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ABSTRACT

Mechanical property data for Ti-6A1-4V, Ti-8A-l-Mo-lV and Ti-6A1-6V-2Sn extruded
shapes in annealed tempers were obtained at test temperatures from -ll 0 F to
+800°F to provide a base for development of design information for these
materials. Data obtained included ultimate tensile strength, tensile yield
strength, compressive yield strength, shear, bearing, impact properties, creep,
stress-rupture, fatigue, and fracture toughness characteristics.

Separate heats of material in each of the three alloys were obtained from
separate suppliers. Two section sizes were obtained from one of the suppliers
to provide information on size effects. Tests conducted provided data insofar
as practicable within the scope of this program on property variations and on
scatter.

Results of testing indicate that with consideration of effect of temperatures
used in extrusion processing, extrusions may be utilized in the same manner
as titanium materials produced by other methods such as rolling or forging.
Data obtained generally indicate that extruded material may be expected to
have not only the cost advantages which result from economy of shape design,
but will possess advantages in delayed fracture characteristics and creep
characteristics when compared with conventional alpha-beta processing of

- rolled or forged material.

(Distribution of this abstract is unlimited).
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Section I

SUMMARY

BACKGROUND

Major increases have occurred in the use of titanium alloy extruded shapes for
aerospace applications. These applications include sub-sonic systems operating
in conventional environments where advantage is taken of titanium's favorable
strength to density relationship and supersonic vehicles where the elevated
temperature strength of titanium is exploited.

Today's typical titanium extrusion is produced using billet temperatures such
that finai working occurs in the beta field with the result that the metallur-
gical structure differs from that of products such as sheet and plate, bar, or
forgings where final processing occurs in the alpha-beta field. The gross
titanium extrusion produced, while producing radical savings in material because
of closer shape approximation, requires overall machining since tolerances and
surface conditions are not suitable for direct application, and since an alpha
case on the extrusion must be removed to provide a satisfactory metallurgical
surface.

Since the bulk of the present published data on properties of titanium alloys
has been determined using rolled sheet and bar material or using forged mate-
rial with final hot working occurring below the beta transus, this program has
been established to provide a base of data from which values necessai for
reliable design can be established when analyzed in conjunction with data
from other sources.

Annealed material in each of three alloys, Ti-6Al-4V, Ti-8Al-l~o-lV and
Ti-6AI-6V-2Sn was obtained from two vendors for analysis. The thin tee section,
Figure 1, was supplied by both vendors to provide data on effect of heat and
source on test results. A heavier section, Figure 2, was also obtained iW each
alloy from one of the vendors in order to probe size effect on annealed extru-
sions, and in order to expand the data base.

TE~ST OBJECTIVYS

Mechanical property tests were conducted with the Ti-6AI-W., Ti-8AI-lMo-IV, and
Ti-6AI-6V-28n extrusions at temperatures ranging from -ll 0 F to 8000F. Tests
ineluded tensile and compressive property determinations, shear and bearing,
creep and stress rupture, fracture and delayed failure properties, impact
properties, and fatigue characteristics.

-7
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Orientation of testing and analysis of deta has been directed in such manner
as to define relative advantages and limitations of extruded materials in
comparison to competitive alternates, Presentation has been directed toward
development of MIL-'3KBY-5 data when supplerented by date fro other sources.

Room temperature tensile and ccmpressive properties were analyzed to establish
that prv-:ertiea are uniform within a piece, including cross-section location
and positlion iM length. Vsriations between vendors could not be avaliiated
on a meaningful basis witbin scope of this program, but -an be determined from
vendor te't statistics. Present specification values accepted by producers
are consistent with those offered for other prodtct forms with the exception
of elongation and reduction of area.

The effect of temperature on properties appeared to reflect a consistent
relationship between vendors and heats.

The extruded product, with its beta worked structure appears to offer advan-
tages In resistance to delayed failure (Figure 3), and in resistance tc creep
(Figure 4).

Properties of the alloys followed normal patterns, alloy Ti-6A1-6V-2Sn showing
highest strengths, while Ti-BAI-lMo-lV possessed beat tougbness and the highest
tensile modulus. Comparative typical ultimate tensile strengths, tensile
yield strengths and compressive yield strengths are shown in Figures 5, 6, and
7. Ti-6AI-6V-2Sn showed lower resistance to creep at elevated temperatures
-tian the other alloys. Comparative resistance to creep of the three materials

under rapid heat-rapid load test conditions is shown in Figures 8 and 9.

Ti-6A1-6V-2Sn provides the highest level of strength at any of the temperatures
investigated. As an annealed product, it furnishes strength levels comparable
to an intermediate level of Ti-6AI-4V heat treated and aged. Ductility and
toughness are generally considered to be inferior to the other two alloys,
Ti 6A1-4V and Ti-8AI-lMo-lV. At elevated temperatures Ti-6AI-6V-2Bu appears more
sensitiye to creep than the other two materials 'at none appear to be creep
limited at anticipated operating temperatures. iffect of elevated temperature
on this alloy seems less severe than effect on the other two alloys.

Ti-8Al-lMo-lV possesses favorable modulus and favorable density values. Tough-
ness of this alloy appears excellent. Delayed failure characteristics of
Ti-8A1-1Mo-IV appear unfavorable however, as shown in Figure 3, and have
limited consideration of Ti-8A1-IMo-IV for applications in general airframe use.
The elevated temperature properties, particultrly resistance to creep in hot
areas, indicate possible specialized usages particularly suitable to
Ti-8Al-]Mo-lV.
Ti-6A1-4V provides a good combination of strength, toughness not offeaed by
Ti-6Ai-6V-2Sn and environmental resistance. These qualities, coupled with pro-
duction reliability and low cost tend to make this the present preferred alloy

F 77777 7 ,
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choice except for instances where requirements dictate exploiting the special
peculiarities of the other alloys.

Within overall data compilations, the fatigue characteristics of the three
alloys appear comparable. Figure .0 compares typical fatigue characteristics
at various lives.
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Section II

MATERIAL

BACKDROUND

Billet temperatures used in the extrusion of titanium alloy shapes are
.lypically above the beta transus of the material - at temperatures which
result in a metallurgical structure which differs markedly from that of other
product forms such as sheet and plat . rod and bar, and forgings which normally
have a final work in the alpha-beta eld. Reduction ratios used in extrusion
are higher than those used in other product types, and cooling in air occurs
quite rapidly. Because of these, and other basic differences in the manufac-
turing processes, it has been necessary to establish material properties
specifically for titanium extrusions.

MATERIALS PRODUCERS

Material for testing in this program was extruded by Harvey Aluminum, Torrance,
California, and by the N.M. K6rper Company, Morton Grove, Illinois. Harvey
supplied both the thin extrusion, Figure 1, and the thick extrusion, Figure 2.
Harper supplied zater~a! . in the thin configuration only. Processing procedures
used by the two py"z'ucera w-re similar, except Harper utilized hot stretching
as a standard straightening procedure, while Harvey utilized other straight-
ening techniques.

HEAT TRRAHENTS

Heat treatments us in -these evaluations were selected to be generally appli-
cable and acceptable in urospace design, offering high levels of fracture
toughness and resiotxuce to delayed failure in salt water.

Since the present pronrem was designed to test one heat treatment type only in
each of the three mlloys, annealed tempers were selected as being most represeu
tative for present use.

Annealing temperatures selected correspond with the standard tepiperatures shown
for the alloys in MýI-H-81200, and in other standard industry documents. The
soaking time at temperature was established with consideration of the section
thicknesses involved. Air cooling from the annealing temperiture to room
temperature was used, since normally toughness characteristics with this
processing are superior to those obtained with slow furnace cooling through

Spart of the temperature range. For example, an extruded shape in TI-6AIV tested
in another program shoved delayed fracture property (xu) of 46 ksi for air
cooled material and 31 ksi for material from the same Extrusion annealed and
fuase cooled to 1000°F. Straith'ening afer annealing vas restricted to

13
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avoid any residual Bauschinger effect. Time and temperature relationships are
such that values obtained coordinate closely with existing producer data. Heat
treatment schedules are shown below.

HF hT TREATMENT SCHEDULE

Alloy Tem~perature Time Cooling

Ti-6A-4V 300O 4o-6 min Aircoolto roomtep

Ti-8Al1.-Mo-lV 1450OF 40-60 Min. Air cool to room temp.

Ti-6k1-6v-2sn 130O'F 4o..6o min. Air cool to room temp.

Application of data from this program. and ec tkrisars made vith other data
must 'he predicated on generally comparable heat treatment schedules.

PROCES11ING DWAT

M~ate3rial from Harvey was cast as a 2~4-inch diameter ingot by the Conaumabla
L~. ~ Electrode Vacuum Melt process by the Special Metaci~s D5.ývision of Harve~y Aluminum.

The 24-inch ingot was forged to furnishi a lathe turned six-inch billet diam-
ete'- for the thin extrusion (pieces A,*B, F, G, L, M) and a seven-inch diam-a
eter for the heavy extrusion (pieces E, K and R).

Billet used by Harper for the Ti-6-4 extrusion (pieces C and D) ana the
Ti-6-6-2 extrusion (pieces N and P) was obtained from Reactive Metals Inc.
Mwaterial wa* cast as a 30-inch diameter ingot by the Consumable Electrode
Vacuum Melt process, forged to approximate billet size and lathe-turned to the
6 3/4-inch diameter used. The Ti-8-l-l billet for pieces H and J were
obtained from Titanium Metals Corporation. A twenty-eight-inch CEVM billet
was forged and supplied lathe-turned to 6 3/4-inch round.

Chemical compcsfit ion of the material used is shown in Table I.

Extrusions from Harvey Aluminum were produced on a Loewy 3850 ton horizontal
extrusion press. Extrusions from H. M. Harper were produced on a Loevy 1650
ton horizontal extrusion press, modified to provide approximately 1800 ta~ns of
pressure. Details of processing are shown in Table II.

Straightening by Harvey was performed before the annesling operation. Harper
produced material was straightened by a hot sturetch eater the anneal. Temper-
atures for hot straightening at Harper were monitored by thermocouples
attached to the length being straightened. To avoid warpage, parts were
cooled in the stretcher with a low stress level held and automaticall1Y Moni-
tored. The two variations outlined represent the two comon practices being
followed in extrusion production. With proper control of straightening temi.,
perature, amount of stretch, and control of relief of *train &uring cooling
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no significant difference appeared in end results when hot straightening after
anneal Ivs empared with the final operation being the anneal cycle.

NETALWCO•APC CONTOL

T1o transvere sections were examined for each of the five lengths of extrusion
in eoah of the three alloys. Specimen location was at the end inch of each
piece.

In general, morostructures exhibited end grain, with little evidence of grain
flow. Those lines which occurred followed the contour of the section. Grain
size appeared largest at the center or junction of the tee, and was finer in
the leg areas. The thinner leg of the unequal thickuess tee showed smaller
grains than in heavier areas, as would be expected from the degree of work
during extrusion.

Microstructures of the extrusions are considered to be characteristic of those
of titanium alloys extruded above the beta transus temperature.

Typical photomicrographs and -hotomacrographs for Ti-6A1-4V are sbhon in
Figure ll, for Ti-8A1-2Mo-IV in Figure 12 and for 1 i-6Al-6V-2Sn in Figure 13.

17
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Figure 13- Typical Mpcrostructure and Microstructure
of~ Ti-6A1-4V Extrusion
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Macrostructure (1-1/2x)

~ Microstructu~rrn Junction (200x) Microstructure, Cap Tip '200x)

Figure 12. Typical Macrost-ructure and Microstructure
of Ti-8A1-lMo-lV Extrusion
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MATERI;,l PROPW1TY TEST PROCEDURES

TENSILE TESTS

The spccimens used in the tensile :.ests Are shown in Figures 14 and 15. The
standard 1-inca, gage 1:ngth flat sepcimen was used to test the small extrusions;
the standard 1-inch gage length round specimen was used to test the large
extrusions. The tests were conducted in 5, 50, and 120 Kip Baldwin universal
test machines, in accordance with the requirements of FED-STD-151. A strain
rate of 0.005 in/in/min wes used throgh the proportional livni' of the material.
Class B extensometers vere used in conjunction vith standard autographic
readout equipment t*z provide partial or full 15ngth load-strain curves.

COMPRESSION TESTS

The Lockheed stendard X-6720-.8 specimen used in the acupression tests i0 3hown
in Figure 16. The tests were conducted in 5, 50, and 120 Kip B&ldwin universal
test machines at a strain rate of 0.005 in/in/min through the proportional
limit of the material. Class B extensomeTers were used in conjunction with
standard autographic readout equipment, to provide load-strain curves.

TENSION AID COMPRESSION MODULUS OF YSA1C~ITiY

The tension end compression modulus of evasticity tests were conducted on the
specimens sho-n in Figure* 15 and 16 in a f1seexch Inc. 100 Kip closed loop
servo-hydra-lic ma•erials testing -yetem. lhe prenision strain data for modu-
lus determination were obtained aeiu Tackeramn optical strain gages. Each
specimen vew looA4d in a minim' of five e"jusl load increments to a maximum
stress that was below 50 percent of the nominal yield strength of the material.
A Tuwkerman gage was attached to each side of the specimen, and the strain was
recorded for each gage at each load incremetnt. The strain readings were plot-
ted on graph paper, and a straight line between the points was drawn to pro-
vide a slope value for determination of the modulus value for each gag-. If
the modulus values for the two pages varied less than two percent, the average
of the tvo values was reported as the modulus of elasticity for the specimen.
If the two values varied by more than two percent, the specimen was retested
using the sme pr'ocedure until the results obtained varied by less than two
percent.

SttAR TESTS

The spec ±ten used in the shear test* is shown iz Figure 17. Double shear type
tests were conducted in ar 120 Kip Baldiain unlversal test mechine using stand-
ard clevis and tongue fixtwures. The load waa applied at u rato which corre.,
sponded to a head deflection rate of 0,1 inch/min; on!.;, the uitmi~te load v"
reoordtd.-
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Misalignment of some of the specimens in .he "ixtires resulted in certain
failures occurring through single shear after extensive bending had taken place.
The single shear values were lower than the double shear values for cumparaDle
specimens and were considered invalid. Data pcý.terns establishing other test
points were considered sufficiently significwit, ,.owe',er, that duplicate test-
ing was not considered to be required.

BEARING TESTS

The bearing tests (e/D = 2) were conducted on the ap:.em.rnn 1'bown in Figurt 18.
The bearing hole was drilled and reamed to within ore-'hi,.-4th of aL inch of
the diameter of the hardened steel loading pin. The tez+,• •'eze .onducted in a
120 Kip Baldwin universal test machine at a rate -orrezpc-iiaý ',. a test head

i movement rate of 0.008 in/min through the yield point of the m.tiat. A
Icaa-strain curve was obtained for each specimen by means of a '1asz B exten-
Rometer in conjunction with standard autographic readout equilment. 'ihe yield
qt:r,ýnth was calculated by using the load at which the recorded permanent
t>,rutdion, using the offset method, A was equivalent to 2 perce1i, of the

e•,4tdimeter,

:4;-'11"4P• aD - 1.5 tests, the bearing specimen was modified so that the edge

dibtec• was reduced from 0.750 to 0.562 inch. The test procedure remained the
same.

