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FOREWORD -
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"Design Information Development". This work was performed under the direction
of Lt. Harold Lachmann and Sidney O. Davis, Project Engineers, Air Force
Materials Laboratory, Research and Technology Division.

This report covers work that was conducted between 27 June 1966 and 31 May
1967.

Manuscript released by authors, 31 May 1967.

Work was conducted under the direction of Mr. H. B. Sipple, Department
Msnager, Materials Engineering. Mr. R. M. Brockett was Engineering Project
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x ABSTRACT

&

5 Mechanical property data for Ti-6A1-4V, Ti-8Al-1Mo-1V and Ti-6ALl-6V-2Sn extruded

;3 shapes in annealed tempers were obtained at test temperatures from -ilO°F to

- +800°F to provide a base for development of design information for these

-3 materials. Data obtained included ultimate tensile strength, tensile yield

] strength, compressive yield strength, shear, bearing, impact properties, creep,

L sl

stress-rupture, fatigue, and fracture toughness characteristics.

Separate heats of material in each of the three alloys were obtained from

i ié separate suppliers. Two section sizes were obtained from one of the suppliers
f? to provide information on size effects. Tests conducted provided data insofar
:3 as precticable within the scope of this program on property variations and on
gé scatter.
5
,2 Results of testing indicate that with consideru:ion of effect of temperatures

used in extrusicn processing, extrusions may be utilized in the same manner
E as titanium materials produced by other methods such as rolling or forging.
ki A Data obtained generally indicate that extruded material may be expected to
g have not oniy the cost advantages which result from economy of shape design,
B but will possess advantages in delayed fracture characteristics and creep

E o characteristics when compared with conventional alpha-beta processing of 1
E -~ 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 witi 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 necessar for
reliasble design can be established when analyzed in conjunction with data
from other sources.

MATERIALS

Annealed material in each of three alloys, Ti-6A1-4V, Ti-8A1-1Mo-1V and
Ti-6A1-6V-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 ii:each
alloy from one of the vendors in order to probe size effect on annealed extru-~
aions, and in order to expand the data base.

1EST OBJECTIVES

Mechanical property tests were conducted with the Ti-&l-hv, Ti-BAl-1Mo-1V, and
T{-6A1-6V-25n extrusions at temperatures ranging from -110°F to 800°F. Tests
included tensile and compressive property determinations, shear and beering,
creep and stress rupture, fracture and delayed failure properties, impact
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TEST PESULTS ;
S Girientation of testing and analysis of deta has been directed in ruch manner

as to define relative advaatages and limitations of extruvded materials in
compsrison to competitive alternates. Presentstion bas been directed tovard
development of MIL-HDBK-5 date when supplepsnted by date from cother sources.

Pocm temperature tensile and compressive properties were anaiyzed to establish
that procerties are uniform within a piece, including crocs-section location
and position in length. Variaticns between vendors could not be evaluated

on 3 meaningful basis within scope of this program, but can be determined from
vendor tezt statistics. Present specification values accepted by preducers
are consistent with those offered for otbher product forms with the excention
of elongation and reduction of ar=za.

The effect of temperacure on properties appreared 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 ailoys followed normal patterns, alloy Ti-6A1-6V-28n showing
highest strengths, while Ti-BAl-1Mo-1lV pcssessed best toughness and the highest .
tensile modulus. Comparative typical ultimate tensile ctrengths, tensile ¢ =
yield strengths and compressive yield strengths are shown in Figures 5, 6; and
7. Ti-6A3-6V-2Sn showed lower resistance to creep at elevated temperatures

3 than the other alloys. Comparative resistance to creep of the three materials
nunder rapid heat-rapid load test conditions is shown in Figures & and 9.
' Ti-bA1-6V~2Sn provides the highest level of strength at any of the temperatures

investigated. As an annealed product, it furnishes sirength levels comparable

t0 an intermediate level of Ti-GAl-4V heat treated and aged. Ductility and
toughness are generally considered to be inferior to the other two alloys,

Ti 6A1-UV and Ti-8Al-1Mo-1V. At elevated temperatures Ti-6A1-6V.2Su appearc more
sensitive to creep than the other twc materials tat ncne appear to be creep
limited at anticipated operating temperatures. I[iffect of elovated temperature
on this alloy seems less severe than effect on the other two alioys.

Ti-8A1-1Mo-1V possesses favorable modulus and favorable density values. Tough-
ness of this alloy appears excellent. Delayed failure characteristics of
Ti-8A1-1Mo-1V appear unfavorable however, as shown in Figure 3, and have
limited consideration of Ti-8A1-1Mo-1V for applications in general airframe use.
The elevated temperature properties, particulerly resistance to creep in hot £
areas, indicate possible specialized usages particularly suitable to =
Ti-841-1Mo-1V. 4
&)

Ti-6A1-4Y provides a good combinstion of strength, toughness not offeced by
Ti-6A1-6V-28n and envircnmental resistance. These qualities, coupled with pro- 2
duction relisbility and low cost tend to make thi; the present preferred alloy s
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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 10 compares typical fatigue characteristics
at various lives.
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Section 11

MATERIAL

BACKGROUND '

Billet temperatures used in the extrusion of titanium alloy shapes are

o Jpicelly above the beta transus of the material - at temperatures which

0 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
2 are higher then those used in other product types, and cooling in air occurs

«f“" quite rapidly. Because of these, and other basic differences in the manufac-
ri.;;‘ : turing processes, it has been necessary to establish material properties

"“_ specifically for titanium extrusions.

MATERIALS PRODUCERS

Material for testing ia this program was extruded by Harvey Aluminum, Torrauce,
California, and by the H.M. Huorper Company, Morton Grove, Illinois. Harvey
supplied both the thin extrusion, Figure 1, and the thick extrusion, Figure 2.
Harper supplied mater al ir the thin configuration only. Processing procedures
used by the two producers were gimilar, except Harper utilized hot stretching
as a standard straightening procedure, while Harvey utilized other straight-
ening techniquea.

HEAT TREATMENTS

Heat treatments used in these evaluations were selected to be generally appli-
cable and accepisble in sernapace design, offering high levels of fracture
toughness and resisvauce to delayed failure in salt water.

>

kg > b NCAA K I a0 -~
LI i % £ s e oyt SR g
. 2% 7 53 F gonpis RV e TN
sy 4, L o X N &y oo

Since the present program was designed to test one heat treatment type only in
each of the three alloys, auncaled tempers were gselected as being most represei-
tative for presernt use.

! 4
I
e

Annealing temperatures selected correspond with the standard temperatures shown
for the alloys in MII-H-8120C, and in other standard industry documents. The
soaking time at temperature was eatablished 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

part of the temperature range. For example, an extruded shape in Ti-6Al-LV tested
in another program showed delayed frazture property (Kn) of 46 ksi for air

cooled material and 31 ksi for material from the same sxtrusion annealed and
furnace cooled to 1000°F. Straightening after annealing was restricted to

13
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aveid 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,

HEAT TREATMENT SCHEDULE

&

Alloy Te'ff;‘s'%‘)‘““ Time Cooling

;e Ti-681-4v 13C0°F 40-60 Min. Air cool to room temp.

> Ti-8A1-1Mo-1V 1450°F 40-€0 Min. Air cool to room temp.

;i I1-6A1-6V-2Sn 1300°F 40-60 Min. Alr cool to room temp.

