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ABSTRACT

Mechanical and physical property data, necessary to fulfill the requirements of Phase 1l of
the Department of Defense Titanium Alloy Sheet Rolling Program, were obtoined for selected
solution treated and aged titanium alloys in sheet form.

Four alloys were investigated: BI20VCA (Ti-13V-11Cr-3Al), Ti-6Al-4V, Ti-2.5Al-16V
and Ti-4Al-3Mo-1V. They were supplied by the producers in the heat treated condition
from three or morc heats and three thicknesses of each alloy. Static mechanical property
data for tension, compression, bearing, shear and crippling; creep and rupture data for
tersion, compression, bearing and shear; ond axial-load fatigue data were obtained at
room and elevated temperatures. Fastener and weld joint data from -320°F to 80°F and
physical properties from ~420°F to 1200°F were obtained.

Volume 1 summarizes mechanical and physical properties in a form consistent with those
given in MIL-HDBK-5.

This technical documentary report has been reviewed and is approved.
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Chief, Strength and Dynamics Branch
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Directorate of Materials and Processes

i1y



SECTION

5.1

5.1.1
5.1.1.1
5.1.1.1.1
5.1.1.1.2
5.1.1.1.3
5.1.1.1.4
5.1.1.2
5.1.2

5.2

5.2.4
5.2.4.0
5.2.4.1
5.2.5
5.2.5.0
5.2.5.1
5.2.6
5.2.6.0
5.2.6.1
5.2.9
5.2,9.0
5.2.9.1
5.3

5.3.4
5.3.5
5.3.6

TABLE OF CONTENTS

INTRODUCTION

GENERAL

Material Properties

Mechanical Properties

Strength Properties

Ductility

Stress-Strain Relationships

Creep

Physical Properties

Titanium Alloy Index

ALLOYS

6A1-4V Titanium Alloy

Comments and Properties

Solution Treated and Aged Condition
4A1-3Mo-1V Titanium Alloy
Comments and Properties

Solution Treated and Aged Condition
2,5A1-18V Titanium Alloy

Comments and Properties

Solution Treated and Aged Condition
13V-11Cr-3Al Titanium Alloy
Comments and Properties

Solution Treated and Aged Condition
FATIGUE

Fatigue Properties of 6AI-4V Titanium Alloy

Fatigue Properties of 4A[-3Mo-1V Titanium Alloy
Fatigue Properties of 2,5Al=16V Titanium Alloy

REFERENCES
iv

PAGE

o o000 U A W W W W~

-
<

8 8

67

67

N
101
101
105
133
133
144
160
176



} - INTRODUCTION

In the mid 1950's, the Department of Defense organized an integrated program to accelerate
the development of high strength titanium olloy sheet for use in design of advanced aircraft
and missile systems. This program, the Titanium Alloy Sheet Rolling Program, was coordinated
and administered by the Bureau of Aeronautics, Department of the Navy. The Materials
Adviory Board of the National Academy of Sciences was requested to establish a panel to act
in an advisory capacity to the Bureau of Aeronautics, and did so with individuals selected from
research organizations and academic institutions, from the titanium producing industry and
from various aircraft companies. Liaison representatives were provided to the Panel by the
various governmental agencies concerned with titanium alloy development. The first meeting
of Materials Advisory Board Titanium Alloy Sheet Rolling Panel was held on June 5 and 6,
1956 in Washington, D. C. At this meeting a three phase progrom was outlined. Phases |

and 1l were concerned with Manufacturing Development and Material Evaluation, respectively.
Phase 11, with which the present work is concerned, was defined as Design Data Accumulation
and was directed toward the development of mechanical property data applicable to design
uses for the heat treated titanium alloys. The initiation of work on Phase I wos delayed in
order for manufacturing development to progress sufficiently to establish consistent processing
techniques which would make sheet material, having uniform properties, available for testing.

Work commenced nn Phase |1 of the DOD TASRP on 31 March 1959.

General

The program for collection of design data summarized in this report was divided into four
basic phases os follows:

1.  Phase |, “Static Properties” - room ond elevated
temperature data for short-time tension, compression,
bearing, shear and crippling; effect of long-time
temperature exposure on tensile properties.

2.  Phase ll, "Creep-Rupture Properties" - creep and rupture
properties for tension and bearing; creep properties for
compression; and rupture properties for shear.

3. Phase 1ll, "Fatigue Properties" = axial-load tension-
tension and tension-compression fatigue data at room
and elevated temperatures for various stress ratios and
stress concentration factors.

4.  Phase IV, "Physical and Joint Properties" - measurement
of specific heat, thermal coefficient of expansion and
thermal conductivity from -420°F to 1200°F; strength
data for mechanical and welded joints from -320°F to
80°F.

Manuscript released by the authors on May 30, 1962 for publication as an ASD Technical
Documentary Report.
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heats of each alloy and was specified to meet the requirements of quality, inferstitial
limits ond strength established by the Materials Advisory Board. However, some of the
required material was unavailable from producer's current supplies and it was necessary
to substitute early DOD sheet, commercial sheet and reheat treated sheet. For certain
test conditions requiring forming and welding the material wos received in the solution
treated condition and was subsequently aged by Lockheed. The testing procedures
employed in this program followed the recommendations of the MAB Subpanel on Uniform
Procedures for Structural Design Data Collection as specified in Reference 1. Members
of this subponel acted in o consulting capacity during the course of data collection.

Volume 1

The final engineering report is presented in four volumes. The scope of this volume,
Volume 1, is to analyze and summarize the data collected and present them in a form
consistent with that used in MIL-HDBK-5, "Strength of Metal Aircraft Elements*
{Reference 2). For that purpose, the format of the following sections utilizes, as nearly
as possible, the same terminology, symbols, section numbers and graphical fornt as
MIL-HDBK-5. The designating section numbers employed for each alloy eveluated
‘herein are not in numerical sequence but conform to those proposed in Reference 3 for
future inclusions in the Handbook.

Although this work represents many tests, the sample size for a given property was
limited by the number of variables. The only grouping of data for this summary was by
heats, ond a maximum sample size of 30 at room temperature and nine at each elevated
temperature was thus obtained. This limitation should be considered in the use of these
data as design allowables. A basic statistical treatment, involving an assumed normal
distribution and tolerance limits, was employed where practicable from the standpoint
of sample size and data scatter. Room-temperature properties reported herein were re-
duced by this method. It is understood that several other statistical procedures for
establishing design allowables which are not biased by sample size have been proposed
ond recommended. These summary data, when ultimately combined with others, may
lend themselves to statistical analysis by on alternate procedure increasing the relio-
bility of the design values for heat treated titanium alloy sheet.



5.1 GENERAL

Design strength properties and related characteristics of some titanium alloys used in
aircraft and missile structural fabrication are contained in this report. The strength

properties are those commonly used in aircraft and missile structural design, such os
tension, compression, bearing and shear. The effects of elevated temperatures are

included, as well as data on creep and fatigue.

The properties reported are for solution treated and aged sheet material only, and are

based exclusively on tests conducted in pursuance of the objectives of the present program.
The material was supplied by the producers in the heat treated condition. Details of thermal
treatment, chemical composition and other metallurgical considerations are given in Volume
2a of this report,

5.1.1 Material Properties

5.1.1.1 Mechanicol Properties

Design strength properties at room and elevated temperatures, stress=strain relationships

and creep data are available for the titanium alloys. The properties are presented for sheet
material in three nominal gages of 0.020, 0.063 and 0.125 inch, except where indicated.
Longitudinal and transverse properties are given individually with the exception of creep

; data where transverse values were not measured. Low-temperature mechonical properties
are not included; however, some tensile, weld joint and fastener {oint data were obtained
for temperatures down 10-320°F and are summarized in Volume 2a.

Variations in mechanical properties as a function of rate of strainingwere not investigated.
For tension and compression, strain-rate was constant at 0.006 in./in./min. through the
0.2 percent yield offset, and a comparable rate was maintained for bearing and sheor.

The effect of strain-rate on allowable strength should be considered in the application of
titanium alloys,

5.1.1.1.1 Strength Properties. The design strength properties at room femperature are
listed at the beginning of the section covering each alloy. The basis, B, for the values
tabulated is as follows: test results for each heat of each alloy were combined and the
mean and the standard deviation of the sample were determined. Since at least three heats
per thickness were tested, a sample size of 30 was available for analysis in most cases.