TW4PEATURE EFFECT TEST PROCEDURES

The teat procedures for the tension, compression, shear, and bearing tests were
essentially the same for each test temperature between -110° and 8000F. The
-110 0 F tests were conducted in a gaseous CO2 test chamber; the elevated tem-
perature tests were conducted in a circulating air furnace. The specimens
were held at the test temperature for 20 minutes before testing. Both the test
chamber and the specimen were monitored by thermocouples, and the test temper-
ature of the specimen was maintained at the specified level + 50F

CREEP AND STRESS RUPTURE TESTS

Stazdard creep and stress rupture tests were conducted on the specimen shown in
Figure 19 at 10oo. 600 and 8000F in accordance with ASTM Specification E-139.
The tests were conducted in 6 or 12 Kip Satec creep machines. A thermocouple
wa %me e'chtd to -ach end of the specimen gage length and a temperature-time
plot v• rccorded throughout the test. A i'DT eytensometer was used to con-
tinuously re,•ord a time-s-u'ain plot.

ý,,fter .n.ial probes, btzess ruptur ti~ts we:t. Mrco-,t1rued if 7upture did not
cccur wiuhiz a time of it leaat 100 hou=3. T',e nrt.eo ttsts were discontinued
-fter 1000 hczrs, or in scme cases aftey a eho.rir i•'iod of time if the speci-

mens were not undergSoing creep deforr;&P.t•n.

Bec.auae of the apparent resistance of the extruded metallurg, - .Iuctie to
creep deformation, a portion of the testing was re-directed k dt ra-x-d
heating-rapid loading creep could be probed.
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The short time creep tests wcre conducted at 600OF and 600°F c'u toVie tm-•inder
of the specimeus under conditions of rapid heatirg. The testz wor-e conducted

in accordance with AST4 Specification E-150 using loading condition 'I). Tests
~: I were conducted in a Research Incorporated 100 Kip tert machine ,ziag the self-

resiatance method of heating. The speý.Imen was heated to the tzt temperature
+ 10 F in 60 seconds and held at the nominal test temperature for 60 seconds
prior to application of the load. The temperature was monitored by therzo-
couples attached to the ends of the specimen gage length.

The load was applied at a uniform rate within 5 + 2 seconds from the time of
start of loading. Strain measurements were obtained using a Class B extensom-

J eter. Strain was recorded from the start of heating of the specimen until the
specimen was unloaded.

CHARPY IMPACT TESTSL The standard Charpy V-notched specimen shown in Figure 20 was used to test the
large extrusions; the modified specimen shown in Figure 21 was used to test the
small extrusions. The tests were conducted at -110, 72, 110, and W400°F in
accordance with Method 221.1 of Federal Te,.t Method Standard No. 151.

PLANE-STRAIN FRACTURE TOUGHNIES

Edge cracked, four point loeded constant moment bend sp eimnn, -vre used for
the fracture toughness tests. The 1-inch widz specimen shown iL Figure 22 was
used to test the large extrusions; the i/2-inch wide specimen sho•i. in Figure 23
was used to test the small ertrusions. A fatigue crack wae .en,ý'rted at the
base of the machined vee notch by. repeated t-.nsior-t•ension loading in four
point bending. The ratio of minim-r= to maximum leod was .-1 ; the =Ximur•
ncminal bending stress level used was less than 50 ;ercent of the tensile yield
str--ngth of the material. The total crack depth ("vee" notch plus fal~igue
crack) was nominally 20 percent of the specimen zddth.

The pre-cracked specimens were loaded to failura in the 100 Kip test machine at
A1 P rate equivalent to a strain rate of 0.005 in/in/min. A model PD-lM deflectom-

eter was used to obtain an autographic curve of load vs. test head movement.
ze pop-in" load (point of initial crack instability) v-as obtained from the

curve, and the crack depth was measured on the specimen fracture surface.
These values were used in the following equation to obtain the plane-strain
fracture toughness value K,, (the critical stress-intensity factor associated
with initiation of unstable plane-strain fracturing). The units for the K1c
value are Xsi VIEW

1 2 r ~ 2 L 2(a 4

c2 34.7 (1) - 5 5. - + 19 6 w
Km (1412 B2W3

P = load at creek instability, (Kips)

L • moment arm length (Inchea) (3 in. for the 1-inch wide specimen
and 3/2 in, for the 1/2-inch wide specimen)
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RDIUS OF NOTCH31

Figure 20. Charpy Specimen, Thicik Thxtrasicn
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RLADIUS OF NOTCH 71l3T
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Figre 21. Charpy S-ecimen, Thin I•xtrislon
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~tl

B = Specimen thickness (Inuhes)

W - Specimen width (Inches)

a = Crack depth in the center of the specimen thickness (Inches)
(notch plus fatigue crack)

S= Poisson's ratio = 0.3

The -110oF fracture toughness tests were conducted in a CO gas chamber. The
specimens were held at the test temperature for 30 miautes 2before testing.
Both the test chamber and the specimen were monitored by bhermocouples, and
the test temperature of the specimen was maintained at -110 + 5 F. The area of
the crack was covered with plastic tape to prevent coiitamination by moisture.

DEIAYED FAILURE TESTS

The delayed failure tests were conducted on the pre-cracked fr-acture toughness
specimens previously described. A transparent plastic strip was taped to each
side of the specimen in the area of the crack. A sodium chloride solution
(3 1/2 percent by weight sodium chloride in distilled water) was added to the
container prior to load application so that the entire crack was covered. The
top of the container was left open to the air; if evaporation occurred the
container was refilled with distilled water. The level of the solution was
kept nearly constant throughout the tests.

The specimens nrere stressed at a rate equivalent to a strain rate of 0.005
in/in/min to a predetermined sustained load level which was fifty percent of
the ultimate load for the fracture toughness specimens from the same test
group. The 1/2-inch wide speci- ens were tested in a Research Incorporated
100 Kip test machine; the 1-inch wide specimens were tested in Lockheed-
designed hydraulic test machines. If a test specimen did not fail during a
specified time at the sustained ad level, it was loaded to failure. Addi-
tional specimens from the same t-vst group were loaded to higher (or lower) load
levels until a threshold level at which failure did not occur was determined.

The sustained load level for each specimen is substituted for "P" in the equa-
tion for "KI " to obtain the sustained load plane-strain stress intensity value
which is designated as Ki and which also has units of Ksi VTh

At least one specimen from each test group was held at the threshold level for
100 hours. It should be pointed out that because of the scatter in the test
results, the threshold level is defined as the highest Kli level at which a
specimen held, and below which no specimen from the test group failed. There
are usually specimens in any test group which do not fail at levels above the
threshold KýI value, but additional specimens from the same group will fail at
the same level. The range of the scatter in the •i values for titanium alloy
specimens is often as much as 10 Ksi V.i7 units.

S-N FATIGUE TESTS

The smooth (Kt = 1) and center notched (Kt = 2.7) fatigue specimens that were
used are shown in Figures 24 and 25. The tests were conducted in Lockheed
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desi~ned constant anmplitude fatigue test machines at stress ratics (A) ofw
0.98 and 0.~4. The specimens were tested until failure occurred or until 10f
cycles had elapsed.

Elevated temperature fatigue tests were conducted in radiant heat furnaces. The
specimen test temperature was monitored by a thermocouple and was maintained at
the desired level + 5 F. The specimens were held at the desired level for 10
mi~nutes before testing. Tests were conducted at 1800 cycles per minute.
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Section IV

DISCUSSION OF RESUL'T'S

BASIS FOR E~VALUATI ON

It is considerea that this program has developed either two or three data points
to be used in nonJunction with material fxom otlier sources to establish
MIL-HDBK-5 values for titanium extrusions (the number of data points depends on
the mixture of testa and material source).

Reliability and uniformity of properties within the individual piece vere
established by room temperature testing. Having obtained this verification,
vendor data can be used with confidence to establish room temperature specifi-
cations or A and, B design values for longitudinal tensile properties. Trans-
verse property data and compressive property data are available in depth from
extrusion producers so that statistical values may be obtained by direct
methodn, or by indirect methods with a broad statistical base.

Effect of temperature on properties, and properties fo'- which design values
are normally obtained by derivation have been analyzed to determine that mate-

* |rial performance was consistent between vendor, ieat, and size. These relation-
ships, in turn, were reviewed in relation to published data on other product
forms to establish if the limited information appeered to be part of tne same
statistical data population, or if significant differences appeared.

UNIFORMITY OF PROPERTIES

Properties throughout all pieces in .ach of the three alloys tested were con-
sidered to be uniform, well within the variations normally expected from
extruded material. In the combination of length, test direction, and cross
section location within one piece the indicated variation in Ti-6A1-4V tensile
ultimate strength (TUS) was under 4%, and variation in TYS less than 5%. In
alloys Ti-6A1-6V-Sn and Ti-8A1-LMo-lV, the variation within any one piece was
under 6% in TUB an", under 8% in TYS. Variation in properties between piecea,
with location iu cross section grain direction, and length is shown in Tables
III, IV, and V, and in Figures 26, 27, and 28.

No effect of extrusion direction 's apparent from these and other tests.
Section location has a random effect, and does not arpear to follow a pattern
on annealed material. Processing controls t avoid possible degradt.tion of
properties because of work effects would allow design in the transverse direc-
tion to parallel design in the iongiti•d.nal direction. The same principle
could also apply in control tests.
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Note: Specimen locations in cross section om shown in Figures 88 and

89. Longitudinal locations of specimens for pieces F and H are shown
in Figure 90 for piece K in Figure 94 (specimens M1 thru MID).

END CENTER END END END END CENTER END

PIWE F PIECE K PIECE K
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RELATIONSHIPS BETWEEN VEDORS

Sufficient data points do not exist within this program to establish
relationships between vendors, except as related to a single test point only.
The relation - and property scatter - between vendors should be determined from
vendor accumulated property data. From the l-,mited points, comments are as
follows:

Properties of the Ti-6Al-4V extrusions supplied by the two vendors were, as
shown in Figure 26, quite close. Total spread between values was less than
"10%. The percentage relation on temperature effects and on derived properties
such as shear and bearing appeared consistent. Relation of test data to a
normal mill property distribution may be obtained by comparison with Figure 29.

Ti-6A1-6V-2Sn extrusions appeared to show a slightly greater margin of differ-
ences between vendors, possibly based on production background in the alloy.
Property relationships to room temperature properties were consistent. General
relationships are shown in Figure 28. Typical distribution of vendor tests
for TUS is shown in Figure 30.

Ti-8A1-lMo-lVshoved greater differences than the other alloys. The discrepancy
did not appear at room temperature, but both sub-zero and elevated temperatures
tests-seemed to indicate a change in temperature effect. Room temperature
relationships are shown in Figure 27. Figure 31 shows a typical distribution
of TUS test results based on vendor data.

The yield strengths shown for pieces H and J (Ti-8Al-iMo-IV) and for pieces N
and P (Ti-6A1-6V-2Sn)are lower than those shown for the alloys in Section V.
The values shown as design minimums are at present consistently being achieved
by one vendor as shown by Figures 30 and 31, and are prese.tly being used in

-1 design.

MODULUS OF ELASTICITY

Precision modulus determination showed typical tensile modulus of elasticity
at room temperature values as follows:

Ti-8A1-lMo-IV 17.6 x 106 psi

Ti-6A1-WV 16.9 x 10 psi
Ti-6A1-6V-2Sn 16.1 x 106 psi

Values for the Ti-SAl-lMo-lV agree with MIL-HDBK-5 values for other product
forms of this alloy, the other two alloys have indicated modulus values higher
than those shown for other product forms in MIL-HDBK-5. The relationship
between alloys is in accordance with the expected pattern.

TEMPERATURE EFFECTS ON TENSILE ka, COMPRESSIVE PROj'ERTIES

The effect of temperature on tensile properties of the three alloys is shown in
Figures 5 and 6, and effect on compression yield strength in Figure 7. Tem-
perature effect data has been plotted "o show effect as percent of the room
temperature property value and is presented in Section V.
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'No comparison points at each temperature (one from each vendor) were
established in the longitudinal direction and one data point at each tempera-
ture in the transverse direction. Temperature effect relationships were
consistent between vendors and grain directions. Tables VI, VII, and VIII
indicate these trends.

Sufficient data points have not been established by this program to provide
verification of the depth required for MIL-HDBK-5. The pattern thus far
however is consistent and appears to indicate that the reduction in properties
at elevated temperature is in excess of that shown in MIL-HDBK-5 for )ther
product forms of these alloys. Comparison of temperature effects are shown in
Figures 32 through 39, inclusive.

In the higher temperatures, effects on Ti-6A1-6V-2Sn appear to be less than on
the other alloys. This follows trends in other Lockheed investigations cover-
ing other heat treat conditions, and follows patterns shown in MIL-HDBK-5 for
other products.

BEARING

Results of tests for ultimate bearing strength and for bearing yield strength
are summarized in Tables IX and X. The normal pattern of reduced strength at
elevated temperature is followed, with alloys maintaining normal strength
relationships. Effect of elevated temperature on the 600°F properties of
Ti-6A1-6V-2Sn appears to be less than that of the other alloys - corresponding
to the trends shown in properties such as tensile strength.

Agreement of values and of ratios between vendors is considered normal con-
sidering the limited number of data points. Ratios of ultimate bearing strength
to ultimate strength, and of bearing yield strength to tensile yield strength
are of the same general order of magnitude as those given in MIL-HDBK-5 for
other product forms. Additional data points are required to define ratio and
temperature effects more precisely.

SHEAR

Results of tests to determine ultimate shear strengths are summarized in
Table XI.

Values obtained agree closely between vendors and between grain directions.
Ratios of bearing strength to ultimate strength closely coincide with pub-
lished values for other product forms, and temperature effect curves follow
patterns established for other products.

Ti-6A1-6V-2Snagain shows less effect on properties from elevated temperature
than that shown by the other alloys.