: = .
&

[

k.

Application of data from this program, and comparisons made with cther dsta
must be predicated on generally comparatle beat treatment schedules,

T
Cr R
.

L A
PN D

PROCESGIRG DATA

N | Matarial from Harvey was cast as a 24-inch dismster ingot by the Conswmebla

5 Electrode Vacuum Melt process by the Special Metais Diviasion of Harvey Aluminum,
The 2i-inch ingot was forged to furnish a lathe turned six~inch billet diam-
eter for the thin extrusion (pieces A, B, F, G, L, M) and a seven-inch diam-
eter for the heavy extrusion (pieces E, K and R).

2

I

Billet used by Harper for the Ti-6-U extrusion (pieces C and D) and the
Ti-6-6~2 extrusion (pieces N and P) was obtained from Reactive Metals Inc.
Material wes cast as a 30-inch diameter ingot by the Consumsbie Electrode
Vacuum Melt process, forged to approximate billet size and lathe-turned to the
6 3/k-inch diameter used. The Ti-8-1-1 billet for pieces H and J were
obtained from Titanium Metals Corporation. A twenty-eight-inch CEVM billet
was forged and suppiied lathe-turned to 6 3/k-inch round.

Chemical compdsition 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 & Loewy 1650
ton horizontal extrusion press, modified to provide approximately 1800 tuas of
pressure. Details of processing are shown in Table II.

Straightening by Harvey was performed before the annealing operation. Harper

produced material was straightened by a hot siretch aiter the anneal. Temper-

atures for hot straightening at Harper vere monitored by thermocouples

attached to the length being straightened. To avoid warpasge, parts were .
covled in the stretcher with a low stress level held and automatically moni- A
tored. The two variations outlined represent the two cocmmon practices being
followed in extrusion production. With proper control of straightening tem~.
perature, amount of stretch, and control of relief of strain during cooling

L
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no significant difference appeared in end results when hot straightening after
annes} sras compared with the final operaticn being the anneal cycle.

NETALLOGRAPHIC CONTROL

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

In general, macrostructures 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 jJunction of the tes, and was finer in
the leg sreas. The thinner leg of the unequal thickuess tee showed amaller
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 titsnium alloys extruded above the beta transus temperature.

Typical photomicrographs and photomscrographs for Ti-6A1-4V are shown in
Figure 11, for Ti-8A1-1Mo-1V in Figure 12 and for ¥1-6A1-6V-28n in Figure 13.
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Microstructure, Junction (200x) Microstructure, Cap Tip (200x) ’

Flgure 11. Typical Mperostructure and Microstructure
of Ti-6A1l-4V Extrusion
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Microstructure, Junction (200x) Microstructure, Cap Tip {200x)

Figure 12, Typical Macrostructure and Microstructure
of Ti-8A1-1Mo-1V Extrusion
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Microstructurs, Cap Tip {200x)

Microstructure, Junction (=00x)

Figure 13. Typical Haurostructare and Microstructure
of Ti-6AL-6V-2Sn Extrusion
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MATERI:] PROTERTY TEST PROCEDURES

TERSILE TESTS

The spccimens used in the tensile =ests are shown in Figures 14 and 15. The
standard l-inch gage longth flat specimen was used to test the small extrusions;
the standard l-inch gage length round specimen was used to test the lerge
extrugions. The teats were conducted in 5, 50, sand 120 Xiy Beldwin universal
test machineg, in sccordence with the reguirements of FED-STD-151. A strain
rate of 0.005 in/in/min was used through the »roportioral limi: of the material.
Class B extensameters vere uged in conjunction with standard avtographic
resdout equipment to provide partial or full length losd-atrain curves.

COMPRESSION TESTS

The Lockheed standard X<6720.-8 speaimen used in the ccmpression tests iz shown
in Figure 16, The tests were conducted in 5, 50, and 120 Kip Baldwin universal
test machines at a strein rate of 0.003 in/in/min through the proportional
limit of the material. Class B extenscmerers were used in cconjunction with
standard autographic readout eguipment to provide load-strain curves.

TENSION AND COMPRESSIOR MODULUS OF ELASTICIWY

The tension snd compression modulus of eiasticity tests were conducted on the
specimens shown in Figures 15 and 16 1ix a Rssearch Inc. 100 Kip closed loop
ssrvo-hydrsulic naierials testing systew. The presision strain data for modu-
lus determination were obtained unaing Tuckarmen cptical strain gages. Each
specimen wes losdzd in & ainimum of five equsl load increments to & maxizum
stress that was beiow S5O percent nf the noninsl yl2ld strength of the material.
A Tuckeyman gage was sttached to sash side of the specimen, and the strain was
recorded for each gage ai each load incremeat. The strain readings were plot-
ted on graph peper, and & straight line between the points was drawn to pro-
vide a slope value for detsrminstion of the modulus value for each gag~. If
the modulus values for the two gsgee varied less than two percent, the average
of the two valiuea waz reported sas th@ modulus of elasticity for the specimen,
If the two values varied by more than two percent, the specimen was retested
using the same procedure until the resulis obteined varied by less than two

percent,

SHEAR TESTS

The specimen uged in the shesr tests iz shown In Pigure 17. Double shear type
teste were conducted in an 120 Kip Baldwin universal tegt machine using stand-
ard clevie and tongue fixturez. The iosd wes applied at « rate wnich corre..
gpondef to & head deflaction rate of 0.1 incbk/mia; oniy tue uitimete load was
recordsd.
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Misaligoment of some of the specimens in the Iixtures resulted in certain
failures occurring through single shear after ex:ensive bending had taken nlace.
The single shear values were lower than the double shear values for comparaple
specimens and were considercd invalid. Data pevterns establishing other test
points were considered sufficiently significent, iowever, that duplicate test-
ing was not considered to be required.

BEARING TESTS

The bearing tests (e/D = 2) were conducted on the spsoimer chown in Figure 18.
The bearing hole was drilled and reamed to within orz-ihuuticdth of an inch of
the diameter of the hardened steel loading pin. Tho tests wvese conducted in a
120 Kip Baldwin universal test machine at a rate ~orrecpcraliyg »~o a test head
movement rate of 0.008 in/min through the yield point of the material., A
lcad~strain curve was obtained for each specimen by meana cf a llasg B exten-
someter in conjunction with standard autographic readout equipment. ‘he yield
gt epath was calculated by using the load at which the recorded permanent
dolnrmetion, using the offset method, A was equivalent to 2 perceni of the
hold dlameter,

For whe 2/D = 1,5 tests, the bearing specimen was modified so that the edge
distsnec was reduced from 0.750 to 0.562 inch. The test procedure remained the
seme.

‘tEMPERATURE EFFECT TEST PROCEDURES

The teat procedures for the tension, compression, shear, and bearing tests were
essegtially the same for each test temperature between -110° and 800°F. The
~110°F tests were conducted in a gaseous CO, 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 tefore 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 + 5°F.

CREEP AND STRESS RUPTURE TESTS

Staadard creep snd stress rupture tests were conducted on the specimen shown in
Figure 19 at 400. 600 and 800°F in accordance with ASTM Specification E-139.
The tasts were conducted in 6 or 12 Kip Satec creep machines. A thermocouple
was ehlacnued to sach end of the specimen gage length and & temperature-time
plot wus rcoorded throughout the test., A LVDY externsometer was used to con-
tinudusly rea.ord a time-suriain plot.

sTter inilial proves, stress rupturs testr were discoatirued if rupture did not
cecur within & time of at leaat 100 hourn. Il zresp tests were discontinued
after 1000 howre, or in swume cages atfser a shoriuwr npariod of time if the aspeci-~
maMs vere noi uvndergoing creep deformati~n.