The distribution was assumed to be normal and the method described in Reference 4 for
one~sided tolerance limits was utilized so that it could be asserted with $5 percent confi-
dence that 90 percent of the sirength values would exceed those tabulated. This procedure
was used for tension, compression, bearing and sheor strengths (Fy,,, Ftys Feys Forys Fbry

and Fg,)) and was also used for tensile and compressive moduli (E and E.).

In establishing curves for percent of room~temperature property versus temperature; the
average value for a given elevated-temperature property, based on nine tests in most
samples, was raticed to the average room-temperature value for that property. The
percentages obtained, when multiplied by room-temperature design values tabulated at
the beginning of each alloy section, ordinarily give elevated-temperature data within a
few percent of the minimal value in the elevated-temperature test sample.
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All elevated-temperature data reported are for exposure times of 1/2-hour with the excep-
tion of those in Tables 5.2.4.0(b) and 5.2.4.0(c) for 6Al-4V; 5.2.5.0(b) and 5.2.5.0(c)
for 4A1-3Mo-1V; 5.2.6.0(b) and 5.2.6.0c) for 2,5A1-16V; and 5.2.9.0(b) and 5.2.9.0(c)
for 13V=11Cr-3Al. The effect of long-time temperature exposure on tensile strength is
shown in these tables. One group of test panels for each alloy was exposed to a temperature
of 600°F for 500 hours. For holf of the panels, a constant tensile stress equal to 1/3 the
average 600°F ultimate tensile stress was maintained during the exposure period. The
remainder of the panels were not loaded during exposure. A second group of panels was
processed for the same two lood conditions but ot o temperature of 900°F for ten hours.
Tensile tests on specimens machined from each panel were conducted at room and at
exposure temperatures. Average test values were reduced to the design volues given

in the tables by the following procedure:

F'l'U (QXPOSQd) :J—H%xs;pld) x Fm
Fty (exposed) = TYET—(YQ-’-;POS“’ ) X ny

where:

F4, ond Fry = ultimate tensile siress and tensile yield stress
"B* values from design property Tables 5.2.4.0(a),
5.2.5.0(), 5.2.6.0{a), and 5.2.9.0{(a)

UTS - averoge room-temperature ultimate tensile stress
TYS - average room-temperature tensile yield siress

F;, (exposed) - derived ultimate tensile stress reported in
exposure tables

F,.y (exposed) - derived tensile yield stress reported in
exposure tables

UTS (exposed) - averoge ultimate tensile siress after
temperature exposure

TYS {(exposed) - average tensile yield stress after
temperature exposure

5.1.1,1.2 Ductility. Elongation is not a design allowable but is of some use in the comparison
and selection of materials. The scatter in test results, including variations associated with
mode and location of failure, was quite large in many cases for the alloys tested in the present
program. Since statistical analysis of the type employed herein was impracticable, values re-
ported for elongotion are average test results. For the heat treated titanium alloys, elongation
in 2-inches as a function of temperature is approximately constant from room temperature to
800°F, From 800°F to 1000°F ductility increases rapidly. Average elongation values are
summarized for each alloy, heat and thickness in the summary figures of Volume 2a. Percent
elongation in 2, 1,4 and 1/8~inch is presented in Volume 3.




5.1.1.1.3 Stress-5Strain Relationships. The stress=strain relationships presented, which in-
clude elastic, tangent and secant moduli, are typical curves based on average test data,
Being typical, these curves will not correspond to yield-stress and modulus-of-elasticity
data presented as design allowables. However, the stress-strain relationships are no less
useful, since there are well-known methods for using these curves in design by reducing
them to aminimum curve or by using Romberg-Osgood Parameters obtained from the typical
curves, Ramberg-Osgood Parameters for compressive stress-strain curves for the titanium
alloys are tabulated in Volume 3 of this report.

If discrepancies exist between the modulus or yield stress of the stress—strain curves and
the modulus or yield stress of the tables or elevated-temperature-property curves, the
latter values should be used.

5,1.1.1.4 Creep. The percentage of room-temperature ultimate tersile stress for time
fo rupture and time to attain various amounts of creep strain is given in curves presented
in each alloy section, where available. The deformation indicated is the result of creep
only and does not include loading deformation or thermal expansion. These curves were
derived by constructing a@ “best-fit" line to the creep test data, and ratioing stress values
obtained from this line to the average room-temperature vltimate tensile stress.

Larson-Miller plots of the tensile creep daota were made utilizing a polynomial function
with a least squares fit to the test points. These plots and details of computational pro-
cedures are presented in Volume 2b. Compressive creep, bearing creep-rupture, ond shear
rupture data are included in Volume 2b.

5.1.1.2 Physical Properties

Measurements were made for several of the physical properties of the titanium olloys and
are included in each alloy section. A temperature range from -420°F to 1200°F was
covered and detail results and experimental techniques are given in Volume 2a.

5.1.2 Titanium Alloy Index

The titanium alloys for which properties ore included in this report are as follows:

Section Alloys

5.2.4 Ti-6Al-4V
5.2.5 Ti-4Al-3Mo-1V
5.2.6 Ti=2.5A1-16V
5.2.9 Ti-13V-11Cr-3Al
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5.2 ALLOYS

3.2.4 6Al-4V Titanium Alloy

5.2.4.0 Comments and Properties

Room-temperature mechanical and physical properties are shown in Table 5.2.4.0(a).
Effect on tensile properties of long-time exposure to elevated temperature is given in Tables
5.2,4.0(b) and (c). The temper index for 6Al-4V titanium alloy is as follows:

Section Temper or Condition
5.2.4,1 Solution treated and aged

For the solution treated and aged material reported herein, some variations in processing history
were noted. The heat treatments included are:

1715F for 3 min., W. Q. ~ 950F for 4 hrs., A, C.

1700F for 15 min., W. Q. - 950F for 4 hrs., A. C.
1700F for 3 min., W. Q. - 950F for 4 hrs., A. C.

1700F for 20 min., O. Q. ~ 00F for 4 hrs., A, C.
1690F for 12 min., W. Q. - 900F for 4 hrs., A. C,
1675F for 2C min., W. Q. - 935F for 4 hrs., A, C.
1675F for 20 min., W. Q. - 900F for 4 hrs., A, C.
1665F for 12 min., W. Q. - 900F for 4 hrs., A, C.



TABLE 5.2.4.0(a) DESIGN MECHANICAL AND PHYSICAL PROPERTIES
OF 6A1-LV TITANIUM ALIOY

Alloy..--.-.....-.-.-.--.. 6‘1-&?

FOrmecssassssccsarsonsoane Sheet
Condition,.cseeassessassess | Solution Treated and Aged
Thickness (in.}.....ecees 0.063 0.125
BasiB,,scesseevvevcoreonns B B

Mechanical Properties:
Fiu, kel
‘:kl....l....l...l.... 166 166
T..I...‘.l.l.......l. 167 167
Iu.l....ll.l.l.;..... 1h3 1h7
F z;il.tl..llt.l."..l‘ 1h9 151
ey
y L...C‘I.l.'.'...'l... 157 157
r :;i‘........'........ 163
2
'u Ll.l..."'l..t....... 102 108
To.o..nnotl.-.tl.otﬂo 10h 109
h:ru:hi (GMQS)
L.ll...l..!.....'l... 2h2 255
T-.-.c---noooo-nooo.o 2!6 259
Poruskei (e/D'2-.0)
?-n-co.ouooounoooo-ct 2913‘ 300
AP EBAABANSIIBIRGES 30 311
Fbr’,hi (.m-s)
L..I...'..D..'..‘l... 219 227
r'.lll..!..l."l..... 219 225
rbry’k’i (0/5-2.0)
Ll..lltlll.....l.l..l 2h3 ,253

TO.O. [ FERNE SN RN RN ENDY) ahh 259
e, permttl’

[ AR AN E RN NSRS NN X QR Y ] 6.2 6.?

7.1

6.7
15.2 15.6
T L E 2 R R FIEY RN RERETREE] ls.h 16 2
108 *
Be, 0 15.2
15.%

!.....‘..'I.".l.....
E,106 pai

A AR ERES N RN NS NS R K]

pel
16.0

[ B AN LENNERELRNERNENE) 17.2

T‘l..........l.l'..‘.