CREEP AND STRESS RUPTURE

Creep and stress rupture testing was initiated in accordance with the contract
test schedule. Because of the resistant characteristics of the extruded
product form to creep, the program wap modified to provide *tress rupture data

44



9iii

TABLE VI EFFECT OF TE4PERATURE ON THE ULTIMATE TENSILE
STRENGTH OF TITANIUM ALLOY EXTRUSIONS

o PPercent of Room Temperature StrengthAlo Pee Test *

Direction -11OF RT ý4OOF 60OF 800F

Ti-6A1-4V A L 122 100 70 71 65
C L 1?1 Ino 78 70 66
A T 120 10o 77 72 66

Ti-8A1-lMo-lV F L 121 100 83 77 71
H L 117 100 79 71 66
F T 119 100 82 76 69

Ti-6A1-6V-2Sn L L 119 100 79 77 69
N L 118 100 85 79 74
L T 120 100 83 79 72

TABLE VII EFFECT OF TEMPERATURE ON TENSILE YIELD STRENGTH

OF TITANIUM ALLOY EXTRUSION

o PPercent of Room Temperature StrengthTest- ___ ___
Alloy Piece Direction -11OF RT 40OF 600F 800F

Ti-6A1-4V A L 128 100 71 61 58
C L 125 100 72 59 57
A T 127 100 70 62 57

Ti-8A1-lMo-1V F L 130 100 72 65 58
H L 120 100 72 58 53
F T 126 100 73 65 58

Ti-6A1-6V-2Sn L L 127 100 72 69 62
N L 121 100 78 69 66
L T 127 100 76 69 64
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TABLE VIII EFFECT OF TEMPERATURE ON THE COMPRESSIVE YIELD
STRENGTH OF TITANIUM ALLOY EXTRUSIONS

Percent of Room Temperature StrengthAlloy Piece Test - - -
Direction -1IOF RT 40OF 600F 800F

Ti-6A1-hV A L 125 100 67 57 56
C L 123 100 70 59 55
A T 125 100 69 59 56

Ti-8A1-lMo-lV F L 125 100 72 60 57
H L 124 100 70 59 54
F T 125 100 71 61 56

Ti-6A1-6V-2Sn L L 127 100 74 67 62
N L 124 100 74 68 64
L T 127 100 74 67 63

only at 400 0 F, to provide both limited creep and stress-rupture data at 600OF
and to provide a limited probe at 8000 F creep characteristics. In addition, a
probe was made of creep under conditions of rapid heating and loading such as
might occur under over ride conditions. General airframe parameters were
considered rather than such specialized applications as engines where extensive
special creep investigations would be conducted.

400°F CHARACTERISTICS

Tests indicated tha+ cree.op at 4000 should not be considered to be significant
in general airframe design. In order to produce 0.1 percent strain in 1000
hours, Ti-6AI-4V and Ti-MAI-IMo-lV specimens were loaded to approximately 95
percent of the ultimate strength at temperature, a level twenty to thirty
percent above yield. The same level of stress produced 0.2 percent combined
creep and strain deformation in Ti-6A1-6V-2Sn.

Stress Rupture at 400F is considereO to be coincidet with the ultimate tensile
strength. Tests within a nominal 2 ksi of the ultimate tensile strength at
temperature failed on loading or showed no failure at one week exposure. Since
stress rupture characteristics were directed toward use in construction of
fatigue diagrams the stress rupture curve was considered to coincide with the
tensile strength within test limits.

6000 F CHARACTERISTICS
Stress-rupture and nominal utimate tensile strength at temperature were con-
sidered to be coincident. Ti-6A1-L&V and Ti-~6Al-6V-2Sn specimens loaded within
2 ksi of ultimate strength at ,-.mperature did not fail in 1000 hours of
exposure. Tests of the Ti-8Al-IMo-lV at the same relative load were discon-
tinued at approximately 650 hours without failure.

Creep in Ti-8A1-lMo-lV and in T- -:;Al-4V did not appear significant at the 600°F
yield stress. Tests of Ti-8A1-LMo-lV at yield strength indicate less than
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TABLE IX ULTIMATE BEARING STNGTHS OF

TITANIUM EXTRUSIONS

Description Ultimate Bearing Strength
at Temperature, Ksi Percent of

S' - -TUS at RT
Alloy Piece Direction e/D -11OF RT 400F 600F

Ti-6A1-)4V A L 2.0 330 295 210 201 208

C L 2.0 276 228 201A 189

A T 2.0 301 225 212

C T 2.0 296 203

A L 1.5 244 172

C L 1.5 247 169

Ti-8A1-lMo-IV F L 2.0 323 292 220 192 210

H L 2.0 270 215 191 200

F T 2.0 291 222 211

H T 2.0 323 243

FL 1.5 239 172

H L 1.5 222 164

Ti-6AI-6V-2Sn L L 2.0 357 316 255 216 201

N L 2.0 297 250 236 198

L T 2.0 341 248 214

N T 2.0 317 208

L L 1.5 269 171

N L 1.5 252 168

Average of three tests
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TABLE X BEARING YIELD STRENGTHS OF TITANIUM EXTRUSIONS&

Description Bearing Yield Strength
at Temperature, Ksi Percent of

________________ ________ - - - - - TYS at RT

Alloy Piece Direction e/D -IIOF RT 400F 600F a

Ti-6A1-4V A L 2.0 296 250 190 172 200

c L 2.0 239 193 168 18

A T 2.0 257 194 202

C T 2.0 255 196

A L 1.5 208 166 1-|

C L 1.5 210 163

Ti-8A1-flo-1V F L 2.0 282 240 185 167 192

H L 2.0 221 172 152 184

F T 2.0 249 192 201 S

H T 2.0 268 227

"F L 1.5 201 161 a

H L 1.5 186 155

Ti-6AI-6V-2Sn L L 2.0 329 279 224 205 199

N L 2.0 254 218 201 190

L T 2.0 290 222 207

N T 2.0 270 197

L L 1.5 231 165

N L 1.5 223 166

AA

SAverage of three tests
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TABLE XI SHEAR STRENGTH OF TITANIUM ALLOY EXTRUSIONS

Shear Strength at
Description Temperature, ksi Percent of

___________ ________ - - - - TUjS at RT
Alloy Piece Direction -11OF RT 400F 600F

Ti-6A1-4V A L 106 92 77 70 65
C L 91 77 70 62
A T 92 65
C T 92 76.3 63

Ti-8A1-IMo-IV F L 102 91 79 69 65
H L 87 / 68 64
F T 87 63
H T 88 75 66

Ti-6A1-6V-2Sn L L 119 101 92 81 64
N L 101 83 67
L - T 102 64
N T 100 88 66

Average of three tests

L/ Results not tabulated because of abnormal bending

0.3. percent creep is 1000 hours. Ti-6A1-4V showed 0.1 percent creep in 1000
hours at stress levels 10 percent above yield. Ti-6A1-6V-2Sn showed more
susceptibility, with approximately 0.2 percent creep indicated after 500 hours
exposure, and approximately 0.4 percent in 1000 hours.

At 800°F creep becomes significant in all alloys. As at all other tempera-
tures, Ti-MAl-Mo-lV showed the highest degree of resistance, while'
Ti-6A1-6V-2Sn showed most susceptibility.

Creep tests conducted under conditions of rapid heating and rapid loading
result in higher strains than those productd by standard creep exposures,
except for Ti-6A1-6V-2Sn. Results of these tests would indicate the desirabil-
ity of further testing in this area because of the close relationships between
this type test and occasional extreme exposure. Relationships between creep
under conditions of rapid heat and load compared with creep under standard
conditions are shown in Table XII.

Creep data are susceptible to scatter because of minor variations in test
procedure and considerable scatter is shown in the data obtained in this pro-
gram. This does not, within this program, affect interpretation of results.
W ACT PRO*

Results of Charpy impact tests indicate generally higher values for transverse
specimens than for longitudinal specimens at all temperatures. This does not
seem reflected in any other properties, but could be due to the notch occur-

57

777 if • z:

S.. . ..
gmm mmi mm; h~ :' -

*V 1



TABLE XII COMPARISON OF CREEP STRAIN
UNDER VARYING LOADING CONDITIONS

Creep Strain in/in

Alloy Temp Strsis Rapid Heat And Load Standard Creep
( )5 min 130min 60min 1lhr 100 hr 500 hr

Ti-6A1-4v 600F 71 0.0012 0.0017 0.0018

179 0.000 0.0022 0.0029 0.000 0.0027

85 0.0007 0.0020 0.0030

I ~89 0.006 0.000 0.001

800F 58 0.0004 0.0010 0.0012165 0.0005 0.0007 0.0007

75 0.004 0.001 0.0028 o.004 0.0183

Ti-8A1-imo-1v 600F 81 0.004 0.006 0.004 0.0005 o.=06

800F 58 0.0002 0.0008 0.0010

172 0.0003 o.=o6 0.0007 0.0003 0.0028 0.005

H85 0.008 0.0017 0.0020 0.=06 0.0046 0.008

~ jTi-6A1-6v-2Sn 600F 90

t. 100 0.004 0.0006 0.000 0.004 0.016 0.0024

1.12 0.000 0.0018 0.0018 0.000 0.0024

800? 69 0.0008 0.0029 0.004

88 0.0015 0.067 0.0105

98 0.0059 0.0242 0.0428

_ _ _ _ _ _ _ _ _ _
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ring in the junction area. Impact toughness varies inversely with alloy
strength as expected. The tests at minus 11OF represent specimens machined

and tested separately from other specimens and, therefore, are considered to
represent a variable in test rather than a reversal of trend in impact pro-
perties. Test results are shown in Figures 40, 41, and 42.

FRACTURE TOUGHNESS AND DELAYED FAILURE

Ki fracture toughness values at -11O°F and at room temperature, along with
delayed failure characteristics are given in Table XIII. Values obtained in
this program agree within expected scatter with values obtained on similar
material evaluated as part of recent programs at Lockheed, and are less than
scatter observed in heavy products such as forgings. Ti-8A1-lMo-lV presents
the most favorable fracture toughness characteristics, but appears to have
slightly inferior delayed failure characteristics. Delayed failure of
Ti-8Al-lMo-lV extrusions, air-cooled, appear to be superior to past values
obtained using furnace-cooled materials and are above values obtained in the
past on annealed bar worked in the alpha-beta field.

Figures 43, 44, and 45 depict delayed failure as a function of time.

Results of the fatigue tests on the three titanium alloys tested are presented

as S/N curves in Section V. Figure numbers of curves are as follows:

Alloy KT A Temp Fig. No.

Ti-6Al-4V 1.0 0.98 RT 54
2.76 ,o,0.98,0.4 RT 55
2.76 ,o,0.98,0.4 W00OF 56
2.76 co,O.98.O.4 600°F 57

Ti-8AI-IMo-lV 1.0 0.98 RT 66
2.76 0,0.98,o.4 RT 67
2.76 co,0.98,0.4 400OF 68
2.76 u,0.9 8 ,0. 4  600OF 69

Ti-6A1-6V-2Sn 1.0 0.98 RT 78
2.76 0,0.98,0.4 RT 79
2.76 0,0.98,0.4 W00OF 80
2.76 w,O.98,O.4 600OF 81

Fatigue characteristics of the three alloys were considered to be similar in
the same scatter band. Values were intermediate in relation to those seen in
previous evaluations of extruded products. Values appear to be below those
shown in MIL-HDBK-5, but do not appear to be below typical values seen in
other programs on hcavy sections such as bar, plate, or forgings.

Material 4 rom one vendor tends to show slightly higher fati&sae values than that
of the other. At this time, this is considered to represent random scatter

4
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TABLE XIII FRACTURE TOUGHN•ESS AND DELAYED FAILURE

C20SACTERISTICS OF TITANIUM ALLOY EXTUSIONS

Grain Ic (ksi VIR) K•i (ksi •• }
lDirection -1OF RT Held Failed

Ti-6AI-4V A L 68 73 36 4o
C L 63 65 k548

E L 79 39 42

IT S Ti-OTI-IMo-IV F L 76 83 3E 35

H L 88 88 34 36
K L 85 34 36

Ti-6AI-V-2Sn L L 46 58 29 34

N L 56 72 4
R L 58 36 41

until effect of processing variables on fatigue can be determined through

other programs.

I Elevated temperatures seem to affect only the high-cycle end of the fatigue
curves. Alloys Ti-6A-l and Ti-VAI-IMo-IV seem to see more effect than

Ti-6A1-6V-2Sn. This trend has been observed on previous programs.

Modified Goodman diagrams prepared from data obtained in this program are
presented in Figurcs 58, 59r, 72 o 73 f 86 and 87,
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Section V

FF

PRELIMINARY DESIGN INFORMATION

Tentative design properties for extruded titanium alloys Ti-6AI-4V,
Ti-8A1-lMo-lV, and Ti-6A1-6V-2Sn in the Annealed tempers are presented in this
Section. Current specifications for these products are not established on a
government nor an industry basis*. Design properties are indicated as tenta-
tive until such time as sufficient depth of data (and corresponding modifica-
tions) to meet MIL-HDBK-5 standards are compiled and incorporated.

Ti-6A1-4V TENTATIVE DESIGN PROPERTIES
(1) Tentative room temperature design mechanical properties are

summarized in Table XIV.

(2) Effect of temperature on ultimate tensile strength at temperature
is shown in Figure 46. Effect of temperature on teDsile yield

* strength is shown in Figure 4T. Effect of temperature on compres-
sive yield strength is shown in Figure 48. Effect of temperature
on shear and on bearing properties are shown in Figures 49, 50,
and 51.

(3) Stress-strain curves in tension and compression (typical curves)
are shown in Figures 52 and 53.

(4) S/N diagrams showing typical room temperature and elevated tempera-
ture fatigue characteristics of smooth and of notched specimens are
shown in Figures 54, 55, 56, and 57, modified Goodman diagrams in
Figures 58 and 59.

(5) Discussion of fracture toughnesso and of delayed failure character-
istics is included in Section IV.

(6) Discussion of fracture toughness, and of delayed failure character-
istics is included in Section IV.

Ti-8A1-11o-lV TENTATIVE JESIGN PROPERTIES

(1) Tentative rooa temperature design mechanical properties are asm-
marized in Table XV.

OAM54935 in its present form (Revision A) is not normally used without
exceptions.
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Table XIV Tentattive Design Mechanical and Physical Properties
of Ti-6A1-4V Titanium Alloy (Extrusions)

.~dVAll~ ... ... *0 ..... ee ... S Ti-6A1.-4v

Form .'Extruded Shapes., Rod and Bar

Condition .. .. S5050@* nead

Ihlickness or diameter., in* .. All

ftais

S

Mechanical properties:

Ftup ksi oeoee~ee
L *o..e.~.e.*.... 135

LT 135
Fty., ksi

L 125

Fcyk~i *************,*** (Typical values Shown in Tabe V

~2A~ L
IW ' (Typical va.Lues Shown in Table XI)
FSuj, ksi

eD:1ksi: (Typical Values Shown in Table IX)
e/D 21.5

F,~, ksi: (Typical Values Shown in Table X)

(efD 2.0)..........
e., per cent:

In, 3....si......e............. 10.