Because of the apparent resistance of the extruded metaliurg. . ructuwre to

creep deformation, a portior of the testing was re-directed 1 - at repid
heating-rapid loading creep could bLe probed.
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The short time creep tests were conducted at 600°F and 600°F om the remainder

of the specimens under conditions of rapid heating. The testaz were conducted

in accordance with AST™M Specification E-150 using loading conditiom {i). Tests .
wvere conducted in a Research Incorporated 1C0 Kip tect machine aziag ihe self-

resigtance method of hcating. The specimen was heated to the tist {awmperature

4+ 10°F in 60 seconds and held at the nominal test temperature for $0 seconds "
prior to appiication of the load. The temperature was monitored by tvhermo-

couples attached to the ends of the specimern gage length.

o The load waz 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-
: 5 eter. Strain wvas recorded from the start of heating of the specimen until the
7 specimen was unluaded.

CHARPY IMPACT TEGTS
;ff The stendard Charpy V-notched specimen shown in Figure 20 was used to test the

3 large extrusions; the modified specimen shown in Figure 21 was used tg test the
” small extrusions. The tests were conducted at -110, 72, 110, and 400°F in
= accordance with Method 221.1 of Federal T2st Method Standard No. 151.

PLANE-STRAIN FRACTURE TOUGHNESS

Edge cracked, four point lowded constant moment bend svacimaus were used for
the fracture toughness tests. The l-inch wide specimen showr in Plgure 22 was
B used to test the large extrusicns; the 1/9-inch wide specimer showtr in Figure 23
Tign was used to test the small erxtrusions. A fauigue erack was generoeted at the

oo base of the machined vee notch by repeated tension-tension loading in four
ey point bending. The ratic of minimum Yo maximua lced was 2.1; the meximum

ﬁ%%

~
!
B

ncminal bending stress level used was less than 50 percent o the teusile yield
atrength of the material. The total crack depta {"vee™ notch pius fatigue
crack) was nominally 20 percent of the specimen width.

el
¥

The pre-cracked specimens werc loaded to failura in the 100 Xip test machine at
e rate equivalent to a strain rate cf 0.065 in/in/min. A nodel PD-1M deflectom-
eter was used to obtain an autographic curve of losd vs. test head mocvement.

Thae "pop-in" load (point of initial crack instability) was obtained frox the
curve, and the crack depth was measured on the specimen fracture surface,

These values were used in the following equation wc obtain the planec-strain
fracture toughness value KIc (tbe critical stress-intensity factor associated
with initiation of unstsble plane-strain frecturing). The units for the Ki
value are ¥Xsi vin. ¢

2 2" L

o ®

W @) - 5.2 (BF + 196 ()

WhEre:
P = load at crack instebility, (Kips)

L = moment arm length (Inchnea) {3 in, for the l-inch wide gpecimen
and 3/2 in.for the 1/2-inch wide specimen)
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Figure 21. Charpy Specimen, Thin Extrusion
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B = Specimen thickness (Inuhes)
W = Specimen width (Inches)

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

i = Poisson's rutio = 0.3

The -110°F fractuce toughness tests were conducted in & CO., gas chamber. The
specimens were held st the test temperature for 30 minutesabefore testing.

Both the test chamber and the specimen were monitored by thermocouples, 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 contaminastion by moisture.

DELAYED FAILURE TESTS

The delayed failure tests were conducted on the pre-cracked fracture 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 sdded to the
container prior to loed application so that the entire crack was covered. The
top of the container was left open to the eir; if evaporation occurred the
container was refilled with distilled water. The level of the soluiion wes
kept neerly constant throughout the tests.

The specimens —vere stressed at a rate equivelent to a strain rate of 0.005
in/in/min to s predetermined sustained load level which was fifty percent of
the ultimate load for the fracture toughness specimens from the szame test
group. The 1/2~inch wide speci- ens were tested in a Research Incorporated

100 Kip test machine; the l-incn wide specimens were tested in Lockheed-
designed hydraulic test machives. 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 sume t.st group were loaded to higher (or lower) load
levels until a chreshold level st which failure did not occur wes determined.

The sustained load level for each specimen is substituted for “P" in the equs-
tion for "K; " to obtuin the sustained load plane-strain stress intensity value
vhich is designated as K, and vhich also has units of Ksi via.

At lesst one specimen from each test group was held at the threshnld 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 Kp; level at which a
specimen held, and below which no specimen from the test group failed. There
are ususlly specimens in any test group which do not fail at levels above the
threzhold value, but additional specimens from the seme group will fail at
the sane le¥el. The range of the scatter in the KI i values for titanium alloy
specimens is often as much as 10 Ksi An. units.

S-N FATIGUE TESTS

The smooth (Kt = 1) and center nutched (K| = 2.7) fatigue specimens that were
used are shown in Figures 24 and 25. The tests were conducted in Lockheed
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designed constant amplitude fatigue test machines at stress ratics (i) of o
0.98 and 0.4, The specimens were tested until failure occurred or until 10*

cycles had clapsed.

Elevated temperature fatigue tests were conducted in radiant heat furnaces. The
specimen test temperature was monitored by a thermccouple and was maintained at
the desired level + 5°F. The specimens were held at the desired level for 10
minutes before testing. Tests were conducted at 1800 cycles per minute,
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Seztion IV

DISCUSSION OF RESULTS

BASIS FOR EVALUATION

It is ccrasidersa that this pregram has developed either two or three data points
to be used in conjunction with msterial from other sources to establish
MIL~HDBK~5 values for titenium extrusions (the number of data points depends on
the mixture of tests and material source).

Reliability and uniformity of properties within the individual piece were
egstablished by room temperature testing. Having obtained tris verification,
vendor data can be used with confidence to establish room temperature specifi-
cetions or A an? B design values for longitudinal tengile properties. Tranps-
verse property data and compressive property data are available in depth from
extrusion producers so that statistical values mey be obtained by direct
methods, or by indirect methods with a broad statistical baze.

Effect of temperature on properties, and properties fcr which design velues

are normally obtained by derivation have heern analyzed to determine thet mate-
risel performance was consistent between vendor, leat, and size. These relation-
ships, in tuvrn, were reviewed in relation to published data on other product
forms to establish if the limited information appeared to be part of the same
statistical data population, or if significant differences appeared.

UNIZORMITY Of PROPERTIES

Properties throughout all pieces in =2ach of the three alloyas tested were con-
aidered to be uniform, well within the variations normally expectea frou
extruded material. In the combination of length,test direction, and cross
section location within one piece the indicated variation in Ti-6AL-LV tensile
ultimate strength (TUS) was under 4%, and variation in TYS less than 5%. In
alloys Ti-6A1-6V-28n and Ti-8Al-1Mo-1V, the variation within any one piece was
under 5% in TUS an¢ under 8% in TYS, Variatior in properties between pieces,
with location in croas section grain direction, and length is shown in Tables
III, IV, and V, and in Figures 26, 27, and 28.

