S I I S N S
21
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~ hamant Rttt R e l
i | 0.2% E !— Yene | K i Ky
oy UTS - % ewong| RA. - o] P BenL Ic isce
Eidr’::s:t?cj:mn Conditon (ki) yield (in ! m‘% (%) (k‘“x% | \ 4,;’&*\ thick- ks ‘ksi
l {ksi) tyty s LHapsi & v 4 10
TLEAL2 $5n
34 1400°%/ 2 hr/AC 138.2 129.0: 19 42 19.0 15.26 15.36 0.48 72 26
K} 1650°F/ 1 hr/AC 1342 1788 19 44 19.6 19.00 § 1908 C.48 88 30
x 16S0%F /10 b/ AC 1320 1250 18.5 4 0.4 18.86 18 86 0.48 90 32 {
D 165008/ 109 hr/AC 120.3 1187 1 190 415 18.5 19.65 19.0% 0.48 92 27
(in agion) i
3E (As reva) + (1 100°F/ I
8 hi/FCyto{ 290/
120 hr} 139.8 1305 145 225 18.5 9.44 9,44 0.48 a6 21
3F 1650°F/1 t5iWQ 1554 | 1242 | 175 1 4es | 183 | 2216 ! 2216 | oa 1 27
A 1850€ /1 hr/WQ 49.1 127.8 7S 455 22u 2338 | 28.33 0.48 16 31
3B 2000°F/1/2 he/WQ 140.0 126.6 4.0 28.5 16.8 c168 | 2670 048 119 37
3 (1850°F/1 h/WQ) +
(1250°F/8 lu/AC) 139.4 129.3 19.0 435 183 17.5¢ 1739 048 83 23
A (3U% CR;
{ 1100YF/8 hi/TC) '
to (932°F/120 h:/AC) 158.0 145.4 14.0 425 - 6.33 6.33 0.30 43 12
KA (30% CR) +
(1400°F/1 hi/AC) 1409 129.1 15.0 475 11.98 11.98 0.30 86 36
KB (30%CR) +
(1650°F/1 hr/AC) 136.6 124.5 20.0 50.5 - 151 164 0.30 115 24
LA 30% CR 166.2 151.2 126 425 o 8.25 ® 65 0.30 60 38
Ti-841.58n.
SZr
A 1650V /1/2 b/ AC 1282 1155 170 385 17.2 17.45 2187 0.8 %3 50
48 1650°F/1/2 hr/WQ 176.9 109.7 17.5 385 17.0 1135 4 2805 0.48 10) 67
| Ly 1750081172 he/WQ 1285 109.9 16.0 395 4 169 2704 28.03 0.48 131 1
' i
i 4D YASRF 2 he/WQ 136.6 114 15.5 300 ! 172 4 1954 2043 0.4¢ 12 55
at (3650°F/1/2 he/AC) » !
(HIOOPF/8 he/AC) oL 1192 17.4 ns s 173K 1752 053 LR
4aF (E7SOYF/ 12 helWOY+ i | _ _ '
(1250V'F/8 hij AC) RIS 167 170 145 | 169 i 1649 i To.th 0.48 ™ 51
; }
4l | QeSUUE/ 2 hajedy } X I ! é !
» (ITOOYE TS he/FC ) | | | !
W G3VF/120 i} 1300 12005 200 310 155 1 1S S G4 & b
B {IORUR) + !
Ui lOYES T hefAC) ] 1110 1199 7o $20 172y | war {3 i neoy s
4HA (% CR)
(IHS0YF/ 1 b/ AC) 1257 11i9 lo.d 40 1340 1355 R HO 37
T | S 1 o A o




¢ Noteh i Ko o
0.2% % stong B, o bend Ky sce
< . 577, nax . .
Alloy & i U’fS viekd (ie. ! R(r\) fksix (k: ‘(, 'kn'lil: thick- (ks (ksi
identification Condit.on thsip (ko i) €7 104 psd oy (ki) [ess Vind | v
{ing
41A 30% CR 1526 134.n 13.0 43.0 [RURATR NS WA 0.30 74 47 Q
A 30% HR at |
1650°F 1389 127.2 18.0 45.0 . fB.88 1 1702 0.30 12 41 |
\
4RA (30% CR) + j
(1100%F/8 hw/AC) i4].4 131.6 17.0 49.0 - 1372 1 1398 Q.30 9 4}
AC = Air cooled §
WQ =  Water quenched ;
CR = Cold rolled i
HR = Hot rolled
FC = Furnace cooled
3
*Load determined from intersection of load-deflectio curve and secant modulus having a siope 5% less than tangent modulus
**Threshold for loading i salt solution, except valuss in parenthesis > for loading in air and then adding salt solution