Physical Propertiest
ﬁg, %:é;yi:iaiilno-ototo.o- g.igg ( . SQF)

X, Bea/ Q) ()15 | i3 (an 008)

oy 1067 in./An. Feesereeee | 5.3 (1000 to 2000F)

(a) Elongations are average test values.
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TABLE 5.2.4.0(b) EFFECT OF SO0-HOUR EXPOQSURE AT 600°F ON THE
TENSILE PROPERTIES OF GA1-LV TITANIUM ALLOY

Condition,..eesueseesssessss (Solution Treated and AgeJ

Thickneas (m.)'...l'..lllli 0'063 0'125

Exposed at temperature
in the unstressed
condition:

Ftu, ksi (at room temp,)
L.l......'.'.l..eii.l'. 168 167
T...E..l..ll.l....i.... 166 167

Fiys kei (at room temp.

y L......l....!.l...l.... lhh 152
T.i....l.lll.l..ll'..‘l 1h8 153

Fyus ksl (at 600°F)
Ll...lllll..ll'...ll.ll 121‘ 123
Tl.l..."'l....l.‘l..'. 129 12?

Fiys ksi (at 600°)
Lll‘.l‘.lli.lll.."‘..‘ 95 100
Tlll...ll......’l.l..l. 105 106

Exposed at temperature
while stressed to 1/3

average 6009F ultimate
tensile stress:

Ftu, ksi {at room temp.)

Ll.t.l.l.'.......l..... 166 167

F T.-IE.Q......I'.I.i.... 168 168
tys k81 (at room temp,
y L..h....l'l..........l. lhh 152

Tll'.....ll.l....l.'..' 1h9 lsh

Fyus ksi (at 600°F)
L"...Il...ll.......... 123 123

TI.....!....I.I.....C.. 128 128

Fiy, ksi (at 600°F)
L.l...l.l.l'...l....'.’ 93 102

T..D.It.....l.l'..l'-.. 101 106




TABLE 5.2.4.0(c) EFFECT OF 10-HOUR EXPQSURE AT 9009F ON THE
TENSILE FROPERTTES OF 6A1-LV TITANIUM ALLOY

Condition...,....vcevneene-., |D0olution Treated and Aged|

Thickr;ess (in.)--.--ooootaup 0'063 0'125

Exposed at temperature
in the unstressed
condition:

Fiys ksi (at room temp.)
Lll.....l...t.'l‘ll.lll 1& léh
Tll...l..l.'..l.'il'... 16? 1&

Fty’ ksi (a‘b room temp.)
Ll..'...-.‘...i..'....' m 151
T..l..'l.."..l'llll... 152 155

Fiy, ksl (at 900°F)
LI..!.......I..I...I... 106 108
Tl..'l.l‘..l.!l.l.l.... 112 111

Fyy, kei (at 9000F)

I E N RN R R NERNENSNNNNENNENN] 80 79
[ B AR IR A NN NN RENEENEENREY ] 89 82

Exposed at temperature
while stressed to 1/3
average 900°F ultimate
tenslle stress:

Fiu, kei (at room temp,)
Liveasannsssnserananens 167 165
Tioeanssvetssnsancnassne 166 16’1.

Fiy, kai (at room temp.)
L-nalooaoloqlcoouocll‘. 1hh 1h9
T.l...'.‘..-.l......... 150 HO

Fiy, kei (at 9009F)
L...'.'.'.....'....".'. 106 107
Tersvosssoensasaasssnne 112 110

Fuys kel (at S00°F)
Lestassensvensessonense 78 76

T.'.I‘...II.I..II‘.II'. 85 88




5.2.4.1 Solution Treated and Aged Condition

Room and elevated temperature data for this condition are presented in Figures 5.2.4,1.1(a)

through 5.2.4.1.5(d).
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5.2.5 4Al-3Mo-1V Titanium Alloy

5.2.5.0 Comments and Properties

Room-temperature mechanical and physical properties are shown in Table 5.2.5.0(a). Effect

on tensile properties of long-time exposure to elevated temperature is given in Tables
5.2.5.0(b) and (c}. The temper index for 4Al-3Mo-1V titanium alloy is as follows:

Section Temper or Condition
5.2.5.1 Solution treated and aged

For the solution treated and aged material reported herein, the processing history was:

1650F to 1655F for 15 to 30 min. - 925F for 12 hrs.
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TABLE 5.2.5.0(a) DESIGN MECHANICAL AND PHYSICAL PROPERTIES
OF LA1-3Mo-1V TITANIUM ALLOY _

uloy ------ E YR AR m‘mo-lv

Fom'l.lcol.lcoooncuc-loc Sheet

Condition,....veeveensess]| Solution Treated and Aged

Thickness (in.}....eees..| 0,020 0.063 0.125

Mia-...c.l-‘llt..--lllc B B B

Mechanical Properties:
Fiu, ksl
L..I..‘.l..l..l..l.- 189 lsh 183
T.o-ootoout.o---o-o. 193 186 187
Fty, ksi
Ll..."..l.‘....!..l 1& 15h mé
T..IOI.I‘.....C..... 172 l& 162
s ksl '
cy L..l...!l.l..ll..l.l »e 159 15h
TI....I......I.....Q [ K ] 170 lah
Fgus ksi
L.-..D.......l.l'..' 110 96 108
Tl-...lll-'..ll.l.'l 111 10h ]_12
Foru,ksi (e/D=1,5)
Ll.ll.l.....l.l..l.l 256 2h6 250
T.III..I.......I.III 260 261 27h
Fprwoksi {e/D=2.0)
LI.-...'....'...'-.' 295 301 3%
Tn.l.oooo-.-.-o.-c.' 287 328 32h
Fbry:m (e/D=1.5)
L.-....'....l..l.... 236 225 227
Tl...l.!....l'-..l.l 236 232 236
Fyry kel (e/D=2.0)
L...'.l.l.l.'...l-l. 231 252 2&
Tonoo SpUSIIEORASERS 2h1 279 2?9
0, percanttaj
L'.Ill‘-.l.t'l.l.." h h 6.2 6.0
s ssvedenBRUCTERAD h 2 6.6 7.?
E,106 pai
Il-o-.ct..o-oao-oo.o. 1509 15.1 1512
T AessesSsIRIDEERDIEDS 1509 15.8 16.7
Ec, 10° psai
?li.ul...c..c.l..... LR ] lg.g 15.9
...I...I‘...‘.."I. . e 1 L] li!3
Physical Properties: T
w’ lb in. .t.‘.-..‘.'..! 0.163
0 th/ Ib)(F) . yerosans 0.126 (at 75°F)
)(ft }(F) /28 L.8 (at 709F)
a- 10- ] in. [ XN T NENY] 501 (100°F to 200°F)

(a) Elongations are average test values.

34



TABIE 5.2.5.0(b) EFFECT OF 500-HOUR EXPCSURE AT 600°F ON THE
TENSTIE PROPERTIES OF LAl-3Mo-1V TITANIUM ALIOY

condi'tion. LA R AN ENRNENXNNENNHNE ] solution Trea'ted and ‘ged

Thickness (inu}..eceveve.o| 0.020 0.063 0.125

Exposed at temperature
in the unstressed

condition:
Fiy, ksi (at room temp.)
tu’ Lll....l.l.......l.l. 196 186 157
T.012000000|-0100050- 196 18]4 18?
Fiy, ksi (at room temp,
y, Lva-ccool!lco.lo..o-. 178 155 155
Tll-.l.lll..“..l...l 176 162 1&

Ftu, ksi (at 600°F)
I‘Ill.‘lll.‘.......'.‘ lhs 1}-'.2 1h°
To.co-ootoooo.-cooool 150 1,42 11'5

Fiy, ksi (at 600°F)
LI.DI‘...O....!..!!I. 111 11.3 1m
T-.c....-.!....l...l! 116 119 11.1

Exposed at temperature
while stressed to 1/3
average 600°F ultimate
tensile stress:

Ftu, ksl (at room temp,.)

L..'.I......-........ 196 -186 188

T..‘.......'..."..... 196 186 188
Fiy, ksi (at room temp.)