No effect of extruvsion direction is apparent from these and other tests.
Secticn location has & random effect, and doea not arpear to follow a pattern
on snrealed material. Processing controls “v avoid possible degradeticn of
vroperties because of work effects would allow design in the transverse direc-
tion %o rarallel design in the iongitudinsl direction. The seme principle
could alac apply in coatrol teats,
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TUS OR TYS (KSi)

Note: Spaciman locations in cross section are shown in Figures 88 and
89. longitudinal locations of specimens for pieces A and C are shown
in Figure 90, for pisce E in Figure 94 (specimers M1 thru M10).

M-

END CENTER END FRONT REAR END CENTER END
PIECE A PIECE E PIECE C

Figure 25. Compaerison of Variation in TUS and TYS with Iocation in Cross

Section in Length &nd Between Vendors, Sections, and Heat
Ti-6A1-4V Extrusions
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TUS OR TYS (KSl)

()
CAP
TRANSVERSE

120

STE

JUNCTION

100

Note: Specimen locations in cross section are shown in Figures 88 and
- 89. longitudinal lccations of specimens for pieces F and H are shown
in Figure 90 for piece K in Figure 94 (specimens M1 thru M10).

END CENTER END END END END CENTER END

PIECE F PIECE K PIECE K
Ftgure 27. Comparison of Variation in TUS and T¥S with Locetlion in Cross
Section, in Length and Between Vendors, Section and Heat
Ti-8A1-1Mu-1V Extrusions .




TUS OR TYS (KS!)
-

1 |

Note: Specimen locations in cross section are shown in Figures 88 and
.89. . Longitudinal locations of specimens for pieces L and N are shown
in Figure 90, for piece R in Figure 94 (specimens M1 thru MiC)

. END CENTER END END END END CENTER END

PIECE L PIECE R PIECE N

Figure 28. Comparison of Variation in TUS and TYS with location in Cross
Section, in Length, and Between Vendors, Sections and Heat
75 -6A1-6V-2Sn Rxtrusions
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RELATIONSHIPS BETWEEN VENDORS

Sufficient dale points do not exist within this program tn 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 limited puints, comments are as »
follows:

Properties of theTi-6A1-4V extrusions supplied by the two vendors were, as
shown in Figure 26, quite clcse. Total spread between values was less than
10%. The percentage rela‘ion on temperature effects and on derived properties
such as shear and bearing appeared consistent. Reletion of test data to &
normal mill property distridbution may be obtained dy comparison with Figure 29.

Ti-6A1-6V-2Sn extrusions appeared to show & slightly greater margin of differ-
ences between vendors, possibly based on production background in the alloy.

] Property relastionships to room temperature properties were consistent. Generel
3 relationships are shovn in Figure 28. Typical distribution of vendor tests

1 for TUS is shown in Figure 30.

Ti-8A1-1Mo-1V shoved greater differences then the other alloys. The discrepancy
3 did not appear at room temperature, but both sub-zero and elevated temperatures
y tests.seemed to indicate a change in temperature effect. Room temperature
relationchips 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-1Mo-1V)and for pieces N
and P (Ti-6A1-6V-28n)are lower than those shown for the alloys in Section V. ,
The values shown as design minimums are at present consistently being achieved £
T by one vendor as shown by Figures 30 and 31, and are presently being used in :
SR design.

E o MODULUS OF ELASTICITY

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

3 ; Ti-8A1-1Mo-1V 17.6 x 10° psi :
Ti-6A1-L4V 16.9 x 10° pst
“ Ti-6A1-6V-28n 16.1 x 10° psi [

o Vaiues for the Ti-8Al1-1Mo-1Vagree with MIL-HDBK-5 values for other product
2 forms of this alioy, 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 expacted pattern.

R LT AL N P

R TEMPERATURE EFFECTS ON TENSILE Aio COMPRESSIVE PROCERTIES

The effect of temperature on tensile properties of the three alloys is shown in
Figures 5 and €, and effect on compression yield strength in Figure 7. Tem-
¥ perature effect datas has been plotted o show efiact as percent of the room
§? ) temperature property value and is presented in Section V.
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Figure 30. Typical Distribution of Test Results Annealed
Ti-6A1-6V-28n Extrusions (60 Tests)
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wo comparison points at each temperature (one from each vendor) were
ectablished in the longitudinal direction and one date point at each tempera-
ture in the transverse direction. Temperature effect relationships were

d consistent between vendors and grain directions, Tables VI, VII, and VIII
indicate these trends.

E
E
§
[1
|
i |

Sufficient date 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 reducticn in properties
i at elevated temperature is in excess of that shown in MIL-HDBK-S for »ther

e

product forms of these alloys. Comparison of temperature effecis are shown in
Figures 32 through 39, inclusive.

In the higher temperatures, effects on Ti-6A1-5V-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 sumarized in Tables IX and X. The normal pattern of reduced strength at
elevated temperature is followed, with alloys meaintaining 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 valuee 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. Additionel data points are required to define ratio and
temperature effects more precisely.

SHEAKR

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 alioys.

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 was modified to provide stress rupture data

by
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TABLE VI EFFECT OF TEMPERATURE ON THE ULTIMAYE TEKSILE
STRENGTH OF TITANIUM ALLOY EXTRUSIONS

PR o

s bty et W n

Test Percent of Room Temperature Strength
Alloy Piece es .
Direction -110F RT hOOF 600F 800F
Ti-6A1-4v A L 122 100 73 71 65
c L 121 100 73 70 66
A T 120 190 T T2 66
Ti-841-1Mo-1V F L 121 100 83 7 T1
H L 117 100 79 71 66
F T 119 100 82 76 69
Ti-6A1-6V-2Sn L L 119 100 79 T7 69
N L 118 100 8s 79 Tk
L T 120 100 83 79 T2

TABLE VII EFFECT OF TEMPERATURE ON TENSILE YIELD STRENGTH
OF TITANIUM ALLOY EXTRUSION

Test Percent of Koom Temperature Strength
Alloy Piece | ;irection | -110F | 8T | LoOF | 600F | BOOF
T4 -6A1-L4V A L 128 100 71 61 58
o L 125 100 T2 59 5T
A T 127 100 70 62 5T ]
T4 -8A1-1Mo-1V ¥ L 130 100 T2 65 58
H L 120 100 T2 58 53
F T 126 100 73 65 58
T4 -6A1-6V-28n L L 127 | w00 | 712 69 62
N L 121 100 78 69 66
L T 127 100 76 69 64 L
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TABLE VIII EFFECT OF TEMPERATURE ON THE COMPRESSIVE YIELD
STRENGTH OF TITANIUM ALLOY EXTRUSICNS

0 Percent of Room Temperature Strength J
Alloy Piece est
Direction -110F RT LOOF 600F 800F
Ti-6A1-Lv A L 125 100 67 57 56
c L 123 100 70 59 55
A T 125 100 69 59 56
Ti-8A1-1Mo-1V F L 125 100 72 60 57
H L 12k 100 70 59 54
F T 125 100 71 61 56
Ti-6A1-6V-2Sn L L 127 100 Th 67 62
N L 124 100 T4 68 64
L T 127 100 Th 67 63

only at hOOoF, to provide both limited creep and stress-rupture data at 600°F
and to provide a limited probe at 800°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 that creep at 40O should not be considered to be significant
in general airfreme design. In order to produce 0.1 percent strain in 1000
hours, Ti-6A1-4V and Ti-BAl-1Mo-1V 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 4OOF is considere’ to be coincideat with the ultimate tensile
Strength, Tests within a nominel 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 streas rupture curve was considered to coincide with the
tensile etrength within test limits.