16, 10 pe .............. *...../

6, io6 psi

Physical proprties,*

9., (bfin.3  *e....e.....e *..... i~

a 2 iin./In./*
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able XV Tentatiye Design Mechanical and Physical Propqrtiee
of Ti-8A1-IMo-lV Titanium Alloy (Extrusions)

Alloy .... . •. • • . .... . • ....... Ti-8A2lMo-1V

Emctruded Shapes. Rod and Bar

Condition . . . .. .....

Thickness or diameter, in.

Ba8sis .............

Mechanical properties:

Ftu, ksl
L 1cy ........................ (le

L
LW
,sup ksi (Typical values shown in Table XI)

(efD -15 ............ (Typical values shown in Table IX)
(e/D - 2.:0)

Pbry, ksi:
•eD -• I) .................. (Typical values shown in Table X)

e, per cent:
In 24 D ...................... 10

Be L, psi.
Ge/ -106 psi

Physical properties:

(,In 2in.3. ... ........ 0158

C, 0tu(2lb)(F)
K. BtuI[(hr)(ft2)()/ft. .......
a,, 10 i-./•./F .............

.83-



•• •w • .... - - • a •• -

(2) Effect of temperature on ultimate tensile strength at temperature is
shown in Figure 60. Effect of temperature on tensile yield strength
is shown in Figure 61. Effect of temperature on compressive yield
strength .is shown in Figure 62. Effect of temperature on shear and
on bearing properties are shown in Figures 63, 64, and 65.

(3) Stress-strain curves in tension and compression (typical curves) are
shown in Figures 66 and 67.

(4) SIN diagrams showing typical room temperature and elevated tempera-
iure characteristics of smooth and of notched specimens are shown in
Figures 68., 69., 70., and 71, modified Goodman diagrams in Figures 72

(5) Discussion of fracture toughness and of delayed failure characteris-
tics is included in Section IV.

(6) Discussion of creep characteristics is included in Section IV.

Ti-6AI-6V-2Sn TEUMA•E DESIGN PROPERTIES
(1) Tentative room temperature design mechanicAl properties are sum-

marized in Table XVI.

(2) Effect of temperature on ultimate tensile strength at temperature is
shown in Figure 74. Effect of temperature on tensile yield strength
is shown in Figure 75. Effect of temperature on compressive yield
strength is shown in Figure 76. Effect of temperature on shear and
on bearing properties is shown in Figures 77, 78, and 79.

(3) Stress-strain curves in tension and compression (typical curves) are
fi shown in Figures 80 and 81.

()SIN diagrams showing typical room temperature and elevated tempera-
ture characteristics of smooth and of notched specimens are shown
in Figures 82., 83, 84 and 85, modified Goodman diagrams in Figures
86 and 87.

(5) Fracture toughness and delayed failure characteristics are discussed
in Section IV.

(6) Creep characteristics are discussed in Section IV.
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Tale XVI Tentative Design Mechanical and Physical Properties
of Ti-6AI-6V-2Sn Titanium Alloy (Extrusioms)

Alloy ...... '"" ..... Ti-6A1-6V-2sn

Pbrff

Extruded Shapes, Ro and Bar

CondtionAnnealed

Thickness or diameter., in.. .....

Buis S

Mechanical properties:

FtuT ksiT.tan.umAlloy.(Et.us.on.
L 150................... . g 1 -0

LsT ........ ...... 150

LT i..on*.... .......... ..*9*... 135
Fcy ks i . (Typical values sho in Table VI)

-h anic (Taical vaues phowo In Tarle Ie)

Ftu ksi

LeD *- 2.0) S.......)o. ...0150

Fby ksi-

e .per cent:
In 2 inu *.... ......... .... . ( a en10
In 4 D .................. lO

S. P o, O6l ................ o. (6.1

[1G 106 p~si:"(~ imiS

Fe~sical properties:(a, b/U0.3 ................... ( i 0. 1
C, eur(cet)(F) .0....90........
C, Btuj(br)(f2)(jr)!ft .....

a 0, . n././F .0...0.......
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Section Vi

CONCLUSIONS AND RECOMMENDATIONS

This program has developed data on annealed titanium extrusions to illustrate
wlere the product form possesses advantages over other materials and other forms
of titanium when properly applied in aerospace applications. Extruded products
are uniform in properties in the section, in its length, and Oo not possess
abnormal directional characteristics. Data indicate that materials from
different vendors and from different heats hav3 closely related properties, and
that the relationship of properties as affectea by environment or application
are consistent.

Within the scope of the testing in this program, MIL-HDBK-5 values could not
be developed because of the restrictions on the volume of data which could be
generated. Sufficient directicn and verification was obtained to establish
trends and relationships necessary to establish design data.

Titanium extrusions offer advantages in cost and in environmental suitability.

(1) Because of shape flexibility, savings are usual in material and
machining in the type of section where extrusion is adaptable.
While machining is required to provide a surface and tolerances
suitable for use, machining costs and material costs are generally
lower than other heavy product forms.

(2) In high temperature applications creep characteristics of extrusions
appear to be superior to other product forms because of the beta
worked metallurgical structure. At applications up to 600F, creep
does not appear to be a significant factor, while other product forms
may require consideration of creep in order to provide satisfactory
life.

(3) The beta-worked structure of ext-usions appears to offer advantages
in delayed failure characteristics in corrosive environments.j •Recent studies of other product forms have shown the desirability of
processing or heat treatment in the beta field in order to achieve
better toughness and delayed failure characteristics.

In application of titanium extrusions consideration must be given to other
4 •effects of its manner of production and its metallurgical structure. Ductility

is generally considered to be lower for be..a processed material than for
materia) processed in the alpha-beta field. This may have definite effects on

4 forming characteristics and may make use of such products as alpha-beta
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processed sheet preferable. Otheir properties however seem to be of the same
order of magnitude as those o: other product forms produced with the lower
temperature final processing.

Trends shown by this study indicate that temperature effects on extruded
products do not conform to those published in MIL-HDEK-5 for other products.
Derived property values should be based on extrusion data to insure proper
application. In this respect, it should be pointed out that beta-processed
material, or beta heat-treated material, in any produc' fora will be having
increased usage, and that verification of property relatiDochips for this type
material will be required.

Tb achieve the long range objectives of this prog:v., action should be t&ken
in the 'following areas:

(1) Room temperature mechanical property data car. at present be estab-
lished on a specification basis on tensile properties and on com-
pressive yield strength based on vendor guarantees. Sufficient
vendor data exists to establish A and B values for Ti-6A-4V. Data
points on Ti-8A1-lMo-lV and Ti-6Al-6V-2Sn may be more limited when
evaluated from Handbook standpoint. Vendor data on compression
properties exists in reasonable depth in all alloys.

In establishing values and determining properties, it is suggested
that date of production be considered as a variable. Definite
changes in property trends have been observed based on refinements,
or changes in production techniques. This has been particularly
true in Ti-8Al-lMo-lV, with elimination of furnace cooling, and in
Ti-6A1-6V-2Sn where original production was directed toward the spe-
eial requirements of a single application.

Tentative va)ues for other properties can be established using in-
dustrj accumulated test data in these areas.

(2) Property determination programs should be instituted to provide
design data for beta processed sheet, plate, and bar. Current trends
for application indicate that this processing will be of increasing
importance in gages over approximately 0.062 inch.

(3) Property determination programs should be instituted to provide
design data for heat treated and aged (STA) extrusion-, and the
"Overaged" extrusion where intermediate property levels are estab-
lished to provide desirable secondary characteristics such as more
usable forming temperatures in conjunction with strengths higher
than annealed products.

(4) Studies of rapid heating-rapid load creep characteristics, including
repeat cycle effects should be continued to determine specific effects
on supersonic aircraft under temperature overrile conditions, and
other vehicles such as spacecraft on re-entry.
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1 . 7V

F-4-I

TABLE XVII TENSILE TEST SUMMARY

• ~Test 1Specimen Grain Temps TUS TYS Elong.

Alloy Section I.D. Dir. TOF) (ksi) (ksi) (%)

Ti-6-4 Thin AD25 L -110 173 157 12

(Fig.1i) AD26 174 164 12

AD27 172 163 12

CF1 179 162 12

CF2 174 162 1 ½

C-73 -1i0 i'4 162 13
AAI Room 142 125 13

AA2 141 125 17

AA3 142 126 14
,AA41 141 12 8 16

0AB 144 127 16

AB2 142 126 15

AB3 141 124 15

I I

;" "ACI 145 130 14

"IIAC2

AC3 141 128 12

TinCCL oo 142 128 14

• 12 14
,IBH2 140 123 1
SIBH3 14i3 126 17

-!IBH4, 141 124 16

•'ei!CA2 l 143 12f: 16

°!CA3 146 129 15f

1CA4 143 127 18
i!CB1 ! 145 135 13

CB 141 4 128 15
C33 144 128 16

Ti-6-4 Thin C~l L Roo 143 !28 14
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TABLE XVII TENSILE TEST SUMMARY (Continued)

"Specimen Grain Test T"US TYS Blon.Alloy Section I.D. Dir° . Terap. ki (s)(OF) k) (k ) ()

Ti-6-4 Thin CC2 L Room 146 129 11
(Fig.1) CC3 146 131 15

cc4 144 130 16

DH1 146 132 16

DH2 143 127 16

DH3 145 130 16

DH4 Room 149 136 14

AD28 400 110 90 15
AD29 112 16

AD30 110 88 20

CF4 113 93 20

CF5 113 94 18

cF6 4o0 112 92 20

AD31 630 100 76 16

AD32 103 77 16

AD33 100 79 17

CF7 102 79 18

CF8 10. 72 18

CF9 6M 10! 80 17
AD34 W{00 92 73 17

AD35 93 73 17

AD36 9 73 16

CF11 96 73 14

CF11 9 - 75 19

CFI2 L 800 94 73 18

AD. -110 170 160 22

AD3 -1I0 169 161 11
Ti-6.•4 Thi MgA9 T Room 142 127 14

(Fig.1)j IA
132

Z4



i TABLE XVI! TENSILE TEST SU•MARY (Cont-inued)

•I"Specimen Grain Tet TUS TYS Elong.Alloy Section I.D. Dir. TOF)

Ti-6-4 Thin- AAIC T Room 1- 2 128 14

(Fg ) AAI1 141 1.2 6 14

AB7 142 127 13
AB8 V4 3 127 -4

ABTB 143 128 T(

A c8 141 127 a4
AC9 142 126 13

( . ACI0 142 127 15

ABH5 143 126 15

BH6 142 126 14

BH7 145 129 14

BJI 141 124 24

A0BJ2 145 130 15

Bl3 143 125 15

7CA, 145 129 15
CA1O 146 130 14

SCAll 146 130 14BJ3 145 125 15

cB8 146 129 15
CB9 146 130 14

CC8 146 131 15

CC9 145 128 14

CCIO 146 129 14

DH5 146 130 13

DH6 146 129 15

DH7 146 130 13

DJI 146 130 17

DJ2 150 133 14

Ti-6-4 Thi WJ3 T Room 1414 128 i4
(Fig. I)

133
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TABLE XVII TENSILE TEST StM.ARY (ContInued)

Specimen Grain Test TUS TYS Elong.
Alloy Section I Temp.. (i ki %I. D. Dir. (OF) (ksi) (ksi) ()

Ti-6-4 Thin AD4 T 400 109 56 16
_ (Fig. 1) AD ni 88

AD6 400 ill 90 15

AD? 600 102 78 15

A! 8 103 79 17

AD9 600 103 80 16

AD10 800 93 71 16

Thin AD11 93 72 16

(Fig.1 ) AD12 T 8 94 72 16

Thick EMI. L Rcom 143 129 14
(Fig.2) EM• 1o0 125 14

EM3 141 126 1P
EMb 144 130 14

EM9 141 127 14 -

EMIO L 142 128 2.4

EM4 143 130 T

EM5 142 133 14

Thick EM6 144 131 14

Ti-6-4 (Fig.2) EM7 T Room 144 130 14

Ti-8-1-1 Thin FD25 L -110 170 161 12
(Fig.1) FD26 167 159 12

FD27 168 161 12

HF1 155 143 16

HF3 -110 156 143 16

FAM Room 138 125 13

FA2 135 121 16
FA3 141 126 13

Ti-8-1-1 Thin FAL Rom 138 123 14
,-- (Fig.)) ,

1314
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TABLE, XVII TENSILE TEST SUMMARY (Continued)

Aoei Specimen Grain Test TUS TY S Elong.
Alloy Section I.D. Dir. Temp. (ksi) (ksi) (%)Sf (OF)

Ti-8-1-1 Thin FBI L Room 141 125 15
(Fig.1) FB2 135 121 18

FB3 137 121 15

FCl 144 129 15
FC2 134 121 18

FC3 141 126 15

Fc4 141 127 15

GH1 134 118 21
SGHPi 144 127 16

S1[G4GH3 143 124 19

SG H4 139 122 19

HA1 134 118 15

HA2 129 114 18

HA3 136 122 18

HA4 134 121 17

-B• 134 119 17

HB2 131 116 16

HB3 134 120 16

HCl 134 120 16

HC2 131 116 17

THC3 137 124 16

HC4 132 118 16

MilH 136 122 18

133 119 16

J{3 i34 119 13

JH4 Room 135 121 18

FD28 40o 115 89 18

FD29 115 89 18

Ti-8-1-1 Thin FD30 L 40b 115 88 19
A_ (Fig.)) I I

135



Seim Gan Te st TLUS TYS E long.
Specioe SetoG.. Prai Temp. (ksi) (ksi) (•

A(OF)

Ti-8-1-1 Thin HF4 L 400 1o6 85 20(Fig.I) HF5 •105 86 19

LI J

HF76 140 106 35 19

iFD31 600 107 81 18

FD32 1008 80 20

FD33 108 81 20
iiHF7 95 65 19

SeHF8 96 72 23

179 600 94 70 19

FFD34 800 99 72 19

[A

FD35 99 72 20

FD36 98 731 20

HF10 88 64 20
HF11 88 62 23

F12 L 8 800 99 64 19

FD25 T -110 170 161 12
FD26 167 159 20

FD27 -l1O 168 161 12

FA9 Room. 137 122 12

FA1O 138 124 15

FAll 138 126 16

FB7 138 123 15

FB8 137 122 15

FB9 136 122 15

FC8 136 120 15

FC9 136 121 15

FC1O 138 123 16

GH5 137 120 17

Ti-8-1-1 Thin GH6 T Room 137 121 17
(Figol)

136
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TABLE XVII TENSYLE TEST SUMMARY (Continued)

• Test
eSpecien Grain TB TYS Elong.Spelioe Sectin Temp. (ki (k ) ()

I.D. Dir. (OF) (ksi)