Liveressosasccannanes 177 169 152

T-..'................ 176 163 l&

Ftu’ kel (‘t 6OOQF)

L.ao-..-o--.q0||--.ot 1]‘6 lha ]J;O
Tltcunocuo.-oao--l--- lhs 151 lhh
Tiys kei (at €00CF)
Lnucoutoouotneocnc--- 112 97 99
Toossncsansncasransace 119 loa 11
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TABLE 5.2.5.0(¢c)} EFFECT OF 10-HOUR EXPCSURE AT 900°F ON THE
TENSILE PROPERTIES CF LAl-3Mo-1V TITANIUM ALLOY

ConditioN..encesecossnsees| Solution Treated and Aged

mcm's (in‘)-o-c-ouco-c 00020 0-063 00125

Exposed at temperature
in the unstressed

conditiont
Ftu, ksi (at room temp,)
L.l‘.l..l...l.l'l.l'. 195 187 182
To--.uo--onoconoo-ac. 193 186 18!‘
Fiy, kei (at room temp,)
L..l‘.ll...'.....l... 17h 159 151
TI..I....'I..I...'..I 172 165 162
Feys ksi (at 900°F)
L‘l.l..l.l'..ll.-..'. 1125 115 116
T.l....ll....l"‘...l 125 116 121
Fiy, ksi (at 900°F)
L.l.'ll.'..l......l!. 89 82 ?7
Tl'...l‘...ll.....lll 89 86 81‘

Exposed at temperature
while stressed to 1/3

average 900°F ultimate
tensile stresst

Ptu, kei (at room temp.)

L............'....... 1% 186 lah

T............-.'-.... 1” 1ah 167
Py, ksl (at room temp.)

L..l..‘ll.ll.l.l'l." 172 155 1M|.

T.'.'....I.......'... 17h 1& 161
Fiu, ksi (at SO0°F)

L..............‘..... 123 117 llh

T.'......'l....-..... 125 11? 122
Fty’ ksi (at 900°F)

L.I..I.l.l.‘-.ll..l.l BS 76 Th

T...l.'...'.l-....'.. ” 83 83




5.2.5.1 Solution Treated and Aged Condition

Room and elevated temperature data for this condition are presented in Figures 5.2.5.1.1(a)

through 5.2.5.1.6(d).
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FIGURE 5.2.5,1.1{a). Effect of temperaturs on the ultimate tensile strength (Fgy) of
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Typical transverse tensile stress-strain curves for
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Typlcal transverse compreasive stress-strain curves for
4Al-3IMo-1V Solution treated and aged ticanium alloy (0,063 inch thick sheet).
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5.2.6 2.5Al-16V Titanium Alloy

5.2.6.0 Comments and Properties

Room-temperature mechanical and physical properties are shown in Table 5.2.6.0(a). Effect
on tensile properties of long-time exposure to elevated temperature is given in Tables
5.2.6.0(b) ond (c). The temper index for 2,5Al-16V titanium alloy is as follows:

Section Temper or Condition
5.2.6.1 Solution treated and aged

For solution treated and aged material reported herein, some variations in processing history
were noted. The heat treatments included are:

1410F for 30 min. - 990F for 4 hrs.
V1410F for 25 min. ~ 990F for 4 hrs.
1410F for 30 min. - 975F for 6 hrs.
Y410F for 30 min. - 975F for 4 hrs.
1400F for 20 min. - 990F for 6 hrs.
1400F for 20 min. - 990F for 4 hrs.
V400F for 25 min. - 975F for 6 hrs.
V400F for 15 min. —~ 975F for & hrs.
1390F for 15 min. — 975F for 6 hrs.
1380F for 30 min. - 990F for 4 hrs.
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TABLE 5.2.6.0(a) DESIGN MECHANICAL AND PHYSICAL PROPERTIES
OF 2.5A1-16V TITANIUM ALLOY

moy..............-....- 2.5“—16?

Fom...'.l-.ll-.l..l’.-.. Sheet

Condition.cecscevssesacssl Solution Treated and Aged

Thicmess (in.)-.-.-.oo.- 0-020 00063 0.125

Basi’.........‘.....l.-.. B B B

Mechanical Properties:

Ftu, kei
Lll!!.l..l.l....l... 170 161 l&
T'l.l.l'll.l..l'.'.' 1& 1& 1&
Ih-o---o--c-onou.o.' 158 1'-'5 156
To-.u..c-..o.-u-.oo- 157 150 156
Fey, kei
I‘..C...IIID....I.I.I LN ] 151 162
T-......l'......l... [} ] 156 167
Fau, kai
L.I..II'.'I...'I.... 101]. 102 106
Too-oco--.-o-n-ooooo 102 100 105
Foru,ksi (e/D=1.5)
L.l..ll............. 222 23h 235
Tc-cn.uc--oco-.na-n- 215 23‘4 233
Pyrusksi (e/D=2.0)
L..l..l...l.l.-...'. 252 282 283
T-o-oa--cc.con--cocc 250 283 27!.{
Fory,ksi (e/D=1.5)
L..l‘.ll'l.....l...l 203 208 211
Tooouno-.-tc.uo-oto. 210 208 21}4
Fory,ksi (e/D=2,0)
L..l.l..‘..-.l.l.ﬂ.. 226 231 2h8
T.... cesenmnavss 227 231 246
e, percenttas
Lo-oa.-.nnnacoo.o... 3.7 602 6.9
6 IE AR ENEE RS ENRENRENY] 3‘8 Suh 6-3
E, 109 psi
L....QOC..!.I...I-I. ]J-l-.h 13|9 13.8
é.'-'.llll..-.-.lt. lh 0 1!4.2 1h.0

Es, 10° psi

Il-ooot.o..n.-.-o.aon | X ] lhol 11‘..8
T.-o---o-.uo----o-o- o 11‘.1 15.0

Physical Properties:
W, 10/iNn3. i iinecnees 0.168
C, Bt QL) (F)eveannnasn 0.126 (at 75°F)
4 Btu/[ (ur) (£42) {F) /547 . 5.0 (at 70°F)
A3100 10, /ine/Fuuennune. 5.0 (100° to 2000F

(a) Elongations are average test values.
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TABIE 5.2,6.0(b)} EFFECT OF 500-HOUR EXPUSURE AT 60OCF ON THE
TENSILE PROPERTIES OF 2.5A1-16V TITANIUM ALLOY

Condition..seesveanccasees| Solution Tresated and Aged

-Thiclmeas (inﬁ)ao--.--oo.. 00020 0‘063 00125

Exposed at tt—emperature
in the unstressed

conditions:
Fins ksi (at room temp,)
L.II....I.I.C........ 177 17h 180
T-..c.q'oonc-onoloo... 178 178 179
Ft.y: ksi (at room temp,)
Looo-oo-coc----o-co-. 16]. 159 16.[;
TI.‘.'I..I-....‘.O... 16h 1% 16?
Fips ksi (at 600°F)
Lcon.o-tn.c-u--.--nc. lml. 139 1‘.'.6

T-t--.o--c.ccloo-nooo u‘h m mﬂ
Fiy, ksi (at 600°F)
L‘.....C.-.."..-I'.’ 125 ]-21 128
T..c-...--.-.o-orc--. 126 125 130

Exposed at t.emperature
while stressed to 1/3

average 600°F ultimate
tensile stress:

Fin, ksi (at room temp.)

Iu.---.n-.c--oc-toctn 182 179 182

T'l.l...l........l... 182 182 ]-83
Fiys ksi (at room temp,)

Lcc-o...cnc-noo-ooo. 1& 165 171

T--olccooconl..linlcc 168 169 170

L.l..l'......l.....l. ].l,,? 11‘2 152

Too-ccuo....--o-oooa- ]JJ.h lhO 151
Fiy, ksi (at 600°F)
Luc---oo--oc.ouooaoo 128 123 136
T---oo-oc-o.oc-o.o.ct 126 127 ].33
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TABLE 5,2.6,0{c) EFFECT OF 10-HOUR EXPOSURE AT $000F ON THE
TENSILE PROPERTIES OF 2,5A1-16V TITANIUM ALLOY

Condition...eeeeesscesanss | Solution Treated and Aged

Thickness (in.}.....-...-. 0.020 0.063 0.125
;ﬂxposed at temperature

in the unstressed

condition:
Fiy> ksi (at room temp.)
Lﬂoococo..co-ccc-ool. l?h 167 171
T--..-.----.-uu.-.. 173 171 1?5
Fiy, kei (at room temp.)
L...I...l.l.‘..."l’. 162 ]-Sh 159
T..I......l.l.l.l.... 162 1;9 163
Fgys kei (at 900°F)
L‘..il...ll....l'.l. 112 100 102
T!.."...li".l.'.l.. 1].2 102 106
Fiys kei (at 900F)
Lo-ooa-ono‘nun--c.c- 72 70 70
T...I.Il.........l... 72 7? ?5

Exposed at temperature
while stressed to 1/3
average 9009F ultimate
tensile stress:

Fiy, ksi (at room temp.)

Looo.nc-ocoo.-.oco.- l?h 1& 173

Tll-....l..l.-.‘.l'.. 172 163 178
Fiys ksi (at room temp.)