600°F CHARACTERISTICS

Stress-rupture and nominal ultimete tensile strength at temperature were con-
sidered to be coincident., Ti-6A1-UV and Ti-6A1-6V-2Sn specimens loaded within
2 ksi of ultimate strength &t *~-mperature did not fail in 1000 hours of
exposure. Tests of the Ti-8A5-~1Mo-1V at the same relative load were discon-
tinued at approximately 650 hcurs without failure.

Creep in Ti-8A1-1Mo-1V and in Ti-9A1-4V did not appear significant at the 600°F
yield stress. Tests of Ti-8A1l-1Mo-1V at yield strength indicate less than

L6




PERCENT OF F AT ROOM TEMPERATURE

160

140

120

100

tu

20

0

S T AT

17
I T
TSTRENGTH AT TEMPERATURE EXPOSURE UP

SHEET AND BAR

et MIL-HDBK~5A

11 E
EXTRUDED HERL :
SHAPES T/ T S

(TENTATIVE) »

+—

.

-200

Figure 32.

0 200 400 600 800 1000 ;
TEMPERATURE (°F) 9

Comparison of Effect of Temperature on Ultimate Tensile )
Strength (Ftu) of Annealed Ti-6ALl-4V Extrusion and Ti-6A1l-uV
Sheet and Bar

47




PR

160 IgESNEEANEENEEEEASNNESEEENNARNANERENEEEENNEN) ]
o AR EARREANSANNEREEEAENE NN 1.0
STRENGTH AT TEMPERATURE EXPOSURE UP TO 1/2 HOUR
140
120
Wi
o
>
b -
ég 100
b
W
- e,
>3 %)
0O
O 4
(-4 w C ; }
— ] REERN NEN
< S - SHEET AND BAR
w* CHL| MIL-HL BK-5A
W % 1
O 1| gy !
— EXTRUDED ENC
zZ & SHAPES % .
(V] (TENTATIVE) »
g | :
a. 1 |
H 4
40
20
I
0 i 1
-200 0 200 400 600 800 1000
TEMPERATURE CF )
Figure 33. Comparison of the Effect of Temperature on the Tensile ’

Yield Strength (F, ) of Annealed Ti-6A1-4V Extrusion

and Ti-6Al-L4V Sheg

¥ and Bar
48




i i it i Pl it it ; W

1000

! a F ! :
a vt T
o 0 g _
u g
“ £ s _
(] o 8.4 [
...IW A% 1 g u
[T Bv.n 1 © &
Ba: oy 8% _
4 ¢ NDH]# + /|
MIBEN <X
—_ 1 TR o>
L Y o=
0 &Eu i1 [
- T < g d
L 3ol wy e uA.u
L1dD ly w .m.l
L 1] s 3
HE L L £ o
T3 " - T B8O
SEre) ' L &3
api-Ss 2 7 Y : [T¥] '™ o £
F-15¢ ~+ e om o
aRy 2 "
L jad o Oy v s m M ﬁfd
- ol EEE (>4 [T RN oI =]
,-uw 4 o> W N d o
S 25% : ¥% <
ma VR r mST w o K
~—~ia. x N | o L3 S
T2 anr.an o “5¥
bt e = m O.num
14— < N = wn
l.lA " =} m
1 . 8 o3
1 1 3 ~~ w1
T 33
170 833
15 _ B3
[C¥)
s o
JJR o Lol
—— Y
O 0 A ¢ =
! i ™
T 1 p
®
[

3 g & 8 8 3 Q & ©

p—

. K2
NNIVIIdWIL WOOI LV 4 40 INIO¥d

. - * .

R WS L S 200 MR S R KOG R st i et 1 AT pbohats S W M (€ bt Mg adst




A
]
160 R HH H
STRENGTH AT TEMPERATURE EXPOSURE UP TO 1/2 HOUR
{ 140 )
_1___ 1 1]
120 T
W
[+ 4
>
[
g 100 FH -
1 a -+ B
) = qs SHEET DUPLEX ANN
E i 8 N MIL-HDBK-5A
! & gy >N
2 ’_ Ll
| < EXTRUDED et
i 2 SHAPES
! - T(TENTATIVE)
i
) o)
=
Z &
ud
u s
v
[«
40
- l_st
| i
20
]
0 1]
=200 0 200 400 600 800 1000
TEMPERATURE (°F) :
Figure 35. Comparison of the Effect of Temperature on the Ultimate
Tensile Strength (F, ) of Anncaled Ti-8A1-1Mo-1V *
Extrusion and Ti-8AY%1Mo-1V Sheet
50




e

O T I RN 1 ¥ 1 s

s BN S TR AN S SRR IV RGO R

]

BEPE T TR

WarDP "N

Y

f

PERCENT OF F, AT ROOM TEMPERATURE

Y T A I A
-+ STRENGTH AT TEMPERATURE EXPOSURE P TO 1/2 HOUR
] [T I
140
120
100 [
o0 F R L SHEET DUPLEX ANN
MIL-HDBK-5
| N o,
EXTRUDED "R
N SHAPES '
s [ (TENTATIVE)
n
40
20
0 7
-200 0 200 400 600 800 1000
TEMPERATURE (°F)
Figure 36. Comparison of the Effect of Temperature on the Tensile

Yield Strength of Annealed TI'i-BAl-1Mo-1V Extrusion and
Ti-8A1-1Mo-1V Sheet

51

o me——




160 T T T S A A
STRENGTH AT T MPERATURE EXF OSURE UP TO 1/2 HOUR ]
; T | T
140 ™
120 -
(¥F]
o
o
[l ]
<
& i
Y100
=
(Ve ]
e
=
O A1 ]
§ Q L SHEET DUPLEX ANN
: - 80
! < b
; > PN
! u EXTRUDED o
* 5 SHAPES SITTT
e (TENTATIVE)
Z 60 T
9 u
o
40
i
1
é 20
é ,
-200 0 200 400 600 800 1000

TEMPERATURE (°F)

ey

Figure 37. Coumparison of the Effect of lemperature on the Com-

: & pressive Yield Strength (Fcy) of Annealed Ti-8Al-1Mo-1V

Extrusion and Ti-8A1-1Mo-1V Sheet

52




3
X
E
-
E
E:

]
i 160 [T T T I T T T T T I T T s T T T Ty Ty T T T T T I T
i STRENGTH AT TEMPERATURE EXPOSURE UP TO 1/2 HOUR
E
3
I .
: 140
120
w
E at
2
é 100
s O
] oAl = FORGINGS SST 65-8
s et 1] AIRCRAFT DESIGNERS
o Tt . HANDBOOK
o) 1 i T
: « & EXTRUDED Rinas
i 'z - SHAPES W .& -
L, P L2 (TENTATIVE)= 3
& T
. ’i 60
w
QU
&
Q.
40
N T
T
. 20
+
-200 0 200 400 600 800 1000 &

TEMPERATURE (°F)

Figure 38. Comparison of the Effect of Temperature on the Ultimave
Tensile Strength (Ftu) of Annealed Ti-6Al-5V-2Sn Extrusions
and Ti-6A1-6V-2Sn Forgings