Ti-8-1-1 Thin GH7 T Room 138 120 17
(Fig.1) GJI 138 12) 15

GJ2 137 120 15

GJ3 138 122 15

HA9 133 1l8 14

HAlO 134 l39 14

HAl1 133 118
HB7 3133 118

HB8 132 117

HB9 132 117

HC8 132 116

HC9 3132 117
HClO 132 117

JJH5 136 123

* •JH6 134 l19

JH7 134 i19

JJ2 132 116

JJ3 Room 133 118
FD4 400 113 89 18

FD5 312 88 18

FD6 400 114 90 18

FD7 600 106 80 20

FD8 103 78 16
FD9600 15 80 18

FDI0 8oo 96 72 18

FD11 931 69 18

Ti-8-1-1 Thin FD12 T 800 95 72 20
(Fig.3)

137
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TABLE XVII TENSILE TEST SUMMARY (Continued)

Testllo Specimen G n TUB TYS Elong.AlloyT . ki (ksi) (%)A oyeton I.D. Dir. (OF) (s) (s

Ti-8-1-1 Thick KM1 L Room 138 126 12•!(Pig.2) KM2 •i 132 I19 14

K'43 134 122 15

KM8 138 126 15

KM9 133 121 15
KM1O L 132 120 15

M4 T 136 123 15
i KM5 136 123 13
i KM6 136 123 14

Ti-8-1-1 (Fig.2) KM7 T Room 138 127 15

Ti-6-6-'2 Thin LD25 L -110 190 180 9
(Fig.1) LD26 189 178 9

LD27 187 177 11

NFI 172 162 13

NF2 173 162 12

NF3 -l.O 173 162 14

LAl Room 157 140 15

LA2 154 138 14

LA3 157 140 15

LA4 164 144 15

LBI 158 139 15

LB2 157 132 14

LB3 156 - 15
LCI 159 142 13

LC2 158 140 14

LC3 159 143 13

L&4 158 141 14

MH1 160 140 16
Ti-6-6-2 Th"u MWI L Room 158 138 16

________ (Fig.1) _____ ____ ___ --
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TABLE XVII TENSILE TEST SUMMARY (Cvntinued)

I Testn Specimen Grai TUS TYS Elong.Alloy Section Spcmn Gan Temp. k ) si ()
I.D. Dir. (ksi) (ksi)

- - 1niz~ (OF) _

Ti-6-6-2 Thin MH3 L Room 154 136 15
(Fig.1) MH4 157 137 17

NA1 153 136 15

NA2 147 134 16

NA3 147 133 18

NA4 150 135 17

NB1 146 132 15

NB2 143 131 17

NB3 146 133 18

NC1 148 134 15

"NC2 145 132 17

NC3 150 135 16

Nc4 145 132 17

PH1 145 134 20
PH21 142 131 21

PH3 146 135 18

PH4 Room 147 136 19

LD28 o00 125 101 16

LD29 125 100 17

LD30 126 100 17

NF4 125 104 18

NF5 125 105 21

NF6 125 104 20

LD31 600 121 100 1-9

LD32 12 94 18

LD33 121 95 17

NF7 116 93 17
SNF8 t 17 93 19

Ti-6-6-2 Thin NF9 L 600 115 92 16
___________(Fig. i) _____ -- I
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TABLE XVII TENSILE TEST SUMMY (Continued)

Specimen Grain Test TUS In's Elong.
Alloy Section I.D. Dir. (eF (i) (ksi) (

Ti-6-6-2 Thin LD34 L 800 108 86 17
(Fig. 1) ID35 108 86 24

LD36 110 88 18

NF1O 108 89 19

NF11 107 86 17

NF12 L 800 108 89 17

LD1 T -110 191 180 9

LD2 1 190 181 9

LD3 -110 193 182 9

LA9 Room 160 139 11

LA1O 157 140 11

LAUl 159 142 13

LB7 160 141 15

L'B8 159 1~41 12

LB9 160 145 14 *

LC8 160 145 13

1C9 161 146 13

LOlO 157 142 14

I4H5 159 139 14

MR6 160 141 15

MH7 159 14o 15

MJ1 161 143 14

MJ2 161 143 14

M4J3 159 14.1 13

NA9 152 .136 16

NA10 153 137 17

, NA 152 137 15

NB7 151 135 15

Ti-6-6-2 Thin NB8 T Room 150 135 17
(Fig.1) j ,

114o
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TABLE XVII TENSILE TEST SUMMARY (Concluded)

Test i
Alloy Section pecimen Grain TTes TYS (long.

TI.D. Dir. (OF (ki) (ki)

Ti-6-6-2 Thin NB9 T Room 151 135 16t (Fig.1) NC8 150 134 15

NC9 150 136 15

NC1O 151 135 15

"PH5 1148 134 18

PH6 1i8 134 19

PH7 i48 133 16

P3I 149 133 17

PJ2 150 136 16

PJ3 Room 150 136 17

LD4 400 134 107 16

1LD5 132 108 14

"LD6 41o 133 108 14

LD7 600 126 98 15

LLD8 127 100 14

LD9 600 125 98 15
IloDl 80o 114 91. 18

1 I 80!Thin LD11 j 114 91 16

(Fig.1) LD12 T 8011l5 92 16

Thick RMI L Room 157 142 12

(Fig.2) EM2 t 156 138 13

RM3 154 '137 151RM 156 140 13
SRM9 ,154 136 15

1 1O L 154 137 14

RM4 T 161 144 13

I6 M5 161 145 13

RM6 160 145 12

Ti-6-6-2 Thick RM7 T Robm 162 148 114 9, ,(Fig.2) t _ _

1141
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TAKLE XVIII COMPRESSION TEST SUMMARY

Test CYS
Alloy Sect ion Specimen Grain Temp 0.2

I.D. Direct. (OF) (ksi)

Ti-6-4 Thin AD37 L -110 ---

J Fi. )AD38 Ik172

AD39 174
CF13 179
CF14 171

CF15 -110 171
AA5 Room ---

AA6 137

AA7 139
AA8 137
AB 139|
AB5 139
AB6 137CN

AA5 139SG
AC6 138

AC7D3 1397
CA5 142

CA6 13o

CA7 142
CA8 143

AB41 142

CB5 142

cB6 142

0C5 ---
CC6 140

CC7 139

(Fig 11+

C 142
T--Th41 0023CB5 11+
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TABLE XVIII COMPRESSION TEST SUMMARY (Continued)

Test CYS
Alloy Section Specimen Grain Temp 0.

I.D. Direct. (OF) (ksi)

Ti-6-4 Thin AD42 L 400 93
(Fig. 1) CFI6 IC F 1 6 9 7

SCF17 99
:1 CF18 400 100

AD43 600 80

AD44 78

AD45 80

CF19 I 83

CF20 83
CF21 600 84
AD46 800 79

A4 ---

AD48 76

CF22 78

CF23 77

cF24 L 800 79

AD13 T -110 173

AD14 172

AD15 -110 176

k AA12 Room 139

AA13 139

AA14 138
AB1O 139

AB11 138

AB12 l4o
IAB13 142

* ACll 138

, jAC12 138

Ti-6-4 Thin AC13 T ROOM 139
(Fig. 1)

143
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TABLE XVIII COMPRESSTON TEST SUMMARY (Continued)

•!! i lloy ectioSpecimen I..Drc.Grain Test (F(k Cra
Test 0.

Alloy Section ID Direct Temp 0.2%

____ - -

Ti-6-4 Thin CA12 T Room 144

CA13 147

cA14 145

CB10 146

CB11 145

CB12 143

CB13 142

CCII 144

CC12 143

CC13 Room 146

AD16 400 95

AD17 96

AD18 +400 96

AD19 600 82
AD208

AL2 82

AD21 600 82

AD22 800 77

AD23 $ 77

Ti-6-4 AD24+ T 800 78

Ti-8-1-1 FD37 L -110 169

FD38 167
FD39 174

HF13 162
HF14---

HF15 -110 163

FA5 Room 137

FA6 1 135

Ti-8-1-1 Thin FA7 L ROOm 139
(Fig. 1)



ij~~l TABLE XVII COMPRESSION TEST SUMARY (Continued)

SeieGri Test CYSi Alloy Section I.D. Direct. Temp (0.2

Ti8-- Thi FA8 L Room 134

(Fig 1)

SFIB5 135
FB6 1.36
FC5 1.4o

Fc6 131-

P07 1.38
HA5 132

HA6 129
HAy( 133
HA8 131
n 1.28

H-B5 131
S132

HC5 130
HC6 128
HC 7 1oom2

FD4o 400 99
FD41. 96
FD42 98
HF16 92

T17st 9CY

HFTT8 4OO 91

FD43 600 82
FD44 83D45 82

HF19 77

HF20 77
Ti- I- hin HF21 "L 6w . 77(Fig. 1)

14513

!IB1A 12
HB5 131

Rim,13



TABLE XVIl COMPRESSION TEST SLW@ARY (Continued)

Spcme ranTe st CYSAlloy Secti Temp 0.2%

Alo ecinI.D. Direct. (OF) (ksi)

illTi-8-1-1 Thin FD46 L 800 78

(Fig. 1) FD47 78

FD48 77

HF22 70

" HF23 70

HF24 L 800 70

•,FD13 T -1.10 173
FDI14! 173

FD5 - ---

FA 12 Room 14o

•'•FA13 138

SFA14 138

•s;:FB10 137

:,•FB13 139A ySlt 139

SFC12 139
SFCI3 139

HA1.2 135
(Ai3 136

HB10 133
I HB2 132

F3T-0HB12 133

HB13 132

HC11 132

Ti-8-1-1 Thin FC12 T P• m 135

(Fig 139

.{14613



TABLE XVIII COMPRESSION TEST SUMMARY (Continued)

Specimen Grain Test CYS
Ally Sctin pecmenGran emp 0.2Alloy Section I.D. Direct. (Tm) (ks.)

Ti-8-1-1 Thin HC13 T Room 133
(Fig. 1) FD16 400 100

FD17 98

FD18 4oo 98

FD19 600 84

FD20 I--
7D21 600 84

FD22 800 79

FD23 80

Ti-8-1-1 FD24 1 800 75

Ti-6-6-2 LD37 L -110 194

LD38 196
LD39 196

*NF13 182

NF14 18 986
NF15 -110 184

LA5 Room 154

LA6 154

'it LA71514
1A8 153

LB4 156
LB5 152

LB6 154

Wc5 156
Lc6 l155

NA6 148

T.i-6-6-2 Thin NA7 L Room 150
(Fig. 1) ______ ______ ______ ___

147
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TABLE XVIII COMPRESSION TEST SUMMARY (Continued)

Alloy Sct ion Specimen Grain Test OY

I.D.Dirct. (OF) (ksi)

Ti-6-6-2 Thin NAB L Room 148I (Fig. 1) NB 148
NB5 147

IR 149
NC5 149

Nc6 146

I NC7 R^m 148

LD4o 4o ---

LD41 1114

LD42 114

NF16 ill

N F17 1o0

1NF18 I 4OO 110
LD43 600 102

LD44 'o4

LD45 102

NF19 . 102

NF20 101

NP21 600 101
i.D46 80 9oo

LD47 96
LD48 97

NF22 96
SNF23 95I I 9

NfF24 L 800 95

LD13 T -110 201

LD14 .199

Ti-6-6-2 Thin LD15 T -110 202

1-•8
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TABLE XVIII COLPRESSION TEST SUMMARY (Concluded)

SpcienGrinTest CYS
Alloy Section Scim Girain Temp 0.2%

I.D.Dirct.(OF) (ksi)

Ti-6-6-2 Thin LA12 T Room 159
(Fig. 1) LA13 158

LA114 160

LB10 157

LKIl 155

LB12 157

LB13 159

Lcll 158

LC12 161

LC13 157

NA12 152

NA13 154

NA14 153

NB1O ---

NB 1 151

N~B12 1149
NB13 153

NC11 151

NC12 148

• , NC13 Room 149

LD16 4o0 117
,LD17 118

LD18 1400 116

LD19 600 105

LD20 105

LD21 600 106

LD22 800 103

LD23 1100

Ti-6-6-2 Thin I.D24 T 800 98
___________ (Fig._1) _______ _______ _____

149
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TABLE XIX TENSILE MODULU SUMKARY

A3loy Specimen Et
Number (x 106 psi)

Ti-6-4 AA2 1-6.8

AB 16.9

SAUl 17.0

Average 16.9

Ti-8-1-1 FA2 17.5

FB2 17.6

FC2 17.6

Average 17.6

Ti-6-6-2 LA,2 16.3

LB2 15.8

LCe 16.2

Average 16 .1

ROC4 TEPRATURE., LCNGITUDINAL SPECIMES

150
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TABLE XX BEARING TEST SUMMARY

SUltimate Bearing
"Alloy Specimen Test Grain e/D Bearing Yield.ID Temp Direction Strength(ksi) Strength(kai)

Ti-6-4 AD49 -110°F L 2.0 329 294

AD50 A
AD51 -110 F 332 299

AVG 302

AD52 RTAA

AD53AA
AD54 295 250

AVG 29525-01

CF28 265 233

CF29 293 2)'

CF30 RT 270 240

AVG 262

AD58 400'F 219 190

AD59 207 195
AD60 204 186

AVG 201

CF31 226 193

CF32 231 188

CF33 400OF 227 198

AVG 2

AD61 600'F 208 173

AD62 209 170

AD63 187 174

AVG 211

CF34 199 166

CF35 J 195 169
Ti-6-4 CF36 600°F L 2.0 218 170

) ~~AVG2016

151
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TABLE XX BEARING TEST SUMMARY (Continued)

S Ultimate Bearing
Alloy Specimen Test Grain e/D Bearing Yield

ID Temp. Direction Strength(ksi) Strength(hsi)