I’oo.o-oo---..--.--.o- lal 150 165

T.-.-'ll.'........l‘. 16h 156 168
Fiys ksi (at 9009F)

Lo-o.-.o--o-oao-nc-o 107 98 102

T...l.....‘l......... 107 102 110
Fiy» ksi (at 900°F)

L.'.O.’...l‘.l.....l 78 71 77

T....l..‘l.'l.l‘.t... TB 7? 71




5.2.6.1 Solution Treated and Aged Condition

Room and elevated temperature data for this condition ore presented in Figures 5.2.6.1.1(a)
through 5.2.6.%4 (c).
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FIGURE 5.2.,6.)1.1(a). Effect of temperature on the ultimate tensile strength (Fiy,) of
2.5A1-16V solution treated and aged titanium alloy (0.020 inch thick sheet).

100 gy
E jns
E -~
S 80
Q
Q.

E

= 60

£

S

£ 40

o

w

E 20 R

S Longitudinal

S ——Transverse H
o ERENEESRENANEaEENNN]
0 200 400 600 800 1000 1200 400 1600

Temperature, F

FIGURE 5.2.6.1.1{b}. Effect of temperature on the tensile yleld strength (Fc!} of
2.5A1-16V solution treated and aged titanium alloy (0.020 inch thick sheet).

T2



100 .

g =

o 80

[}

E

F 60

E

S

a %

5 40

s

§2o R

Longitudinal &

& ——Transverse i

00 200 400 600 800 1000 200 1400 1600

Temperature, F

FIQURE 5.2.6.1.1{c). Effect of temperature on the uvltimate tensile strength (Fty) of
2.5A1-16V solution treated and aged titanium alloy (0.063 inch thick sheet}.

[00 LLL

Longitudinal 3
— —Transverse E

o P O O A

0 200 400 600 800 1000 1200 (400 1600

o
o
iNuamas
Egemuy

Temperature, F

FIQURE 5.2,6.1.1{d), Effect of temperaturs on the tensile yield strength {Fg ; of
2,541-16V solution treated and aged titanium alloy (0,063 inch thigk lh.!g .

3



S

at Room Temperature

80 £

60

40
TE-
§ 20 :
2 Longitudinal
& — —Transverse 1

0 |IUSANENNEERAANNREREN]
0 200 400 600 800 1000 1200 1400
Temperature, F

FIGURE 5-2.6-1.1{9) .

100

N
Q

at Room Temperature
D
o

y

f
3

Per Cent

o

1600

Effect of temperature on the ultimate tensile strength {Fgy) of
2,541-16V solution treated and aged titanium alloy (0.125 inch thick sheet}.

ettt

A

Longitudinal
——Transverse HF
200 400 600 800 1000 1200 1400 [600
Temperature, F

FIGURE 5.2.6.1.1(f),

Effect of temperature on the tensile yield strength (P } of
2.541-16V solution treated and aged titanium alloy {0.125 inch thick sheeg N

h



100 e

2

=

2 80 s

5

F 60

£

8

e

+ 40

Ty

€ 20 :

S — Longitudinal {

& ——Transverse }
% 200 400 600 800 1000 200 1400 1600

Temperature, F

PIGURE 5.2.6,1.2(a). Effect of temperature on the compressive yleld strength (Fqy} of
2.5A1-16V solution treated and aged titanium alloy (0.063 inch thick sheet).

Ioo L1}

E, at Room Temperature
o),
o

40
§ 20 ' :
 — Longifudirlaﬁ
g ——Transverse
0 P .

0 200 400 600 BOO 1000 1200 1400 1600

Temperature, F

FIGURE 5.2.6.1s2(b}s Effect of tempsrature on the compressive yleld atrenﬁth chy} of
2.5A1~-16V polution treated and aged titanium alloy {0,125 inch thick sheet),

(&3



100 |

Per Gent F,, at Room Temperature

80 -
60
40
20 SRR
Longitudinal
——Transverse
0 ittt

0 200 400 600 800 000 (200 KOO 1600

Temperature, F

FIGURE 5,2.6.1.2(c), Effect of temperature on the ultimate shear acrenﬁth (Fa?) of
CcK: .
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FIGURE 5.2,6,1.3(a}, Effect of temperature on the ultimate bearing strength [Fppyl} of
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FIGURE 5.2.6.1l.4(r}. Typical longitudinal compressive secant-
modulus curves for 2.5A1-16V solution treated and aged
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FIGURE 5.2.6.1.5(b}. Typical transverse tensile stress-strain curves for 2,541-16V
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FIGURE 5.2.6.1.5{e). Typical longitudinal tensile stress-strain curves for 2,5A1-16V
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5.2.9 13V-11Cr-3Al Titanium Alloy

5.2.9.0 Comments and Properties

Room-temperature mechanical and physical properties are shown in Table 5.2.9.0(a). Effect
on tersile properties of long-time exposure to elevated temperature is given in Tables
5.2.9.0(b) and {c). The temper index for 13V-11Cr-3Al titanium alloy is as follows:

Section Temper or Condition
5.2.9.1 Solution treated and aged

For sclution treated and aged material reported herein, some variations in processing history
were noted. The heat treatments included are:

1450F for 30 min.
1450F for 30 min.
1450F for 30 min.
1450F for 20 min,
1450F for 20 min.

C. - 900F for 36 hrs., 1000F for 10 min., A. C.
C, - 900F for 90 hrs.
C. - 900F for 72 hrs.
C. - 900F for 72 hrs.
C. -~ 900F for 60 hrs.

Frr>>
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TABIE 5.2,9.0(a) DESIGN MECHANICAL AND PHYSICAL PROPERTIES
OF 13V-11Cr-3A1 TITANIUM ALLOY .

moyo--oooo.-cuolnoeooco 13v-llcr‘1v

Fomoo--occa...can---.-lc Sheet

Condition, cececenarnsceees| Solution Treated and Aged

Thickness (iNs).uevvecoss] 04020 0.063 0.125

Baais....l.......l'....’. B B B

Mechanical Properties:
Ft,u, ksi .
LUO.....D.C.'DIIC.C. 167 175 173
T--o-tnoonoc-‘---oo- 175 178 179
Iuo-oo-o-oo--ooouoao 161 161 15?
F Tesesceesasscsanians 163 16.‘ 161[.
cys ksl
4 L-o--oo-oo--tcoo.c-o e 165 1‘59
Tessscenovsnscnannsne - 1& 169
Fau, ksi
L-coco.to.oolo-oOOOt 108 108 108
T---c---ooooooccollo :L'I.O 113 106
Forusksi (e/D=1,5)
Iloonoolqoocotcoaooot 253 257 262
T.looooootoooooaccoo 252 263 26?
Forg,ksi (e/D=2,0)
élc.oa-oloconoooo-oco g%g ggg gg}
Porysksi (e/D=1.5)
Il---c-oc-oonooooa-.. 22‘; 226 225
Tc.-ooco-...o--.-oo. 225 221 233
Forysksl (e/D=2,0)
LG‘..I.C...‘..!..--. 21‘7 251 2&
Tc--oco sdssensanses 2“'. 252 265

8, percent ai
Il tesssensenatiene s 2.5 5.7 6.5

SrssabPOIORNARSEREN 2.h h‘B 5.0
,106 psi
g. I EEE N RN NN N NN ENNENY] yg.g %.6 lh.ﬂ

[ E NN S NERENNNEENNNEN] ] .1 L ]

Ee, 100 pei 1543
Lcoo.nt.-cn-nooa.--l o 15.2 15.3
T--..'.'.....’...... *w 15.7 15.8

Physical Properties:
ﬁé %E/Jnigi&éi....--....' 0.17’; ( 5
[ F XN EERNRENY] 0.12 t?oF
X, Btu/ hr)(rt2)(r)/r37 46 (at 709F) )
as 107674n,/in, /F...... 5.3 (100° to 200°F

(a) Blongations are average test values.
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TABLE 5.2.9.0(b)} EFFECT OF S00-HOUR EXPCSURE AT 600°F ON THE TENSILE
PROPERTIES OF 13V-11Cr~-3A1 TITANIUM ALLOY

Conditlion- ssssssusnacudssdanae Solu'bion Treatad and Aged

Thickness (in.)ecceccccccrescss|0.020 0.063 0,125

Exposed at temperature
in the unstressed
condition:

Fgu, ksi (at room temp.)
L--c-oo-uooo.nl.uoo-ooo-- 169 189 177
T..I..‘.C.l-.CC..‘..I’..II 169 183 181

Fiy, ksi (at room temp.) '
Ln.o..-.na.v-oon-cono-ton 156 175 165
T.I....l'....‘ll".lll.l. 158 1& 1%

Ftu: ksi (at. 600°F)
Ln-oo-oc-o-.oo.ooo.-o.--o 151]. 167 161’,
T.l'.-.....-II..’C....C.. 158 161 156

Fiy, ksl (at 600°F)
Lo-t.cco-..uo-oooc--ao'o- 132 11]1 13?
T.l.l..l.l-l...‘.lillb... 133 13? 133

Exposed at temperature
while stressed to 1/3

average 600°F ultimate
tensile stress:

Fiu, ksi (at room temp,)
L.lll.ll..l..l.....‘...l' 167 177 18h
T-ll.....I.........I.l.‘. 165 178 1?8

Fiy, ksi (at room temp,)
Ll-..t'....!.l....!'l‘..l léh 169 170
T.l.!'C.ll..'l..l'..l.l'. 156 1& 1&

Fiu, ksi (at 600°F)
#.lIDlll.Clll.ll'l.lll.l. }.5&6) :]':ga 165

Fiy, ksi (at 600°F) ! 159
Lll......lI'.'ll.‘l..".. 136 1.36 1ho
T.o.--ooclcsnc..c--l..--- 135 131‘ 135
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TABLE 5.2.9.0(c) EFFECT OF 10-HOUR EXPOSURE AT 9009F ON THE TENSILE
PROPERTIES OF 13V-11Cr-3A) TITANIUM ALLOY

Condition..evsseenvessonsesss| Solution Treated and Aged

Thickness (iNe).eesesccsvcess| Ca020 0.063 0.125

Exposed at temperature
in the unstressed
condition:

Fgy, ksi (at room temp,)
L..l'..'..'l"..--.l...l 1& 187 181
T....‘.........'...‘..C. 1$ 178 1?8

F‘by! ksl (at room temp.)
L.o.-...l...l...--.c.... 164 175 165
T.o----n-oc--ooc.aoccino 159 1&-‘. léh

Fiys kei (at 900OF)
L.'......'.‘....I.'...'. 1h1 M 1lm
To--o-o.c-.oooo-noco.ooc 156 139 m

Fry, ksi (at 9009F)
L--cocno.c-ooo-ooct.aou- 115 12,4 11‘5
T..l......'....‘....l... 120 119 118

Exposed at temperature
while stressed to 1/3
average 900CF ultimate
tensile stresas

Fiy, ksi (at room temp.)
L-I..‘..-.I.‘."........ Eh 191 183
T..--......'.....'I..... 170 182 180

Fiys ksl (at room temp.)
%........‘......‘.l.-... iah i;ﬁ i?o

Fyys ki (at 900°F) *
;l--u.-n---oo--.-.---.o.o %hlé %hh6 1h0

Fiy, ksi (at 900°F) ) 13
Leciiinnieenresscsnnanas 122 125 121
T-...............-.....' 121 123 122
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5.2.9.1 Solution Treated and Aged Condition

Room and elevated temperature data for this condition are presented in Figures 5.2.9.1.1(a)
through 5.2.9.1.5(j).
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FIGURE 5.2.9.1.1{a). Effect of temperature on the ultimate tensile strength (Fyy,) of
13V-11Cr=-34A1 solution treated and aged titanium alloy (0.020 inch thick sheet).

'00 ]}l

o
>
5 80 :
Q -
Q.
&
F 60
£
$
~ 40
L@ ]

o~
lL‘-
T 20 HE
& — Longitudinal 13
E ——Transverse Hi

O U EVENEESETUNNENEBENE NS

0 200 400 600 80O I00C 1200 1400 1600

Temperature, F

FIGURE 5.2.9.1.1{b)., Effect of temperature on the tensile yield strength (Fgy) of
13V-11Cr-2A1 solution treated and aged titanium alloy {0.020 inch thick sKeet).

106



o
o

5

o 80

1]

Qo

§

F 60

E

S

o

5 40

w2

€ 20 +
<§ Longitudinal E
i ——Transverse :

AL LA L A ALl g R [ 2 ) L))yl

o

0 200 400 600 800 000 1200 KOO 1600
Temperature, F

FIGURE 5.2.9.1l.1l{c). Effect of temperature on the ultimate tensile strength (Fg,) of
13v-11Cr-3A) solution treated and aged titanium alloy (0.063 inch thick sheet).

100

—t—e
et

80 :

60 !

Per Cent l-;, at Room Temperature

40
20 aizs :
Longitudinal &
——ransverse
0 1140l i aatadlr it dd

0 200 400 600 800 1000 1200 1400 600

Tempergture, F

FIGURE 5.2,9.1l.1(d)s Effect of temperature on the tensile yield strength (Fyy) of
13V=11Cr=3Al solution treated and aged titanium alloy {0.06) inch thick ugaet!.

107



100 r TR T T .
o i _4-;.414‘— ] ] t 1 it jan
o = Nilpy 88 17 _ 1
| . =L_ P : - ) .,4.- - J
= jF— IR HHT 1 T THTHH
o 80 R
0 1 ¢4 4 44
Q [ H—L
E : -
F 60 :
E L + |
3 iff
i
5 40
ll§a ik
T 20 sttt
S Longitudinal F
é —~ —1Jransverse
0 I SREEESNESERANERENE AN A)

0 2000 400 600 800 1000 1200 1400 1600
Temperature, F

FIGURE 5.2.9.1.1{e}. Effect of temperature on the ultimate tensile strength (Fy,)} of
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FIGURE 5.2.9.1.4(q). T{pical transverse compressive secant-
modulusg curves for 13V-11Cr-3il selution treated and aged

titanium alloy (0.063 inch thick sheet).
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FIGURE 5.2.9.1.4(r). Typical longitudinal compressive secant-
moduwlus curves for 13V-11Cr-3A1 solution treated and aged
titanium alloy (0.125 inch thick sheet),
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FIGURE 5.2.9.1.5{a}. Typical longitudinal tensile stress-strair rurves for
13v-11Cr-3A1 solution treated and aged titanium alloy (0.020 ‘nch thick sheet).
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FIGURE 5.2.9.1.;(%;). Typical transverse tensile stress-strain curves for
13V-11Cr-2A1 solution treated and aged titanium alloy (0.020 inch thick sheet}.
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FIGURE 5.2.9.1.5(c). Typical longitudinal tensile stress-strain curves for
13V-11Cr-341 solution treated and aged titanium alloy (0.063 inch thick sheet).
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FIGURE 5.2.9.1.5(d}. Typical transyerse tansile strems-strain curves for
13V-11Cr-341 solution treated and aged titanium alloy (0.063 inch thick sheet},
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FIGURE 5.2.9.1.R{f). Typical transverse tensile stress-strain curves for
13V-11Cr-34l solution treated and aged titanium alloy {0.125 inch thick).
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FIGURE 5.2.9.1ﬁ§(g). Typical longitudinal compressive streas-strain curves for
13V-11Cr-3A1 solution treated and aged titanium alloy (0.063 inch thick sheet).
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FIGURE 5.2.9.1,9f{h). Typical transverse comprescive stress-strain curves for
l3v-1lCr-3 solutinn treated and aged titanium alloy (0,062 inch thick sheet ).
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5.3 FATIGUE

Axlol=lead fatigue-strength data for room and elevated temperatures are presented os medified
Goodman=type diagrams for solution treated and aged titanium alloys. These curves are for
specimens machined from sheet material in the longitudinal grain direction having o theoretical
stress concentration of 2.82, as well as for smooth specimens. Stress concentration was obtained
by a centrally drilled hole in the test section. Details of experimental technique, compiete
S~N curves and tabular data are given in Volumes 2b and 3. The 5-N curves in Volume 2b
were drawn through the average to lower part of the test scotterband ond the stress values
obtained for each stress ratio {A =0, 1.0, 0.3 and 0) were used to construct the modified
Goodman-type diagrams, Actual test values in these diagrams were plotted on the appro-
priated line of constant stress ratio and o smooth curve was faired through the four points thus
obtained., Up to and including 600°F, the value of A = 0 which is plotted on the abscissa for
either smooth or notched specimens is the respective value of average vitimate tensile stress.
Above 600°F where creep becomes significant within the time spans considered, stress-rupture
tests were conducted to obtain A = 0 points. Life cycles were converted to total lapsed time
using test cycling rates.