53

o g v X LI
i ARGl T A e B 4 YA ey




160 T T e T T e T rrrrrr ey e e i Ty pr vty
b P T Tt e ey ey v v
STRENGTH AT TEMPERATURE EXPOSURE UP TO /2 HOUR
i 140
120
w il
[- 4
=
: =
‘ § 100 |-
, 2 :
3 - X2
t = ZNEE FORGINGS (SST 55-8 AIRCRAFT
; 8 . DESIGNERS HANDBOOK) [
& g S ENCNENE
~
K < 9,
i R EXTRUDED
; « SHAFES )
: 0 (TENTATIVE) '
3 | sl 60 } B N
Z
o
& Aaas
a ) *
40
| :
! )
3 20 é'
6 o]
g - 0 I i 1
~200 0 200 400 600 800

TEMPERATURE (°F)

Figure 39. Comparison of Effect f Temperature on the Tensile Yield

Strength (Fyy) of Annealed Ti-6A1l-6V-28n Extrusions and
Ti-6A1-6V-2Sn Forgings

54




TABLE IX ULTIMATE BEARING STRENGTHS OF
TITANIUM EXTRUSIONS
Description Ultintm ;:mg::itgeftz?stb Percent of
TUS at RT
Alloy Piece | Direction | e/D | ~110F | RT | LOOF | 600F
Ti-6AL-4V A L 2.0 | 330 | 295 | 210 | 201 208
c L 2.0 276 | 228 | 204 189
A T 2.0 301 | 225 212
c T 2.0 296 203
A L 1.5 2kl 172
c L 1.5 kT 169
Ti-8A1-1Mo-1V| F L 2.0 | 323 | 292 | 220 | 192 210
H L 2.0 270 | 225 | 191 200
F T 2.0 291 | 222 211
H T 2.0 323 243
F L 1.5 239 172
H L 1.5 222 164
Ti-6A1-6V-2Sn{ L L 2.0 | 357 | 316 | 255 | 216 201
N L 2.0 297 | 250 | 236 198
L T 2.0 341 | 248 21k
N T 2.0 317 208
L L 1.5 269 iT1
N L 1.5 252 168

A Average of three tests




TABLE X BEARING YIELD STRENGTHS OF TITANIUM EXTRUSIONS A

[}
1
o
9 5
pot S

R A

ey vy

Bearing Yield Strength
” Description at Temperature, Ksi Percent of
: TYS at RT
Alloy P{ece | Direction | e/D | -110F | RT LOOF | 600F
T -6A1-LV 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 _
3 A L 1.5 208 166 .
c L 1.5 210 163 F
] 7i-8A1-1Mo-1V| F L 2.0 | 282 | 250 | 185 | 167 192
] H L 2.0 221 | 172 | 152 184
- F ) 2.0
H T 2.0
F L 1.5
i L 1.5
Ti-6A1-6V-2Sn] L L 2.0 | 329
%2 N L 2.0
i o
Yo
;gaé L T 2.0
ﬁfé‘.\
e
_ N T 2.0
L L 1.5
N L 1.5
il
5‘ A Average of three tests
-{?
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TABLE XI SHEAR STRENGTH OF TITANIUM ALLOY EXTRUSIONS A

D ipti Shear Strength at
escription Temperature, ksi Fercent of
TUS at RT
Alloy Piece | Direction | -110F] RT LOOF | 600F
Ti-6A1-4V A L 1006 921 17 7C 65
c L 91 T7 T0 62
A T 92 65
c T 921 T6.3 63
Ti-8A1-1Mo-1V F L 102 91 7 69 65
H L 87 68 6k
F T 87 63
H T 88 75 66
Ti-6A1-6V-2Sn L L 116§ 101 9 81 6h
N L 101 83 67
L T 102 6k
N T 100 88 65
A Average of three tests
({}; Results not tabulated because of abnormal bending

‘0.1 percent creep is 1000 hours. Ti-6A1-4V showed 0.1 percent creer in 1000

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

At 800°F creep becomes significant in all alloys. As at all other tempera-
tures, Ti-BAl-1Mo-1V showed the highest degree of resistance, while~
Ti-6A1-6V-28n showed most susceptibility.

Creep tests conducted under conditions of rapid heating and rapid loading
result in higher strains than those produced 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 Teble XII,

Creep data are susceptible to scatter because of minor veriations in test
procedure and considerable scatter is shown in the data obtained in this pro-
gran. This does not, within this program, affect interpretation of results.

JMPACT_FRORERTIES

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-
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TABLE XII COMPARISON OF CREEP STRAIN
UNDER VARYING LOADING CONDITIONS

Creep Strain in/in

Alloy Temp S%;:i? Rapid Heat And Load Standard Creep
Smin |30 min{ 60 min| 1 hr | 100 hr | 500 Lr
Ti-6A1-L4v 600F} 171 | 0.0012}0.0017| 0.0018
79 | 0.0006 | 0.0022 | 0.0029 | 0.0006 0.0027
85 | 0.0007 | 0.0020 | 0.0030
89 0.0006 { 0.0009 | 0.0010
800F| 58 | 0.0004 |0.0010| 0.0012
65 0.0005 | 0.0007 | 0.0007
75 | 0.000% | 0.0018 | 0.0028 | 0.001L | 0.0183
Ti-8A1-1Mo-1V| 600F| 81 | 0.0004 0.0006 | 0.0004 | 0.0005 | 0.0006
80oF| 58 | 0.0002|0.0008| 0.0010
72 | 0.0003 | 0.0006 | 0.0007 | 0.0003 | 0.0028 | 0.005
85 | 0.0008 | 0.0017 | 0.0020 | 0.0006 | 0.0046 | 0.008
Ti-6A1-6V-2Sn| 600F| 90
0.000L | 0.0006 | 0.0006 | 0.000L | 0.0016 | 0.0024

8oor

1109
112
69
88

0.0009 | 0.0018 | 0.0018
0.0008 | 0,0029 | 0.0048
0.0015 | 0.0067 ! 0.0105

0.0059 | 0.0242 1 0.0428

0.0006

0.002k4
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ring in the junction area. Impact toughness varies inversely with alloy
strength as expected. The tests at minus 110F 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 TQUGHNESS AND DELAYED FAILURE

K1, fracture toughness values at -110°F and at room temperature, along with
deiayed failure characteristics are given in Table XIII. Values obtained in
this program agree withir 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-8A1-1Mo-1V presents
the most favorable fracture toughness characteristics, but appears to have
slightly inferior deleyed failure characteristics. Delayed failure of
Ti-8A1-1Mo-1V 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, 4k, and 45 depict delayed failure as a function of time.

EATIGUE

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 Kop A Temp Fig. No.