Ti-6-4 AD64 PT T 2.0 308 259

AD65 294 252

AD66 302 260

AVG 31257

CF37 300 245

CF38 298 266

CF39 RT 290 255

AVG2925

AD67 4OOF 215 194

AD68 237 195

AD69 40 0 F T 2.0 223 193

AVG 22519 4
SAD5 RT 1.5 248 210

AD56 244 207

AD57 239 207

AVG 24420

CF25 253 217
CF26 240 205

CF27 RT 1. 1.5 247 209

Ti64AVG r4 1

Ti-8-1-1 FD49 -100F L 2.0 323 282

FD0 I A I A
FD51 -110• F A A

AVG 323j 282

FD52 RT 279 228

FD53 296 24o

•. 1-1 FD54 I-T L 2.0 300 252

AVG ____ a22324

mv 4

01,51 1,`210

~~~~~~~~~~R 6AM,.-- ... . 7-• ,--_--'
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TABLE XX BEARING TEST SUMMARY (Continued)

Ultimate Bearing

Ally Specimen Test GrainAlyID Temp. Direction e/D Bearing Yield
Strength(ksi) Strength(ksi)

Ti-8-1-1 HF28 RT L 2.0 262 224

HF29 283 220

HF30 RT 266 218

AVG 270 221

FD58 400°F 221 189

FD59 221 181

FD6o 219 184

AVG 201

HF31 214 169

HF32 219 171

HF33 400°F 212 176

AVG 2

FD61 600'F 199 174

FD62 186 160

FD63 192 167

AVG

HF34 197 154

HF35 186 151

HF36 600OF L 192 150

AVG 125

FD64 RT T 290 249

FD65 299 251

FD66 285 247

AVG I I24

HF37 310 269

HF38 314 255

Ti-8-1-1 HF39 RT T 2.0 326 281

AVG [ 268-1

4 -~~ ----------------- ______ 4- -
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TABLE XX BEARING TEST SUMMARY (Continued)

Ultimate Bearing
-V Specimen Test Grain U/tmBeaBearinl
Alloy I ep ieto e/D Bearing Yield

ID Temp. Direction Strength("si) Strength(ksi)

Ti-8-1-1 FD67 400°F T 2.0 226 190

FD68 220 190

FD69 400OF T 2.0 221 195

AVG 2=2212

FD5. RT L 1.5 239 203

FD56 241 197

FD57 237 203

AVG20

HF25 228 194

H . F26 225 189

Ti-8-1-1 HF27 ET I1.5 213 177
AVG I 2 8

Ti-6-6-2 LD49 -1109F 2.0 344 323

LD50 - F370 335

AVG 3

LD52 RT 309 274

LD53 3•,0 288

LD54 3275

AVG 2

NF28 297 260

NF29 308 256

NF30 RT 287 246

AVG

LD58 4o•0F 254 219

LD59 I 260 228

Ti-6-6-2 LD60 4000F 2.0L 251 224

AVG II I 221

i154
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TABLE XX BEARING TEST SUMMARY (Continued)

Specimen Test Grain Ultimate BearingAlloy Seie Tet Gan e/D Bearing Yield
ID Temp. Direction e/ BeinYed

Strength(ksl) Strength(ksi)

Ti-6-6-2 NF31 400°F L 2.0 254 219

INF32 2244 216
NF33 400 F 253 219

I ~~AVG j~ 1

4 LD61 600°F 225 208

LD62 214 207

LD63 209 201

AVG 2

NF324 2245 204

NF35 229 201
NF36 6000F L 234 199

AVG 2

LD64 RT T 3244 298

LD65 34•0 291

9i

LD66 339 282

AVG j~j 9

NF37 310 269

NF38 3124 255

NF39 RT 326 2824

AVG1

LD67 4000? 2244 207

LD68 o0 2524 227

LD69 400 F T 2.0 247 231

AVG 2

LD55 RT L 1.5 262 228

LD56 J270 235
STi-6-6-2 LD7112724 -

AVG L 1.5
i ...-.-.-. .
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TABLE XX BEARING TEST S!4EARY (Concluded)

Specimen Test Grain UltImxte Bearing
Alloy ID Temp. Direction e/D Bearing Yield

Strength(ksi) Strength(ksi)

Ti-6-6-2 NF25 RT L 1.5 24T 218

NF1126 258 223
Ti-16-2 NF27 RT L 1.5 250 228

AVG 2

Abnormal deformation at loading hole

AA

156
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BEIM
Specimen Test Grain Double ShearAlloy ID Temp Direction Strength (ksi)

Ti-6-4 AD70 -UO°F L I0i
AD71 108

AD72 107

Avg

AD73 RT 95
ADl74 94~

AD75 92

AD76 93
AD77 90
AD78 89

Avg

cF58 94
CF59 91

Cl.,61 93
cY61 89
CF62 90

CF63 91

Avg

AD79 40O°F 79

AD8 75
AD81.

LAvg LJL

Avg '

A8 60ooF 7o0.
AD83 70

AD8 71
1577' •-6-k ~~Avg 60

1fl2 oo 70

"A"D---83 " 70rel lIr.

__ A D il ___il
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TABLE XXI SHEAR TEST SULARY (Continued)

Specimen Test Grain Double Shear
Alloy ID Temp Direction Strength (ksi)

Ti-6-4 CE67 600°F '1 69

cF68 69
CF69 60)0F L 72

Avg E-•

AD85 RT T 88

ADB6 914
AD87 95
Avg

CF70 90
CF71 92

Avg L I
CF73 1400OF 78

cF74 7

Ti- 4 CF75 T 74
Avg

Ti- 1-1 1D70 -3-0OF L 102

!A

103
Avg lc

EM73 RT 90

4jj 1D74 92

11M7 93
FD76 92

FM77 89

IID78 90

Avg 91

HM58 89

Ti-8-1-1 j J59 _ _ L 87 j

15a



TABLE X SHEAR TEST SUMMARY (Continued)

Specimen Test Grain Double Shear
Alloy ID Temp Direction Strength (ksi)

Ti-8-i-! HF60 RT L 88

16i 90

H1E2 86
HA63 86
Avg

FD79 400°F 78

YD80 79
F81 79
Avg

HF64I
HF•65 ,A

HE66 40o0 F L A
Avg

FD8w 600°F L 70

FW83 69
F868

Avg 
[ 6

mH67 66

HE68 68

HE69 600 F L 70

Avg

RF5 1T T 87

FD86 88

FD87 87
Avg

HFTO 90

HF7 88

Ti-8-i-i H2 T T 86

Avg
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. •TAM• XXI SHEAR TEST SMMY (Continued)

AlySpecimen Test Grain Double Shear

•FI• llyID Temp Direction Strength (ksi)

•" ITi-. H-5 4 °F 75

•,.Ti-6-6-2 LD70 -11O°F L 118

LD7 -3-1 F 119

"TABLDTXI SHA 1S23OAR Cntnid

Avg 7

LD73 LT 102

LD74 100

LD75 101

LD76 102

LD77 99

LD78 100

Avg

MF58 100

M9 100

11160 101

11162 101
S63 RT 99

Avg10

ID79 400'!P 92

wLDO 90

LD81 89

Avg

Ti-6-6-2 1165 400O0 LA

i60

T 7 - - .7,. -Pi7.
m- m I l i i i l 1 i i I ii I Ii- - -". - -- <- ' - -'* -



TABLE XXI SHEAR TEST SUMMARY (Concluded)

Alloy Specimen Test Grain Double Shear
ID Temp Direction Strength (ksi)

"Ti-6-6-2 M-F66 6400F L

Avg

LD82 600°F L 82

LD83 80
LD84 82

Avg

NF67 83

NF68 83

NF69 600'F L 84

Avg

LD85 RT T 103

LD86 101
LD87 102

Avg

NFO7 lOO

NF71). 99

F7'2 RT 101

Avg 100

NW7'3 400'F 86

Ti-6-6-2 NF75 40°F T 90

Avg

A Abno.-mal failure with bending

I',
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TABLE XXII CHARPY WMACT TEST SUWIRY

•. TestImpact Strength
• ~Spec. Grain Tesprtue .. ( ft-lb )•- ~Alloy Ident. Direction Temperaturhe 39 Wdt

Ti-6-4 ALl Longitudinal -110 7.0
7.0

Al•

AL3 7.0
CL1 6.o
CL2 6.5CL3 -110 6.o

AE48 72 5.5
AE49 'I5.5AE50 W h6.5

CF52 5
CF53 6

CF54- Lo6tdnl -1 .
cAs3 I 7.0

E2428 i 9

EN'29 I r8EL30 72 8
A45 -110 6.o

t24•6 6.o
AE47 7.0
0F49 7.5
CF50 6.5

CF51 110 6.o
AE51 OO. 11.0o
AE52 51.0
AE53 61.0
CF55 16.5
72CF56 9.0

CF57 Longitudinal 400 9.5
MT Transverse -Ii0 9.0

S...CT2 t/•6.5
•;It hCT3 I-110 9.•5D CF43 72 64

cE45 110AB4 I 7.0z

•Et6 I 28,R479 72 28
CF•O 110 12.0
CF41 15.0
CU2 310 10.5
cF46 9.o 1T.0
CPF7 L i n 16.5

Ti-S-1 CF48 Transverse U00 16.5
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TABLE XXII CHARPY IMPACT TEST SUMmARY (Continued)

GriTest Impac Strength

Aly Ident. Direction Teprue('- b
(OF) .250 Width .39 Width

-8--I FL1 Longit -110 10.0

-- HL3 -110 10.0

FE8 72 6
! FE49 11i

R F52 10.

I

KV.9 18.52

S FE45 ll i, 3 72 18

FF-6- 11 11.5

FE47 ! 12.0
TFt9 12t5

Ti 1 F50 L 12.5
-HF51 10 10.9
FE5I 4OO 21.5
FE52 21.5
HF53 22.0
FE•5 I 18.0
HF56 1 17.5

•JHF57 Longitud.inaA 4•O0 19.0
i MT Transverse 101.

H2 15.0
HT3 110 15.0

HF430 72 918

SHF44 20.5HF45 I 1 18.

i KM25 it 1

M2l6 1 .

KR27 1.5
Ro40 11.9

FESi U00 21.5

HF42 5 21.5
HF46 21

HF47 4[0iudna 24 1.0

Ti-8-1-1 HF48 Transverse 4 o 22.5

163

A F 511
HF~~'i 1 10 5.



43

. Tg

TABLE XXII CXAPY IMPACT TEST SUMM4ARY (Concluded)

pcTest Impact StrengthAly Spec. Grain Tesprtue (ft-lb)
Alloy TemperatureDrt
Ident. Direction (OF) .250 Width .394 Width

Ti-66-2 LLI Longitudinal -110 A 6.5LL2 6.0
LL3 6.5
NU 7.0
NL2 5.0
NL3 110 6.0
LE248 72 11.LE49 6
LE50 5
NF52 5
NF53 I 5

RM28 5.5
RM29 4.5
R*M30 72 5.5
LE45 110 - 9.5
LE146 1 9.0
TA1 7 1.0.0

NF51 110 5.5
LES1 400 21.5
LE52 t21.5
LE53 22.0

"5•5 8.0
IW56 ,•!8.5
N F5T Longitudinal 400 9.5

! NTI Transverse -110 A 10.0
NT? I 2 10.0
NT3 -110 12.3
NF43 72 12

SNF44 13.5
""F45 13.0
RMR5 5
w*426 5
M*2 72 5
NF4O o10 12i NF41 15.5
NF42 1 0 12 •0
N946 4 o 19.0
NF47 1 16.0

Ti.6-6-2 NiF48 Transverme 4 o 16.5

Specimens for testing at -11OF ver* fabricated and tested separately
Sfro other speciens.
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TABLE •!.III FRACTURE TOUGHNESS TEST SUMMARY
(Longitudinal)

Alloy Spec. Test K e

Ident. Temp (ksi

Ti-6-4 AE25 -110F 87
AE26 86
AE27 67
AE28 71
AE29 67

AVG
CG26 64
CG27 66
CG28 65
CG29 62
CG30 61

AVG -11OF 64
AE30 RT 74

AE31 72
AE32 74
AE33
AE34 73

AVG 73
CG31 70
CG32 61
CG33 61
CG34 71
CG35 66

AVG 65
E z16 77
EM417 81
EM18 79

Ti-6-h AVG RT 79
Ti-8-1-1 FE25 -11OF 77

FE26 1 76
FE27 75
FE28 79
FE29 74

AVG 76
HG26 89
HG27 92
HG28 87
HG29 85
HG30 91

AVG -11OF -89

FE30 FIT 79
... Ti-8-!-I FE31 RT 84
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TABLE XXIII FRACTURE TOUGHNESS TEST SUMMARY (Continued)
(Longitudinal)

Alloy Spec. Test KicIdent. Temrp (Osi .rin)

Ti.-8-1-1 FE32 RT 81
FE33 84
FE314 85

AVG 83
HG31 86
HG32 90
3G33 85
HG314 89
HG35 90

AVG 88
K116 84
1KM17 91
i1048 80

Ti-8-1-1 AVG RT 85

Ti-6-6-2 LE25 -liOF 43
LE26 247
LE27 44
LE28 49
LE29 48

AVG 46
NG26 51
NG27 59
NG28 60
NG29 61
NG3o 59

AVG -11OF 58

LE30 RT 57
LE31 61
LE32 52
LE33 59
LE34 60

AVG 58
NG31 76
NG32 74
NG33 T47
NG314 71
NG35 68

AVG 71
RM17
• 1418 i•5",

Ti-6-6-2 AVG RT 58
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TABLE XXIV DELAYED FAILURE TEST SUMMARY
(Room Temperature, Longitudinal)

Alloy Spec. Ki Time NotesIdent. (ksi fin) (Min)

Ti-6-4 AE35 55 1 Fail
AE36 40 3 Fail
AE37 23 180 No Failure
AE38 31 120 No Failure
AE39 42 180 No Failure
AE4o 40 180 No Failure
AE4l 36 6000 No Failure
AE42 43 6 Fail
AE43 38 6o No Failure
AE44 45 3 Fail

CG36 43 180 No Failure
CG37 51 3 Fail
CG38 48 2 Fail
CG39 45 6780 No Failure
CG4o 52 3 Fall
CG41 51 3 Faii
CG42 42 3 Fail
CG43 42 74 No Failure
CG44 39 78 No Failure
CG45 53 1 Fail

EM419 29 187 No Failure
EM20 39 1083 No Failure
I21 47 5 Fail
EK22 42 10 Fail
EM23 42 6015 No Failure

Ti-6-4 EN24 43 90 No Failure

Ti-8-1l-1 FE35 4c 3 Fail
FL36 25 180 No Failure
FE77 36 180 No Failure
FE38 43 78 Fail
FE39 35 4 Fail
FE4o 37 180 No Failure
FE-4 34 7020 No Failure
FE42 43 6 Fail
FE43 40 6 Fail
FE44 37 4 Fail

HG36 34 180 No Failure
HG37 56 4 Fail

Ti-8-1-1 HG38 40 9 Fail

A67
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TAM XXIV DELAYED FAILURE TEST SUMARY (Continued)
(Room Temperature, Longitudinal)

Alloy Spec. Ki Te

Ident. (ksi 4-Tn) (min) Notes

Ti-8-1- 1 W339 38 35 Fail
H140 36 2700 Fail

3314l 33 6840 No Failure
w42 47 9 Fail
HG43 50 9 Fail

H344 40 80 No Failure
v,145 41 10 Fail

KM19 34 181 No Failure
KM2O 36 17 Fail