5.3.4 Fatigue Properties of 6Al-4V Titanium Alloy

Axial-load fatigue data for smooth and notched specimens at temperatures up to 900°F are
given in Figures 5.3.4(a) through 5.3.4(1).
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FIGURE 5.3.4{a). Direct stress fatigue properties of 6A1-4V sclution treated
and aged titanium alloy at room temperature, K¢ = 1.0 (0.063 inch thick
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FIGURE 5.3.4(c). Direct stress fatigue properties of 6A1-4V solution treated
and aged titanium alloy at 600°F, Ki = E.O {0.063 inch thick sheet).
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FIGURE 5.3.4{d), Direct stress fatigue properties of 6A1-4V soclution treated
and aged titanjum alloy at 800°F, Ky = 1.0 (0.063 inch thick sheet]).
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FIGURE 5.3.4(e). Direct streass fatigus prorartiea of 6A1-4Y solution treated
and aged titanium alloy at 900°F, Ky = 1.0 {0.063 inch thick sheet].
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FIGURE 5.3.4(g). Direct stress fatigue properties of 6Al-4V solution treated
and aged titanium alloy at ALO00°F, K¢y = 2.82 (0.063 inch thick sheet).
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FIGURE 5.3.4{h). Direct stress fatigue properties of 6A1-4V solution treated
and aged titanium alloy at 6009F, K¢ = 2.82 (0.063 inch thick sheet).
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Direct stress fatigue properties of 641-4V solution treated

and aged titanium alloy at 900°F, Kt = 2.82 (0,063 inch thick sheet).
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FIQURE 5.3.4(m). Direct stress fatigue progercioa of 6A1-4V solution treated
and aged titanium alloy at 600°F, X, = 1.0 (0.125 inch thick sheet).
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FIGURE 5.3.4{n}. Direct stress fatlgue properties of 6A1-4V solution treated
and aged titanium alloy at 800OF, Ky = 1.0 (0.125 inch thick sheet).
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FIGURE 5.3.4{0). Direct stress fatigue properties of 6A1-4V sclution treated
and aged titanium alloy at 900°F, Ky = E.O {0.125 inch thick sheet).
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Direct stress fatigue properties of 6A1-4V solution treated
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FIGURE 5.3.4(q). Direct stress fatigue progoi'tiu of 6AL-4Y solution treated
and aged titanium alloy at 4LOOOF, Ky = 2.82 (0,125 inch thick sheet).
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FIGURE 5.3.4(r). Direct stress fatigue properties of 6A1-4V solution treated
and aged titanium alloy at 600°F, Ky = 2.82 (0,125 inch thick sheet]).
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FIGURE 5.3.4(a). Direct stress fatigue properties of 6A1-4V solution treated
and aged titanium alloy at 800°F, K, = 2,82 (0,125 inch thick sheet).
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FIGURE 5.3.4(%), Direct stress fatigue properties of 6Al-4V solution treated
and aged titanium alloy at 9O0°F, K¢ = 2,82 (0.125 inch thick sheet).
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5.3.5 Fatigue Properties of 4Al-3Mo-IV Titanium Alloy

Axial-load fatigue data for smooth specimens at temperatures up to 900°F are given in
Figures 5.3.5(a) through 5.3.5(c). Figures 5.3.5(aa) through 5.3.5{co) are for specimens
having a K; = 2,82 over the same temperature range.
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FIGURE 5.3.5(a). Direct stress fatigue properties of 4Al-3IMo-1V solution treated
and aged titanium alloy at room temperature, Ky = 1.Q (0,020 inch thick sheet).
175
A=CO
A=10
150
125 \ N
10°
100 ™ AN
NN
A=0.3
75 - N
5 .
- 0" }—i0 ‘\\\\\ B ‘,—f”fd”"”
7 ~— N —
0
ed
. [

O 85 B0 T35 100 25 150 75 200 225 250 R75
Mean Stress, ksi

FIGURE 5.3.5{b}, Direct stress fatigue properties of LAl-3Mo-1V solution treated
and aged titanium alloy at 4009F, Ky = 1.0 (0,020 inch thick sheet).
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FIGURE 5.3.5{c}. Direct stress fatigue properties of 4Al-3Mo-1V aclution treated
and aged titanium alloy at 6009F, K¢ = E.O {0,020 inch thick sheet).
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FIGURE 5.3.8(d). Direct stress fatigue progerties of 4Al-IMo-1V =zolution treated
and aged titanium alloy at 800°F, K¢ = 1.0 {0,020 inch thick sheet].
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FIGURE 5.3.5{e)., Direct stress fatigue progerties of 4Al-3Mo-1V solution treated
and aged titanium alloy at 900°F, Ky = 1.0 {0.020 inch thick sheet).
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FIGURE 5.3.5{aa). Direct stress fatigue properties of 4Al-3Mo-1V solution treated
and aged titanium alloy at room temperature, Ky = 2,82 (0.020 inch thick sheet).
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FIGURE 5.3.5(bb). Direct stress fatigue properties of LAl-3Mo-1V solution treated
and aged titanjum alloy at 4LO0OF, K = 2,82 (0.020 inch thick sheet).
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FIGURE 5.3.5(ce). Direct stress fatipue properties of 4Al-3Mo-1V solution treated
and aged titaniwn alloy at 600°F, Ky = 2.82 (0.020 inch thick sheet).
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FIGURE 5,3.5(dd}, Direct stress fatigue properties of LAl-3Mo-1V solution treated
and aged titanium alloy at 800°F, ¥y = 2.82 (0.020 inch thick sheet).
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FIGURE 5.3.5{ee). Direct stress fatigue properties of 4Al-3Mo-1V solution treated
and aged titanium alloy at 900°F, K. = 2,82 (0.020 inch thick sheet]}.
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FIGURE 5.3.5(f)., Direct stress fatigue pfoperties of 4Al-3Mo-1V solution treated
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FIGURE 5,3.5(g). Direct stress fatigue properties of 4LAl-3Mo-1V solution treated
and aged titanium alloy at 4009F, K¢ = 1.0 (0,063 inch thick sheet).
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FIGURE 5.3.5(h). Direct stress fatigue properties of 4LAl-3Mo-1V soluticn treated
and aged titanium alley at &009F, Ki = 1.0 {0.063 inch thick sheet).
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FIGURE 5.345(i). Direct stress fatigue properties of 441-3Mo-1V solution treated
and aged titanium alleoy at 8009F, Ky = 1.0 (0,063 ingh thick sheet),
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FIGURE 5.3.5(j). Direct stress fatigue properties of LAl-3Mo-1V’ solution treated
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FIGURE 5.3.%(ff). Direct stress fatigue properties of 441-3IMo-1V solution treated
and aged titanium alloy at room temporature, Ky = 2,82 {0,063 inch thick sheet].
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FIGURE 5.3.5{gg). Direct stress fatipue properties of 4Al-3Mo-1V solution treated
and aged titanium alloy at AOOCF, Ky = 2,82 (0,063 inch thick sheet),
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FIGURE 5.3.5 (hh). Direct stress fatigue properties of 441-3Mo-1V solution treated
and aged titanium alloy at 60Q°F, K » 2,82 (0,003 inch thick sheet],
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FIGURE 5,3.5(i1). Direct stross fatigus properties of LAl-IMo-1V solution treated
and aged titanium alley at BOOOF, Ky = 2,82 (0,063 inch thick shest).
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FIGURE 5.3.5{jjl. Direct stress fatigue properties of 4LAl-3Mo-1V solution treated
and aged titanium alloy at 900°F, Ky = 2.82 (0,053 inch thick sheet),
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FIGURE 5.3.5{k}. Direct stress fatigue properties of LAl-3Mo-1V solution treated
and aged titanium alloy at room temperature, K¢ = 1.0 {0,125 inch thick sheet),
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FIGURE 5.3.56{1). Dirset stress fatigue properties of LAl«3Mo~1V solution treated
and aged titanium alloy at 4O009F, K¢ = 1,0 (0.125 inch thick sheet),
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FIGURE 5.3.5(m). Direct stress fatigue properties of 4Al-3IMo-1V solution treated
and aged titaniuwn alloy at 600°F, Ky = 1.0 {0,125 inch thieck sheet}.
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FIGURE 5.3.5{(n). Direct stress fatigue properties of 4Al-3Mo-1V sclution treated
and aged titanium alloy at B00°F, Ky = 1.0 (0,125 inch thick sheet).
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FIGURE 5.3.5(0). Direct stress fatigue properties of 4Al-3Mo-1V solution treated
and aged titanium alloy at 900°F, K¢y = 1,0 (0,125 inch thick sheet]},
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FIGURE 5.3.5(kk). Direct stress fatigue properties of 441-3Mo-1V solution treated
and aged titanium alloy at room temperature, Ky = 2.82 {0,125 inch thick sheet),
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FIGURE 5.3.5(11). Direct stress fatigue properties of LAl-3Mo-1V sclution treated
and aged titanium slloy at 4LO0CF, Ky = 2.82 (0.125 inch thick sheet).
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FIGURE S.3.5{mm). Direct stress fatigue properties of [Al-1Mo-1V solution treated
and aged titanium alloy at 600°F, K¢ = 2.82 (0.125 inch thick sheet]),
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FIGUHE 5.3.5(nn). Direct stress fatigue properties of 4Al-3Mo-1V solution treated
and aged titanium alloy at BO0SF, Kt = 2.82 (0.12%5 inch thick sheet).
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FIGURE 5.3.5{oco}. Direct stress fatigue properties of LAl-3Mp-1V solution treated
and aged titanium alloy at 90C°F, K = 2.82 {0.125 inch thick sheet).
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5.3.6 Fatigue Properties of 2.5A1-16V Titanium Alloy