Ti-6A1-4V 1.0 0.98 RT sk
2.76 ©,0.98,0.4 RT 55

2.76 ,0.98,0.4 L00CF 56

2.76 ©,0.98.0.4 600°F 57

Ti-8A1-1Mo-1V 1.0 0.98 RT 66
2.76 ©,0.98,0.4 RT 67

2.76 ©,0.98,0.% LOOOF 68

2.76 ©,0.98,0.4 6000F 69

Ti-6A1-6V-2Sn 1.0 0.98 RT 18
2.76 ©,0.98,0.4 RT 79

i 2.76 ,0.98,0.4 LOOOF 80

2.76 ©,0.98,0.4 600°F 81

Fatigue characterigtics 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 ‘rom one vendor tends to show slightly higher fatigaue values than that
of the other. At this time, this is considered to represent random scatter

29
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Figure 42, Charpy Impact Properties of Ti-6A1-6V-2Sn Extrusions
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TABLE XIII FRACTURE TOUGHNESS AND DELAYED FAILURE
CHARACTERISTICS OF TTITANIUM ALLOY EXTRUSIONS

Grain KIc (ksi vin) K‘Ii (8l \/i_n.) *
Alloy Plece | niiection | -110F | RT | Held | Failed
T4i-6A1-4V A L 68 13 36 4o
c L 63 65 45 48
E L 79 39 k2
7i-8A1-1Mo-1V F L 76 83 3k 35
H L 88 38 34 36
K L 85 34 36
T1-6A1-6V-2Sn L L 46 58 29 34
N L 56 T2 Y] 5T
R L 58 36 41

until effect of processing variables on fatigue can be determined through
other progranms.

-
Elevated temperatures seem to affect only ‘the high-cycle end of the fatigue
curves. Alloys 1i-6A1-4V and Ti-8Al-1Mo-1V seem to see more effect than
Ti-6A1-6V-2Sn. This trend has been observed on previous programs. .
Modified Goodman diagrams prepared from dats obtsined in this program are
presented in Figurcs 58, 59, 72, 73, 86 and 87,
%, .‘% |
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Section V

PRELIMINARY DESIGN INFORMATION

Tentative design properties for extruded titanium alloys Ti-6A1-4V,
T1-8A1-1Mo-1V, and Ti-6A1-6V-28n in the Annealed tempers are presented in this
Section. Current specifications for these products are not established on a
govermment 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 FROPERTIES

(1) Tenuvative room temperature design mechanical properties are
sumarizzd in Table XIV,

(2) Effect of temperature on ultimate tensile strength at temperature X
is shown in Figure 46. Effect of temperature on tensile yield :
strength is shown in Figure 47. Effect of temperature on compres- 3
sive yield strength is shown in Figure 8. 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) 8/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 toughness, and of delayed failure character-
istics is included in Section IV,

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

Ei-aAl-lMo-lV TENTATIVE DESIGN PROPERTIES

(1) Tentative room temperature design mechanical properties are sum-
marized in Table XV,

#AMSUO35 in its present form (Revision A) is not normally used without
exceptions.




Table XIV Tentetive Design Mechanical and Physical Properties
of Ti-6A1-4V Titanium Alloy (Extrusions)

Allq' 0008063004008 00000000000000

Ti-6A1-4V

Fbrm 8060060000000 00000000008000

Extruded Shapes, Rod and Bar

Condition eevecsecsessssescssses

Annealed

Thickness or diameter, in. escees

All

35518 0000000008000 0000000080000

Mechanical properties:
Ftu, KBL cevevcesccnsvsnseonsne

IJ 000000000000 000C 00000000000
m 080000000000 000000000000%0000
Ft » ksi 0006000020000 0000000000
Ly-toooooo.l.oo.ttt.ooooooooco
T 0800000000000 000008000000000
Fcy, hi 0000000 OPCIOLOOISROOIOOIOIOSDL
I-T 0000000000 RIREEIIPOROIEOIOPOPTOIRONTS

Fsu, ksi 0000000000200 00000000

’7» ;

eD 2.0

T = s

(e/D-200 0000000000000 0000
e, per cent:
Inzin. [ AR N NN ENNNNXNNNRENNEN NS

In h D 9008800000000 0000000s00

1061’;.1':::::::::::::::::::
G, 1 PBL ceceesessosssncscces

“ 0000000600008 0080 0000000000000

800000000000 0PNIODS

90060600000 s0000000s

135
135

125
125
(Typical Values Shown in Tabie IV)

(Typical Values Shown in Table XI)

(Typical Values Shown in Table IX)

(Typical Values Shown in Table X)

10
10

6.9 /

§

{

Physical properties:

@ ]b/in.3 e0s000tscesess0sree
¢, Btu/(y

006500000000 0000

b)(¥)
2 [ A XN NN ]
K, gtogg‘l(hr)(rc Xr)/te]

a,

[in /r covssessessie

0.160

S

gt
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Figure 48, Effect of Temperature on the Compressive Yield Strength (F‘c ) o
of Annealed Ti-6A1-4V Extrusions d ..
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Table XV Tentative Design Mechanical and Physical Propertiee
of Ti-8A1-1Mo-1V Titanium Alloy (Extrusions)

Al1OY csosececccocsscasssssnness
FOIM sevescocusceccscoscssecsnse
Condition e« .cocsescecrvccocrss
Thickness or diameter, in. «....

mais .........l.l..’...........

T4 -8A1-1Mo~-1V

dad 8, Rod

Annealed

&
q
L
)
5
i

Mechanical properties:

Ftu, ksl eRNGOOeCRCIOINIELIOIOIOIOIOIOIOIITYS
m [ AR RN ENNNENXENNENNENNENNENNMNRNNENNEN]
W » K81 cocesesessecvsoncnsens
iy.0'000.0!!OOQ'O0.000.00.0000
L'.l‘ 0000000900000 0000000000000¢00
Fcy, kst 20000000000V RCISISIOIGTS
T 0000000000008 000000000800000°

Fsu’ kSi ([ EENEER RN EREE NN NNNRNNN]

?Q/D 2.0 [ A X RN NN EREENNENENNNNN]
Ty

§e/D = 105;' I A A R AN AR R ENENENRN NN
e/D = 2,0

e, per cent:

In 2 1“0 (A EEERE N EENNNENEENNNNN]

0000600000000 0PBOODS L

In l‘ D ceseceevsorscosaccnrees

E, 106 1 (AR RN NN ERERRENNENNNN]
%, 1 mi 0600000000000 08000

G’ x wi o

“ 08000000000 RPSISIRIRINPIOIOCEORISBNORIOTYS

130
130

120
120
(Typical values shown in Table V)

(Typical values shown in Table XI)

(Typical values shown in Table IX)
(Typical values shown in Table X)
10

10

1706

TRR

vy W

ol

TR AT

IR O]

T

PR

CAC S,

Physical properties:

Wy lh 1no3 XXX XXX Y NN NN N Y RN Y]
C, b F) 900000000000 0000

K, _é[(hr)(fta)(l")/rtl

¢, in. 1!1. !’ ®eccesvrenree

0.158

83




i
S e 2 A
e

e

N R A
& 2 2wy
4 35

et

(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) 8/N diagrams showing typical room temperature and elevated tempera-
ture characteristics of smooth and of notched specimens are shown in
Figures 68, 69, 70, and 71, modified Goodman diagrams in Figures 72
and T73.

(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.

~-6V- ' N P
(1) Tentative room temperature design mechanical properties are sum-
marized in Table XVI.

(2) Etfect of temperature on ultimate tensile strength at temperature is
shown in Figure Ti. Effect of temperature on tensile yield strength
is shown 1n 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
shown in Figures 80 and 81.

{4) S/N diagrams showing typical room temperature and elevated tempera-
ture characteristics of smooth and of notched specimens are shown
ég Figuges 82, 83, 84 and 85, modified Goodman diagrams in Figures

and 7.

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

(6) Creep characteristics are discussed in Section IV.