, 421 39 6 Fail

CKM22 32 6009 No Failure
W!423 4o 85 No Failure

Ti-8-1-1 KM24 43 5 Fail

TI-6-62 LE35 51 1 Fail
LE36 43 1 Fail

j LE37 29 180 No Failure
j LE38 34 i Fail

LE39 36 1 Fail
I LE4O 41 5880 No FailureI LE4l 34 24o No Failure

SLE42 3 I rFail
LE43 38 60 No Failure
LE44 39 60 No Failure

NG36 37 180 No Failure
NG37 46 180 No Failure
NG38 57 2 Fail
NG39 52 2 Fail
NG4o 42 5640 No Failure
NG1l 46 60 No Failure
NG42 53 2 Fail
NG43 51 65 No Failure
NG44 58 2 Fail
N \•G45 63 1 Fail

RM19 27 185 No Failure
IVIRO 36 1055 No Failure
l 21 51 2 Fail
RM22 48 2 Fail
RM23 36 6003 No Failure

Ti-6-6-2 R1.24 141 3 Fail
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TABLE TIXe'o CREEP TEST SU19
ASpecimen Stress Test Strain Tie Remarks

ID (kai) Temp Time

Ti-6-4 AE-4 109 4OOF • 15 Failed

(TUS 110 AE-6 108 0 0
TYS 89 ) .0038

.0052 2

.0057 3

.0066 68

.0067 120 Unloaded

AE..5 107 C 0
.0028 1
.0039 2
.o:00.6 3
.0050 4
.0054 17
.0060 89ooi.006o 965 Unloaded

(TUS 15 ~ 6 114. - Faied1o

FF: .1 113 0 0
.0031 1
.0008 20
.0010 117.00O12 261

.0012 525S.0014 597
.oo04 964 Unloaded

Ti-8-1-1 FE-2 114 .05 Failed

: (TUS 115 FE-6 114 0 Failed on

FE- .4 113 0 0
.0038 1

0oo 25
.00057 18

16062 162
• 0062 192 Unloaded

FE-3 112 0 00 257
.0002 353

400F .0002 426 Unlo)aded

169m "- .
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TABL1 XXV CREEP TEST SUMARY (Continued)

Alloy Specimen Stress Test Cte Time
ID (kui) Temp Strain (Hr) Remarks

Ti-8-i-I FE-1 109 4OF 0 0
.0001 1
.0006 20

.0008 260

.0008 525

.0011 597

.0011 988

Ti-6-6-2 LE-6 130 40OF - 0 Failed on
Loading

(TUB 325 LE-5 128 no measurements 116 Unloaded
TYS 100)

iE-4 126 no measurements 336 Unloaded

LE-3 124 0 0
.0230 1
.0373 19
.0382 187
.0383 595
.0391 691
.0396 859
.o396 960o Unladed

IE-2 1.21 0 0
.0013 1
.0016 3
.0016 5
.0020 71
.0021. 96
.0023 167
.0023 335
.(027 458 Unloaded

2E-1 119 0 0
.0011 1
.00114 2
.0017 4
.0019 20
.0019 92
.0020 116.002.. 188

.00'.2 . 42840oF o(24 596

2 170
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TABLE XXV CREEP TEST SUNMARY (Continued)

.I Creep

Alloy I Specimen Stress Test Strain Time RemarksID ( ksi Tem (in/in) (Hr)

ri-6-6-2 LE-1 41OF .0025 860
.0025 940 Unloaded

Ti-6-4 AE-15 100 600F 0 Failed on
SLoading

(TUS 101 AE-19 100.0 0 0
A T 77) .0003 1

.ooo6 2

.0008 3.0008 4.
S.00o9 5

oo.0014 21.0026 93
.0039 961
•o0o44 333

AE-17 99 0 0
ooo6 1
.0007 4
.0009 5

.0013 23

.0020 71

.0025 147 Unloaded

AE-13 98 0 0
.0oo6 19
.0008 139
.0015 235I .0018 307
.0021 403
.0021 643
.0024 739
.0025 810

A9.0025 978 Unloaded

AE-.•6 95 0 0
S.ooo4 I

.ooo6 5

.008 2

.oon1 96
S.0oo13 192

601 F .0021 2614
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TA=LE XXV CREEP TEST SUIMPACY (Continued)
Creep

Specimen Stress Test rep Time
Strain (Hr) Remarks

Tj-6-4 AE-16 95 600F .002 672
.0023 768
.0023 941 Unloaded

AE-13 93 0 0

.0003 1
.0004 3

.001049.0021 22
.0027 46
.0034 118
.oo* 214
.oo48 382
.0048 622
.0050 718
.(0)51 957 Unloaded

AE-14 89.o 0
o0006 1

.0006 2

.0009 90
0010 .498

.0010 1097

.00105 1169

AE-18 79.0 0 0
o0006 1

.0006 2

.0008 22

.0026 1477
.0032 645

Ti-8-1-1 FE-22 107 0 Failed on
Loading

(TIE 10' FE-18 106 0 Failed -n
TYS 81 ) Loading

FE-13 105 0 0
.0002 1

600F .0002 141 Unloaded
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::• TPiBLE XXV CREEP TEST 8UMMARY (Continued)

Sncie Stes Ts Creep Time
Alo SeIDe trssQ Temp Strain (H) Remarks

S. A~lo ZD (ki) Te• (in/in) (r

ST3-8-1-1 FE-14 105.0 600F 0 0
S• 0004 1 %

•ooo6 2
. ooo9 20
.0018 235
• 0021 475

600F .0024 1 643

FE-23 104 - 0 Failed on

Loading

FE-21 102.0 600F 0 O
S.0002 1

Sooo3 2
.ooo4 3
.0007 19
.0010O 91
.001'ý 258
.0017 426

Y7,24 100.0 0 0
.0003 1
.0003 3
.0008 22
• oo09 70
.O0lO 237
.0012 405
ooi0.4 477

FE-17 95.0 0 0

.ooo4 16

.0006 65
.0o007 232
.0007 472

FF-]5 81.0 0 0ooo4 I

• 0005 2
S.0005 20

Sooo.006 26c0
S -6002F .006 500

173
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TABLE XKCV CREEP TEST SUMMAFY (Continued)

Alloy Scimen Stress Test Creep Remarks
All(oy) em Strain Timerk

""_ID (__i_.) Temp (in/in) (Hr)

f Ti-6-6-2 LE'-14 127 600F 0 Failed on
Loading

(TUS )21
TYS 97 ) LE-15 123 0 Failed on

Loading

LE-21 121 - 0 Failed on
Loading

LE-13 120 0 0
.0018 I
.0027 2
.0033 3
.0037 4

o0086 20
.0120 44~
.0200 14o
.0223 188
.024f5 236
.0273 3U3
-0349 W40

.0372 476
.0390 572
o 407 644

; I .0434 740
.o444 812
o 457 9o8

.04-71 985 Unloaded

SLE-16 117 0 0
117.000901

.0012 2

.0o16 4
00o66 93 I

.0072 140oi oo81 189
• oo9o 261Si .olo4 357 •

.0114 525.0120 597
. 0123 765
.0129 861

600F .0134 937 Unloaded

1?-4
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TABIA XCV" CREEP TEST SUNMARY (Continued)

Specimen Stress Test Creep Time
Alloy Strain RemarksSID (ksi) Temp (in/in) (IIr)

TI-6-6-2 Ix-18 114.0 6OOF 0 0
.0009 1
.0012 2
.oo14 3
.0015 5
.0028 _41
.0040 112
0052 376

S.0060 616

LE-17 112 1 0 0

.0008 3
S0C09 5
.0015 24
.oo24 71
.0033 142

o0042 310
.0054 646

UT-20 100.0 0 0
.ooo4 1

o0004 2
.00o6 3
.0008 21
.oo06 94
.0020 166
.0021 262
.0022 430

600F .0024 502

Ti-6-4 AE-2 85 800F 0 0
(TUS 93 I •0037 1

TYS 73) .0058 2
.0074 3
.o089 4
.0265 21jo i.o-o 45
.0405 69

80F .0425 77 Failed
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TABZ- XXV CESEP TEST SJBS t (Concluded)

Specimen Stress Test Creep TimeAlloy Strain eemarksAlyID (ksi) Tem-o (in/in) (Hr)

Ti-6-4 AE-3 75 8ooF 0 0

.0oo014 1

.0026 2

.0032 3

.0077 18

.0120 43

.0183 91

.0264 163

.0378 259

.0o431 336 Unloaded

Ti-18-0-1 Y-12 95 0 0
.0002 2

(TUS 99 .O003 20
TYS 72) .0012 68

.0038 139 Failed

FE-5 85 0 0
.ooo6 1
oo16 18

.0028 42

.oo44 90

.0056 162

.0070 258
oo0084 330 Unloaded

FE-1I 72.0 0 0
.0003 1
.ooo4 2
.ooo6 3
.0007

S-' 0OO 69 26 o
S •-] 0043 332

Ti-6..6-2 .00239820 0
.0190

(TIE 109 .0306 2
.0474 4

80OF .1372 14 Failed

5A1S
176-

!INV ~~



Allo Strin IReark

ID _k 
i [ep" n in m nkp

'7-li 10 .0Creep

Ti6-+AE-22 898 1 oo 0 0 At load

TrS7), 0009 10
.0013 25

.00147 60 Unloaded

-IAE-23 89 0 0 At load
.0002 5

*.0013 10

790 K5
.0012 60 Unloaded

0 0 At load
.0002 5
oo004 10

*.0009 15
.0017 25

.0012 60 Unloaded

AY 8 E-19 710
0 0 At load

isý-.0012 5
.0018 150
.00.16 20

.00773

.0187

H 008 0 Unoae

Ti-8--1 F.-16107 - Filedoni

] (Tus 10
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TABLE XXVI RAPID IMAT AND LOAD +
CREEP TEST S- 4ARY (Continued)

fiIx

Creep
Specimen Stress Test TimeI A11o~ID (ksi) Temp (in/in) (mrin)

"" -8-i-i FE-20 81 6ooF
0 0 At load

((TUS 107 .ooo4 5
TYS 81) .0006 60 Unloaded

Ti-6-6-2 LE-19 119 0 Failed on
loading

(TUS 121
TYS 97 ) LE-22 112

0 0 At load.ooo9 5
.0015 1
.oo18 30

l .0018 60 Unloaded

S+lL-.-23 100
L-100 0 At load

.ooo4 5
1 .0005 10
I .0006 25

,0006 60 Unloaded

I LE-24 90
0 0 At load

1o6 .0 7 5
.0007 10

. I .0008 15
.0010 25

I 6o0F .0010 60

- Ti-6-4 AE-9 90 8( F
0 0 At load

(TUS 93 .0027 1
TYS 73 ) .0048 2•+ o.066 3

.0097 5
o 165 i0 -

•.0335 15
.0450 20 ' +'

9o 80oF .o585 25 Failed
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TABEU XMI RAPID HEAT AND MOAD
MMEP TEST SUNi4RY (Continued)

Alloy Specimen 1Stress Test Strain Time f Remarks
ID (kai) Temp (ni) (min

Ti-6.-4 AE-7 1 85 80OF
o 0 At load

(TUS 93 .0007 5
TYS 73 ) 0012 10

.oo16 15
.0019 25
.0020 30
.0022 35
.0025 4+5
.0028 50
.0030 60 Unloaded

AE-10 79

002 10 At load

.0016 15

.0019 20

.0021 25

.0023 35

.0025 4
.0027 50
.0029 460o Unlo~aded

75 0 At load

ooo41 5
.0007 10
.0012 15
ool14 20
.ool6 25

~..0018 30
.0022 4o
.0024f.4

S.00,26 50
.0028 60 Unloaded

AE-12 65
0 0 At load

.0005 5
:"0006 10

2..0007 35
_______ _____ 00 ~ 0007 65 -_-Unloaded

179
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TABLE XXVI RAPfl) HEAT AN~D L0OJ)
CREEP TEST SUMMARY (Continued)

Alloy Spcimen Streass Test Cep TimeRmak
peloS StrainReak

ID(ksi) Temp (ikn min)

Ti64 AE-U1 58 8o0F
0 0 At load

.0004f 5
ooo06 10
ooo08 20

.0010 30
.0012 35
.0012 60 Unleaded

Ti-~8-1t.. FT-7 940 Failed on
N loading

TYS 72 ) FE-L8 8500 Atla

.0010 10
ool4J 15

.0016 20

.0020 60 Uniloaded

14 N

I E9 20 0 At load

.0003 5

.0005 10
.0006 25

.0007 55
S.0008 70 Unloaded

FE-10 58
0 0 At load

.0002 5

.0005 10
ooo06 15
.ooo8 25
.0010 I' 0

800F .0010 170 Unloaded

180
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TABLE XXVI RAPID HEAT AND LOAD
CREEP TEST SUMMARY (Continued)

I TSecimeri Sc� T�st Creep Time
Alloy (ksi) Temp Strain (mm) Remaxk�

[ I � LE-lO 98 (in/in)
�i 0 0 Atload

ICTUS 109 I .0028 2
ITYS �( J .0038

.0050 4

0178 20

[ I .0242

.0366
.0396 55
.0428 60

LE-7 88 .0456 65 Unloaded

.0015 At load

.0030 10

.0039 15
0048 20
:0060 25

.0067 30

.0075 35

.0081 40 I

.0087 45

.0090 50

.0097 55
800F .0105 60 Unloaded

4. 11 _ _
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TA~BLE XXVI RAPID HEAT AND) LOAD
CREEP TEST SUMMAY (Concluded)

Aloy Specimen Stress Test Streep TmRmakAllo (ksi) Temp (trinRem)k
ID ~(in/in) (m

Ti-6-6-2 LE-9 78 8ooF
0 0 At load

ool16 5
ii.0028 10

.0037 15
.0044 20
.0052 25
.oo6o 30
.0067 35
.07 40

.0078 50
..o082 55
.0085 60 Unloaded

LE1 90 0 At load
.0008 5
.0012 10
.0016 15
.0022 20
.0026 25
.0032 35
.0038 40
.0042 4
.0o44 50
.0046 55

800F .oo48 60 Unloaded

4N.
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TAL - XVI PAII TETSMARK .

Range ~ ~ ~ ~ ~- Rai:R . ES EP:RO

13o c*- Gri Dieto:Lniuia

Specmen TUS Max tres Ccle

A. '4ubr (ki e r- o alr eak
(ksir

Ti-64 C-21 45 20 5,63
-24 11 59,22

16 100 Gran1ircton:Lngtdia

Ti61 4 C-25 784 120567,63

-20 110 4,,59,22

C-23 94 5 7 6 774-9,15

-17 910 1,110,525

-48 85 22,582037

-519 80 3,16,78o4

-54 782 8,18,675

-20 75 7,811,5620

KG-5 1145 72 1,67,774o, NoFilr

BK-53. 141 130 36,9005

-4.7 110 111,7800

*-53 100 1235,750
-548 90 220,22500

-51 go 219o,780

4980 2,265,200

-3557 7,7114,620

IB-50 1.41 120 91,025

-14.~~' 11029,0

-48 00 ,35,75
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TABLE XXVII FATIGUE TEST SU.MMRY, KT = 1.0 (Continued)