Axial-load fotigue data for smogth specimens ot temperatures up to 200°F are given in
Figures 5.3.6{a) through 5.3.6(0). Figures 5.3.6(ca) through 5.3.6{c0) are for specimens
having a K; = 2.82 over the same temperature range.
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FIOURE 5.3.6(a). Direct streas fatigue properties of 2,5Al-16Y solution treated
agd gfed titanium alloy at room temperature, K¢ » 1,0 {0.020 ineh thick
sheat ).
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FIGURE 5,3.8(b}. Diract stress fatigus progertios of 2.5A1-16V solution treated

and aged titanium alloy at 4O0OF, Ky » 1.0 (0,020 inch thick shest).
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FIOURE 5.3.58{c). Direct stress fatigue proiertiea of 2.5A1-16V solution treated
and aged titanium alloy at 600°F, K, = 1,0 (0.020 inch thick sheet).
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FIGURE 5.3.6(d). Direct stress fatigue properties of 2,5A41-16V solution treated
and aged titanium alloy at BOOOF, K. = 1.0 (0.020 inch thick sheet).
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FIGURE 5.3.6(a). Direct stress fatipgue progerties of 2,5A1-16V solution treated
and aged titanium alley at 9009F, Ky = 1.0 {0.020 inch thick sheet).
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FIGURE 5.3.a6(aa). Direct stress fatigue properties of 2,.5A1-16V solution treated
and a?ed titanium alloy at room temperature, K¢ = 2,82 {0.020 inch thick
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FIGURE 5.3.6(bb). Direct stress fatigue properties of 2,5A1-16V solution treated
and aged titanium alloy at 400°F, K, = 2.82 (0.020 inch thick sheet),
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FIGURE 5.3.6{cc). Direct stress fatigue properties of 2.541-16V solution treated
and aged titanium alloy at 600°F, K. = 2.82 (0.020 inch thick sheet].
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FIGURE 5.3.6 (dd)}. Direct stress fatigue properties of 2,541-16V solution treated
and aged titanium alloy at 800°F, K = 2.82 (0,020 inch thick sheet).
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FIGURE 5.3.6{ee). Direct stresa fatigue properties of 2.5A1-16V solution treated
and aged titamiuwm alloy at 9009F, Ky = 2.82 (0.020 inch thick sheet).
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FIGURE 5,3.6(f). Direct streas fatigue properties of 2.5A1l-16V sclution treated
a;d a ed titanium alloy at room temperature, Ky = 1.0 {0,063 inch thick
sheet }.
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FIGURE 5.3.6(g). Direct stress fatigue progerties of 2.5A1-16V solution treated

and aged titanium alloy at 4OO9F, K, = 1.0 (0,063 inch thick sheet),
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FIGURE 5.3.¢6{h)}. Direct stress fatigue progerties of 2,541-16¥ solution treated
and aged titanium alley at 600°F, K¢ = 1.0 {0.063 inch thick sheet).
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FIGURE 5.3.6(i), Direct stress fatigue properties of 2.5A1-16V solution treated
and aged titanium alloy at 80Q°F, K¢ = 1.0 (0.06%1 inch thick sheet).
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FIGURE 5.3.6(]). Direct stress fatigua properties of 2.5A1-16V splution treated
and aged titanium alloy at 900°F, K¢ = 1.0 {0.063 inch thick sheet),
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FIGURE 5.3.6(ff). Direct streus fatigue properties of 2.5A1-16V solution treated
and aﬁed titanium alloy at room temperature, Ky = 2.82 (0.053 inch thick
sheet j.
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FIGURE 5.3.6(gg). Direct stress fatigue properties of 2,5A1-16V solution treated
and aged titanium alloy at A000F, Ky = 2.82 {0.063 inch thick sheet}.
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FIGURE 5.3.6 {hh). Direct stress fatipue properties of 2.5A1-16V solution treated
and aged titanium alloy at 600°F, K¢ = 2,82 (0.063 inch thick sheet),.
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FIGURE 5.3.6(41). Direct stress fatigue properties of 2,5A1-16V solution treated
and aged titanium alloy st 800°F, K¢ = 2.82 (0,063 inch thick sheet).
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FIGURE 5.3.6(jj). Direct stress fatigue properties of 2.5A1-16V solution treated
and aged titanium alloy at 900°F, K, = 2.82 (0,063 inch thick sheet),
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FIGURE 5.3.6 (k). Direct stress fatigue properties of 2.541-16V solution treated
arl:d a§ed titanium alloy at room temperature, K¢ = 1,0 (0,125 inch thick
sheet ).
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FIGURE 5.3.6(1). Direct stress fatigue properties of 2,5A1-16V solution treated
and aged titanium alloy at 4009F, Ky = 1.0 {0.125 inch thick sheet].
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FIGURE 5.3.6(m). Direct stress fatigue properties of 2,.5A1-16V solution treatesd
and aged titanium alloy at 600°F, Ky = E.O (0.125 inch thick sheet),
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FIGURE 5.3.6(n). Direct stress fatigue properties of 2,5A1-16V solution treated
and aged titanium alloy at BOO°F, Ky = 1.0 (0,125 inch thick sheet}.
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FIGURE 5.3.6({0). Direct stress fatigue properties of 2.5A41-16¥ solution treated
and aged titanium alloy at 900°F, K, = g.o {0,125 inch thick sheet).
140
Asco
A=1.O
20
100 [ 3
T~
e 9
80 e
r‘ ~
10* " A=0.3
60 h‘TF S
- ~
— -ﬁL___- \\\\' P”’_‘Tb,,a—fﬂ
40 - L,
" =~ MV‘\N
~ 5 ~~
2o P 0 s el ~Jd >\
-~ “--—-‘1-—-—.._L____ﬁ._- \"ﬁ Q\
R et e m N

0O 20 40 60 80 100 120 140 60 180 200 220
Mean Stress, ksi

FIGURE 5.3.6(kk}., Direct stress fatigue properties of 2.5A1-16V solution treated
and a?ed titanium alloy at room temperature, Ky = 2.82 (0.125 inch thick
).
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FIGURE 5.3.8(11). Direct atress fatigue properties of 2,5Al-16V solution treated
and aged titanium alloy at LO00OF, K. = 2.82 (0,125 inch thick sheet).
140
A=CO
A»lO
120
100
a0 L\=\\\
e
Y
40 f\'d' ~ L]
[
% 4 )-1\
~ O -—
20
! -] — ™~ :\
0 7 | i .ljf-""k!iu- ) A=Q
0 &0 40 &0 80 100 120 140 180 180 200 220

FICGURE 5.3. {wm).

Direct stress fatigue properties of 2,5A1-16V solution treated
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and aged titanium alloy at 600°F, K, = 2.82 (0.125 inch thick sheet).
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FIGURE 5.3.6{nn). Direct stress fatigue properties of 2.5A1-16V solution treated
and aged titanium alloy at BOOOF, K¢ = 2,82 (0,125 inch thick sheet),
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FIGURE 5.,3.6{00). Direct stress fatigue properties of 2.5A1-16V solution treated

and aged titanium alloy at 9009F, K, = 2.82 (0,125 inch thick sheet}.
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