P

23




]
APPENDIX B
Strength. Toughness, and Stress-Corrasion Resistance
of o +3 Titanium Alloys
b Moteh
At . . N ; -
Alloy & . ) uUrs 0.2 “ elong KA. (ksi X P.‘;"?‘ an)\' bend k“ ¥ Isee
idenuification Cendition (ksil viell donpina| o o Gaps) | (kips) thick- 3 yiesy (ki
(kst) 103 : I ’ pes [V | i)
I Y NN S , , 1
Ti-2.2341- | l 1
118n-4Mo- | (2100°F Forge) + |
0.28: (1500°F/1/2 ha/WQ) + ] ] |
(SMI 680) | (9309F/24 hr/AC) 190.5 Iou.] 7 16 16.0 9.6G | 1005 | L& a4 RN
Tida ¥ -2Mo ‘ |
1V (Ret.+) i
Fit 125098 iw/AC 1270 1267 lo 5y 24 283 ! 0.48 1to 104
Fa4 (18759F/1 hr/AC) + ’
(1725°F/1 he/WQy + .
(11S0"F /8 hr/AC) 154.8 137.2 7 16 204 7 G.4% 96 77
Ti4A1-4Mo-
28n0. 581 !
| (Hylte 50) ‘ ;
i |
I 13A 16SUPT/ 12 i fWQ 1694 136.0 165 | 4p5 1501 1108 | 11.08 0.45% 54 44
13B 1800°F/1/2 he/WQ A0 1823 4.0 60 159 814 514 0 4% 49 43
13¢ 11650°F /172 hi/AC) + ,
(93291124 hr/AC) I 168.5 157.5 120 | 455 18.5 1208 11708 048 55 27
130 {1650YF/1/2 hr/AC) +
{1100%F/22 hr/AC) te2.7 153.7 140 | #40 177 ous | 903 0.48 a4 AR
i
v 13E (1630OF/1/2 ArjAC )+
{1 300%F /24 e /AC) 150.7 1450 4.5 430 i74 885 X 85 0. 42 n
1
L3F (LSO0CF, 12 heiwa + ‘
[ iOOoF,/lﬂi he/AC) 157.2 150.4 140 435 1749 W73 @73 NS 45 19
136 (YOSOPF/1/2 hfWQ +
(HIOOVF 124 hi i AC) 1750 1647 [ I8.5 t70 1 oYl b8I ) Uds 31 Qe
124 CHROOPE/ 12 hyj Ay + » i
(IRSOYES 12 WO+ ' i
CUIOOVE 2 B AC) 1720 156 % 50 78 176 P99 1300 1 0 [N kIl
¥ QROCUF/ 1Y he/aC) + |
(oSO 1/ hiyAC) + \x .
{S3VF/ 24 0/ AT) 167 2 145 7 i RV BT oot b o w7 S
|
13A (HESOYF /) hefAC ) + | !
(200 CR) + k | | i
{93208/ 24 heiAL) 1907 I TCT N B R B 20001 TS T U | o4
i | t :
1358 (LASOUFL Y kA : ? E f '
{209 1R 9320 e l | | ! | ‘
(A D Bas A s R U S I L A SR { A U
‘. : i ) . i : : i i ‘ ! |
N i I TN DTSSR 12 ke A+ | i i ! ; ! i |
! (00 09 7 AlY + ‘ i l T | | ! |
t ! (N3TYEI O he AL P70 fgns b % tots ! RN t i e i KON : [N * T t
} i ‘ ! :
13 L CRY + ) | } I ! { ‘ ‘ :
l (5 aSOTE JonuniAL) - ] | I l ! } : i !
1,\“\“ JAC RV TS T l s | 1<y l R (€ S T R : B !
N SR . 5 GRS S ek 4 R SO AR N | d