PER CENT OF Ftu AT ROOM TEMPERATURE

160

140

120

100

80

TENTATIVE

20

0

-200 0 400 600 300

TEMPERATURE (°F)

Figure 60. Effect of Temperature on the Ultimate Tensile Strength (Ftu)
of Annealed Ti-8Al-1Mo-1V Extrusions

200

85

1000




A TR s

an b R

b A A o A et o

[- 4
> -
o g
T3 1
W 1
(o)
[
[+
o
Al
of
3
& s
ol =
w =
= Z
= i
=
o
=
]
[
<
I
[
O
y4
- Wi
=4
w
1
]
3 E 8 8 E 3
NNLVIIIWIL WOO LV b". 40 IN3D ¥3d
RN - 3 . . e

1000

)

600 800

400

TEMPERATURE (°F)
Effect of Temperature on the Tensile Yield Strength (F

200
of Anmnealed Ti-8A1-1Mo~1V Extrusions

Figure 61.




AT ROOM TEMPERATURE

F
<y

PER CENT OF

- m— PR WY i m et e - £

i

160 [T

STRENGTH AT TEMPERATURE EXPOSURE UP TO 1/2 HOUR
140 +

120 FHH

100

80

60

20

0

-200 0 200 400 600 800 1000

TEMPERATURE (°F)
Figure 62. Effect of Temperature on the Compressive Yield Strength (Fc )
of Annealed Ti-8ALl-1Mo-1V Extrusions y

87




= o : . P N g T T ek rm
f,m B . PR o g G E BY S I G
Y ?:w g

el ATl

! vt B

TR

!

i

M
(- e !
-

- Iv.r

“ ns ' SUOTSNIYXE AT-PWI-TVg-TL JO
(d) urBuaagg I®AYS SEWTTN OUY UO 2aINGBIAAWDL JO 32833 *¢G wInByg
(do) FUNLVIIIW3IL
009 00S 0o 00¢ (1174 001 0 001~ 002~ .

S

s

: JAILVINDL

0L

4 1N3D ¥3d

ns

RNUVIIIWIL WOOY LV

j 00t

ke 2 At i e N , - PPN




Gt

D T

§ kR %_

.
o rnar s m o e

T

SUOTSUIAXH AT-OWI-TVg-TL JO

A v yaSuaaxng fuixesg 248WLTN 2U3 U0 aangersdmsel, JO 30933H *H9 aanI3Tyg
(d0) WNLYIIIWIL
: 009 00S (10, 4 00¢g 00Z 001 0 001~ 002~
| r OO
m IAUVINIL
0z
m ™
J -4
0
Z
c e
N 8 O
Q
N
.J g 3
>
o
06 m
<
| =
2
" m
001 W
—f
C
P
# ™m
i
M
_ m ot
0°Z=q/° H
YNOH Z/1 O1 4N JNSOIXT FANLVIIIWR. 1V BIONIYLS Y
} i
I
i | il ﬁ,w”vf ; N .
LA b b, S adicd - Saleaias 2 " A kacaiiiies 4

,w;




£1q SUOTSNIYXT AT-OW[~TVQ~-TL FJO R
( Jd) uzdusazg PpreTX Burresg 2y3 UO aangexadwoy, Jo 1993Fd °*G9 SaINBTA L <
(do) JUNLVYIIWIL S

009 005 00V 00€ 002 001 0 001~ 00Z- ,
a_ 0L '
JAUVINIL .
o o8 C
-
N O
: »
" 0O
_ e -
06 =
O
. b 1]
- » ] :m..: &
>
00(
8
’ : <
u{, M
oL m
3
ad
x
m

B

indan S P PPN YN SR il o s g aro i




Era

T

¥ 210 ‘
1 .
:
, 180 |
150 |-
L] i 1
3 T _*lﬁ =
3 X
{ g 120
5 T am
' . = n i
a u ‘
. = 90 ¥
- [
k  §
| |
» =
s =
2 60
.030 .060 .090 120 150 .180

STRAIN (IN./IN.)
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Figure 67. Typical Compressive Stress--Strain Curve
Ti-8A1-1Mo-1V Extrusions at Room Temperature
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Table XVI Tentative Design Mechanical and Fhysical Properties
of Ti-6A1-6V-2Sn Titanium Alloy (Extrusions)
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Section VI

CONCLUSIONS AND RECOMMENDATIONS

This program has developed date cn annealed titanium extrusions to illustrate
wlere the product form possesses advantages over other materials and other forms
of titanium when properly epplied in aerospace applications. Extruded products
ere uniform in properties in the section, in its length, and do not possess
abnormal 3lirectional characterisvics. Data indicate that materials from
different vendors and from different heats hav: closely related properties, and
that the relationship of properties as affecteo by environment or application
are consistent.

Within the scope of the testiag in this program, MIL-HDBK-5 values could not
be developed because of the restrictions on the volume of data which could be
generated. BSufricient directicn and verification wes obtained to estapbliah
trends and relationships necessary to establish degign data.

Titanium extrusions cffer advantages in cost and in environmental suitsbility.

(1) Because of shape flexibility, savings are usuel 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 generelly
lower than other heavy product forms.

(2) 1In high temperature applications creep characteristivs 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 congideration cf creep in order to provide satisfactory
life.

(3) The beta-worked structure of extrusions appears to offer advantages
in delayed failure characteristics in corrosive environments.
Recent studies of other product forms have shown the desirsbility 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
effects of its manner of production and its metallurgical structure. Ductility
is generally considered to be lower for beia processed material than for
materia) processed in the alpha-beta field., This may beve definite effects on
forming characteristics end may make use of such products as alpha-beta
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processed sheet preferable. Other properties however seem to be of the saae
order of megnitude as those ol other product forms produced with the lower

temperature final processing.
i

Trends shown by this study indicate that temperature effects on extruded .
products do not conform to these published in MIL-KDEK~S for other products.

Derived property values should be based on extrusion data to insure proper

applicetion, In this respect, it should be pointed out <hat teta-processed

material, or teta heat-treated material, in any product Zora will be having

increased usege, and that verification of property relationchips for this type

material will be required.

e

To achieve the long range objectives of this prog:am, action should be tsken
in the following areas:

; (1) Room temperature mechanical property data cen at present be estab-
; lished on a specification basis on tensile properties and on com~
pressive yield strength based on vendor gusrantees, Sufficient
vendor date exists to establish A and B values for Ti-6A-4V, Data
points on Ti-8Al-1Mo-1V and Ti~-6A1-6V-25n may be more limited when
evaluated from Handbook stendpoint. Vendor date on compression
properties exists in reasonable depth in all alleoys.

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 particulsarly

true in Ti-8Al-1Mo-1V, with elimination of furnace cooling, and in .
Ti-6A1-6V-2Sn where original production was directed toward the spe-

cial requirements of e single application.

§ Tentative values for cther properties can be established using in-
dustry accumulated test data in these areas.

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

(L) studies of rapid heating-rapid load creep characteristics, including .
repeat cycle effects should be continued to determine specific effects !
on supersonic aircraft under temperature overriie conditions, and ;
other vehicles such as spacecraft on re-entry. » ¥
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SPECIMEN CODE PREFIX

PIECE

VENDOR [Ti-6~4| Ti-8~1-1] Ti-6-6-2
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Figure 9l.
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Specimen Locations,
Piece I (Cont)
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Figure 92. Specimen Locations,
Piece III (Cont)
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