Max StressSpecimen TUS Cycles
Alloy Net Area To ure RemarksNumber (ksi) (ksi) To Falur

Ti-6-4 BK-Si 14] 78 353,405

BK-52 141 76 10,039,500

EM-11 142 120 34,177 Heavy Extr

-12 95 982,632 Heavy Extr

-13 76 3,512,105 Heavy Extr

-14 72 290,280 Heavy Extr

EM-15 142 72 10,607,900 Heavy Extr

Ti-6-4 HG-24 133 130 25,020
Ti--1-1 -23 105 479,700

-16 100 822,960

-17 97 792,180

-18 90 54,360

-21 88 677,160

-25 87 1,293,300

-19 85 6,845,000

HG-20 133 82 10,083,600 No Failure

JK-46 134 110 105,540

-47 100 90,930
-4890 g1,734,500

-49 85 3,678,000
-50 82 1,045,350

-51 80 1,768,880

-54 77 6,349,860

-53 75 9,160,900

JK-55 134 72 8,554,700
GK-48 140 120 157,866

-46 110 445,0ooo

-53 105 638,750
Ti-8-1-i -51 140 100 71,000

"184
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TABLE XXVII FATIGUE TEST SIWMA~RY, K -1.0 (Cont'inued)

Aloy Spcien TU Mx Stress T !uc~les

IA3lo Secme T~ Net Area R ~emarks
Number (ki ksi) To Failure

Ti8Al- GK-52 ]IJO09 1,286,010

l~o-1 ..h tg9 1,15%,860 j
0ý 8 2,004,750

82 1.,969,680
-50 6 1 i4,17,5 No Failure

:;K-C5 J~o 75 13,345,700

K1N-11 139 1 120, 101,723 1T'hick Extr
-12 100 54,390 Th1ick -xtr

90 212,440 Thi ck Extr
-380 2,541i,500 Thick Et

KJ-.575 1,786.,640 Thick Extr

Ti6Al- I NG- -18 3_47 I 20 77,040
6V2n 19 110 429,300

-25 100 719,100

I -.21 95 854,820

-23 92 2,823,840

-16 90 3,631,680

-24 88 i,601,280

-1 185 455,400
-22 83 8,527,320

NG-20 147 80 10,144,800 No Failure

PC- 5 1 145 120 93,250

-4~100 583,560
95 1,831,860

90 g 2,456,820

51, 85 i.738,800

-5580 2,4oL,800

-5-0 78 9,237,600

-775 4,053,900

TibD- i-'s8 34r, 73 11,780,000 No Failur

___________ _________________ __________________I ______________5



TAB3LE XXVII FATIGUE TEST SUMMARY, KT 1.0 (Concluded)

AlyISpecimen T Net Area CycFalues RemarksAly Number (ksi) (k si) ýFalr

fir1-6-6-2 mK-48 157 120 258,660

-~47 110 414, 900

-46 100 987,660

-50 95 847,080

-49 go9 3,472,560

-55 f88 5,279,,940

£-54+ 87 10,000,000 No Failure

-51 85 6,570,720

MK-52 1.57 82 18,243,000 No Failure
PUM-l1 155 120 41,760 Thick Extr

-15 110 448,610 Thick Extr
-12 95 2,297.,240 Thick Extr

I -14 90 2.,844,180 Thick Extr

Ti- 66-2 RM-13 155 82 4,830,920 Thick Extr

F 186



TABLE XXVIII FATIGUE TEST SU•MI.RY, K., R OOy6, ROOM TEMPERATURE

(Grain Direction: Longitudinal)

Alloyci m Range Max Stress CyclesAlloy Spcmn Rne Net Area CylsRemarks

SNumber Ratio (ksi) To Failure

Ti-6-4 CG-3 -1 0 50 44,798
DK-2 50 48,825

BK-5 50 2,2
DK-3 4o 71,9 4 5
BK-2 4o 287,560
CG-l 35 5ý9,400SD•I35 5o,,500

DK-4 30 ].••

BK-3 30 6,",15,700
CG-2 29 6,112,000
CG-5 26 5,600,000
DK-5 -1.0 26 6,460,000

CG-9 + .01 80 23,760
BK-19 80 19,440
DK-17 70 28,426
CG-6 65 65,6oo
DK-19 60 39,322
BK-16 60 532,260
iCG-l0 55 695,700

* DK-16 50 838,780
BK-17 50 1,895,550
BK-18 46 2,567,800
CG-7 45 2,256,300
DK-18 45 3,931,200
BK-20 42 3,000,000
DK-20 41 797,580
CG-8 + .01 40 2,611,300

SDE-31 + .43 93 39,060
CG-13 80 399,600
BK-33 80 52,740
DK-32 75 129,600
CG-11 71 77,040
BK-34 70 1,258,820
CG-12 60 2,937,200
DK-33 60 1,353,900
BK-31 60 3,827,100
CG-14 57 1,429,500
BK-32 56 5,196,500
BK-35 55 58,243,100
Ci6- G-15 + .43 54 5,770,000
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TABLE XXVIII FATIGUE TEST SUIiMAR\Y, KT = 2.16, ROOM TW4PEPATURE (Ccntinued)

(Grain Direction: Longitudina!)

Max St re: Cycles

Specimen Range Net Area Cycles
Number Ratio To Failure, (k~si)

Ti-8-1-1 HG-h -1.0 50 19,980
GK-1 50 23,1460
JK-2 45 39,420
GK-4 40 48,600
HG-1 35 2K6,180
JK-I 35 110,700
GK-2 35 1,510,900
GK-3 32 1,715,900
.JK-4 30 1,816,500
HG-2 29 2,793,600
GK-5 29 2,638,800
HG-5 27 8,788,10"

JK-3 26 1,220,100
HG-3 25 10,7tr6,600 No Failure
JK-5 -1.0 23 10,000,000 No Failure

JK-18 + .01 1 80 27,940
HG-8 7, 33,120
GK-19 75 37,800
HG-10 65 27,000
JK-16 65 55,965
GK-20 65 485,770
GK-17 60 587,770
HG-6 50 216,470
"JK-17 50 663,480
GK-16 ;50 1,187,4OO
HG-7 45 1,595,570
JK-19 142 944,64o
HG-9 j 40 11,580,000 No Failure
JK-20 + .01 36 10,700,000 No Failure

lHG-13 + .0 70,560
GK-35 jo 47,160
JK-33 85 26,230
GK-33 80 162,330
GK-34 .5 378,540
HG-Il 70 394,000
HG-12 65 1,125,700
JK-32 65 340,000
EG-Z14 62 2,4o4 ,60oo
JX-35 60 655,900
GK-31 60 10,000,000 No FailureTi-8-1-1 HG-15 + 43 58 9,320,000 No Failure

1-8
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TABLE XXVIII FATIGUE TEST StRO4ARY, KT = 2.16, ROOM TEMPERATURE (Concluded)
(Grain Direction: Longitudinal)

Specimen Range Max Stress Cycles Remarks
IAlloy NtAe eakNumber Ratio (ksi) To Failure

Ti--6-6-2 PK-2 -1.0 45 52,095
NG-l A 40 25,012
NG-4 35 134,460
PK-1 35 240,040
iM,-3 35 595,200
NG-2 30 499,980
PK-4 30 1,405,000MK-4 30 7,399,000

PK-5 28 1,693,000PK-3 25 lu,152,000 No Failure
NG-3 -1.0 25 11,130,000 No Fa•llire

NG-8 + .01 75 27,000 I
PK-19 75 30,9601
mr-18 70 25,920
NG-6 60 329,580
PK-17 60 48,24o
MK-19 60 353,700
NG-7 50 4,536,? OO
PK-16 50 833,940
MK-17 50 1,800,000
PK-18 45 3,608,h0o
NG-10 #5 i,,636,800 No Failure
MK-20 44 11,91.h, 00. No Failare
PK-20 42 i0,0c,000 ' o Failure
MK-16 + .01 4o 7,506,000 No Failure

NG-14 + .43 90 37,080
K-32 8. 28,620

NG-15 80 81,54o
PK-32 80 36,900
MK-35 80 8oi,ooo
NG-11 75 895,500
MK-33 75 746,860
PK-31 70 46,800
MK-31 70 3,643,200
NG-12 67 1,036,600
MK-34 67 10,000,000 No FailureTi-6-6-2 NG-13 + .43 64 1,566,180

KT Rased on Net Areas

Q Range Ratio R a Minimum Stress/Maximum Stress

189
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- I
TAL XXFTGETS U O)K 2.76

STest Temperature: 400°0F

Grain Direction: Longitudinal

S~~Max 
Stress Cce

SAlloy Specimen Range Net Area CyclesRemark
Number Ratio (Ne Ai) To Failure

Ti-6-4 BK-7 ... 45 16,920

DK-6 40 56,832

DK-9 35 66,O40

BK- 35 40,500jI
M-9 33 63,720 I
DK-7 30 519,400

EK-8 30 3,129,400

BK-10 27 2,008,200

DK-10 -1.0 25 1,872,500

DK-22 + .01 65 23,220

E-361 42,122

DK-21 55 37,620

BK-24 50 1,809,300

EK-25 46 1,371,600

DK-23 r.5 1,658,8OO

DK-24 42 55,1,04,700

DK-25 + .01 40 3,983,200

Ti-6-4 BK-37 + 43 80 19,440

190
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TABLE XXIX FATIGUE TEST STMMPARY, KT = 2.76 (Continued)

Allo Specimen Range Stress Cycles RemarksNurmber Ratio Net Area To Failure
Rutio(ksi)

Ti-6-4 BK-38 + .43 72 391,320

DK-36 I 70 34,920

13K-36 65 528,900

BK-4o 63 1,854,000

DK-37 60 880,740

DK-40 147 10,253,300 No Failure

Ti-6-4 DK-39 + .43 45 11,0143,000 No Failure

I
Ti-8-1-1 GK-6 -!. O 45 29,26o

JK-6 40 18,012

"JK-7 30 2,182,1400

GY-7 30 1,131,170

JK-8 27 1,273,100

JK-10 25 1,586,500

GK-9 -1.0 25 10000,000 No •ailure

GK-22 + .01 j 65 23,708

JK-21 60 50,837

JK-25 55 109,;,980

GK-24 55 353, 700

JK-22 50 357,180

STi-8-1-1i C-21 .02. 50 393,)20

191
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TABLE: XXIX FATIGUE TEST SUMMARY, K, 2,76 (Contin'ad) t
I Max Stress

Aly Specimen Range Net Area CcLsRemarks
Number 'Rat io (kiTo Fall~ure

Ti8--. JK-23 + 01It 103,020

fGK.-23 145 12ý,585,500

.JK-214 +1140 70530,2140

GK-37 + 143 80 287,1+6c0

jK-37 75 92,700

GK-38 75 202,680

JK-36 65 1,691.,200

CE-36 65 1, 007,3)00
632,674,800

cax-4o 6o 2,050,900L

Ti-8--1- JK-.39 + .143 58 13,1402,800 No Failure

Ti-6-6-2 1N(-9 -1. 50 16,.790

JU- 140 1,,532,500

PJ-7 30 33,320

K 630 4,808700

r.:o28 1,963,000

Fx..8 25 3,120,300

X9 022- 10,504,000 No Failure

Ti-6-.-2 XK-2), + .01 7030.o6c,

192
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PK2 55. 4o-,4

NK-21C~o 415,92

-12452,0

Ea2346L,5i0

Ti662 P-39 + !03 67 22,140o

14K2750 872,9200

PK-36 76 552,500

Y~-238 704 1,8658,50

NK-25 642 68 1848200 oFalr

PK,-25- 5 .0± 50 ,782,300

Ti6-- PK-39 + .4'3 90,64,4600

1v1K~37 11 80369,6

MvKý3 1 588,0
I ~ 36j7M5,0
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TABLE XXX FATIGUE TEST SUMMARY K 2.76, 600°F
T

(Grain Dirsection: Longitudinal)

n Max Stress Cycles
Specimen Range Nec Area ToeFailur

Alloy Number Ratio (ksi) To Failure

(Iksi)

Ti-6-4 DK-13 -110 4o 23,800
BK-15 4o 22,120
DK-12 30 711,180
BF ii 30 2,569,800
DK-14 25 3,533,800
BK-12 25 1,808,500
BK-lI $ 23 3,252,400
DK-15 -1.0 20 3,h56,000

BK-27 + .01 78 14,766
DK-27 62 14,400
DK-26 55 287,270
BK-29 50 45,720
BK-26 51 991,430
DK-28 48 1,714,600
BK-28 45 78,840
DK-29 43 2,356,500
DK-30 4o 4,001,900
BK-30 + .01 35 10,000,000 No Failure

BK-43 + .43 75 34,560
DK-42 70 43•40
DK-44 65 3,176,600
BK-hi 65 1,860,700
DK-41 60 2,475,500
BK-42 60 337,500
DK-45 55 10,000,000 No Fqilure

SBK-44 53 3,156,300
,Ti-6-4 BK-45 + .43 12,702,600 No Failure

Ti-8-1-1 GK-12 -1.0 4o 28,860
JK-11 35 25,560
GK-I1 30 446,110
JK-l4 28 731,160
GK-15 26 2,088,700
JK-15 24 3,511,400
GK-1h -1.0 24 10,386,000 No Failure

JK-26 + .01 60 44,415
JK-29 55 208,580
GK-26 50 794,000
JK-27 45 1,208,500

Ti-8-1-1 GK-28 + .01 45 205,000

194
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TABLE XXX FATIGUE TEST SUMMARY K = 2.76, 600°F (Continued)

(Grain Direction: Longitudinal)

Alloy Specimen J Range Mx AStress Cycles Remarks
Number Ratio (ksi) To Failure

Ti-8-1-1 GK-29 +0.01 42 2,304,900
JK-28 14o 8,229,300JK-30 38 14,847,300

GK-30 +0.01 37 10,292,500 No Failure

GK-45 +0.43 90 22,860
GK-43 80 312,750
JK-42 75 55,620
JK-43 72 176,820
GK-41 70 637,970
JK-41 65 1,136,200
GK-42 63 683,350
JK-44 60 761,000
GK-44 57 10,000,000 No Failure

Ti-8-1-1 JK-45 +0.43 56 10,000,000 No Failure

PK-12 -1.0 40 35,520
Ti-6-6-2 MK-15 40 163,020

PK-15 35 417,180
, •K-11 130 436,850
MK-11 30 1,080,200
PK-13 26 6,086,800
1]MK-14 25 15,528,000 No Failure
PK-14 -1.0 24 10,310,000 No Failure

MK-28 +0.Ol 65 42,282
I PK-26 60 28,080

MK-30 60 239,180
PK-28 50 127,260
MK-26 50 383,220
MK-27 45 2,175,000
PK-27 43 3,586,500
MK-29 42 10,000,000 No Fail-ure
PK-30 40 10,000,000 No Failure
PK-29 +0.01 38 12,760,000 No Failure4W-44 +o. 43 90 10,800
PK-43 80 23,1400MK-42 80 356,220
PK-41 78 11,000
PK-42 70 2,397,700
MK-41 70 3,004,900

STi---2 ,MK-45 +0.43 63 2,366,200

i95
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