o NOY " ek,



:
RO R . T

3
% - Notch K X
e 0.2% elon 2 e p bend 1 Tsec
Alk?y & Condition : |§ yield (in Ig RA. (ksi x Fsa max thick- k‘? (ksi \
wentification | 3 \ ! %) 3 {kips) (kips) | ness (ksi : 4
(ksi) in.) 10%) (in) Vin) | Vin) '
- i e
Ti-5A1-3Mo- P
1V-28n
(Ref. 22) 3
w5 IS TOE /17 hefAC) + :
(1725%F/1,2 hijwQ) + i
{1100°F/8 hi/AT) 167.3 147.0 3 4 148 155 0.48 70 52 i
. i
Z24 {1650°F/30rin/AC) :
+(1300°E/8 ht/AC) 130.4 126.3 16 495 : 17.6 216 0.48 80 80 ;
Ti-6A1-2Mo i
(Ref. 22) !
19759/ 1,2 hr/AC) +
- (1625%F/1/2 kr/WQ) +
(1200°F/4 hr/AC) 1535 138.6 8 i4 182 20.5 . 0.48 94 63
. (1700°F/ /2 hu/AC} +
(1300°F/8 hr/AC) 127.8 118.6 15 a2 17.9 0.1 - 0.48 92 55
Ti-6A1-4V
(Ref. 4)
D4 (1900°F/1/2 he/AC) +
(17259F/ 1/ he/W Q) +
(1250°F/8 lu/ AC) 155.3 1422 9 21 200 | 27 0.48 87 58 ‘
B2 1300°F /2 hr/ AL 152.8 144.1 14 a1 125 135 0.48 61 34
Ti-6A1-6V-
2Sn
(Ref. 21) .
UEXYF/1/2 he/AC) +
1625YF/ 1 hr/WQ) +
(1206°F/4 u/AC) 166 1 52,9 9 17.5 149 15.1 0.48 7 45
1300°F/2 fu/AC 157.6 1507 145 BT 1.5 18 0.48 39 37
TrhAl-54-
1W-0.28i
(iMI 684)
(Ref. 29) )
(191 39F/45 nun/WQ) + | ¢
(9329724 he/AC) 154.0 135.0%% 14 28 0.39%s ¢ 75 34
| I
| l
{
e S S0 - l_ - d 1 l i N J__ .“..J




|
% . Notch i
|

0.2% E K K
Albloy & it : eloy Pea® bend Ic Iscc
idcnnﬁZauon Condition l,{rs) yield | 5, If RA (ksi x 5% P’T"" thick- (ks (ksi |
(ksi {ksi) in) (%) 103 | (keS| (kipy) ncss) i) | Vin) |
: (in.) 1
T+TAIL- i
2.5Mo
27A 50% HR
(1750°F) 1475 135.5 135 | 365 19.45 13 118 0.48 65 45
27B 1675F/1/2 he/WQ 137.8 106.0 160 | 365 1520 | 1813 | 18.33 | 048 95 80
27C 1800°F/1/2 he/WQ lel.1 133.1 105 | 26.0 1640 | 1690 | 1690 | 048 93 73
27D 1650°F/1/2 hi/AC 139.6 127.1 - : - 1947 | 19.8 0.48 96 65
2IE {1650°F/1/2 afFC) to
(932°F/120 hr/AC) 1359 122.6 - . 15.10 17.70 0.48 74 44
27F (1800°F/1/2 ht/WQ) +
(1:00°F/8 hr/AC) 166.6 151.9 120 | 250 18.60 | 10.05 1005 | 0.48 52 kY]

271G (1500°F/4 he/WQ) +
(700°F/120 hr/AC) 1416 | 1172 1120 | 11.25 | 048 59 40

274 (1900°F/1/4 hr/AC) +
(1800°F/1/2 he/WQ) +

(1100°F/8 hr/AC) 158.4 1348 55 8.5 18.0 14.75 1475 | 0.48 72 43
27 (30% CR) +

(1400°F/1/2 e /FC) 156.1 150.9 130 | S1.0 6.00 605 | 0.32 43 37
20 (30% CR) +

(1650°F/1/2 he/¥C) 139.9 133.4 180 | 50.0 9.9 9.9 0.31 71 37
27K 30% CR 160.9 143.1 13.0 | 570 11.63 11.63 | 0.3 83 61
Ti-7A1-4Mo
(Ref. 21)

(1925°F/172 he/AC) +

(1650°F/1/2 he/WQ) +

(1250°F/4/AC) 157.6 143.4 105 | 18 14.4 14.6 0.48 68 44

(1750°F/1/2 ht/AC) +

(1400°F/ 4 ke /FC) 1540 145 .1 16 43 6.7 6.7 048 32 23
Ti-8A1-1Mo-
v
Mill anneal | 1450°F/8 hi/FC 148 4 1409 10 24 0.8 46 18

W = Water quenched
AC = A cooled
CR = (old rolled
HR = Hot rolled
FC = Furnace cooled

*Load determined trom sntersect:on of load detlection carve and secant snodulus having a slope 59 fess than tanigent moduolus
*C. 1% provf stress
***Charpy speamen conhgution
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